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,JAR .RESEiillCll PROBLE:.iiS 

A. 'l'he Pro-knock .Activity of Various Compounds. 

B. The Dyn2mic Sorption of Butane "nd J\rnmonia on Chcrcob l. 

C. The Reaction of drogen Atoms with Propylene. 

Various compounds were investigated to deterrrdne their pro-knock 

ncti vi ty, by addinG tlle~;l to the r: ir streun of, or to the gasoline used 

in, an Ethyl 'lype 30-b Knock R?ting Engine. The best compound tested 

w::-s !'lethyl dichloroarsine vi.hich re·,uired 3.8 parts per million JX<rts of 

air by vol~~e to cause a decrease of ten units in the octane reting of 

fc. leaded gesoline. 

It VJ"lS found that the best knock inducing elenents were, in order 

of effectiveness, arsenic, e:ntisnony :'nd phosphorous. Other elements 

tht.:,t were very effective were mercury, Vf'nadillin and chromium. 'J.'he hal-

ogens were the most effective group of r<::dicals, the order of effect-

iveness being bromine, chlorine snd iodine, '.'lnd fluorine. The effect-

iveness of the hulogen r'-ldicals eppeBred to be increased by the .9resence 

ni tro group f'.Dd c; methyl rgdical on the same kernel. 

The "ideBl" pro-knock compound postulated wes 

yr 
N02 - C -

I 
Br 

., Br 
As, 

Br 
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The dynamic sorption of a.mrnonia end of butane WPS studied 

using an apparatus which followed i:ihe sorption by weight ns a function 

of tLae, a.nd permitted the temperature rise :md :malysis of effluent 

geses over e wide rsnge of sorbate concentrations tmd flowrstes. 

The d:,tP obtained were ~'"•Pplied to the theories of Denby et el 

81D.d of N.ecklenberg and were found to be essentir-:lly in good e~greement. 

c 

The reaction of propylene with hydrogen r• toms was studied for 

the temperature range 30 w 250°C. The products obtained were methrme 

ethane, propane, ~ind traces of C4 hydroc£rbons. .About forty percent 

conversion was obtBined. Temperature hDd little effect on either the 

relative !)roportion of products or on the extent of conversion. :.hen 

the flowrnte was reduced to one 0uarter of its originel value, propylene 

was completely converted to methane, ethane ~md traces of C3 and C4 

hydrocarbons. The activation energy of' tne overall reaction was 

8.5 - 1.5K. oal. celCC!lcted for e s-ceric factor of 0.1. 



'lHE PRO-KNOCK ACTIVITY OF VARIOUS C011POUNDS. 

{.A major portion of this was done with the 

collaboration of J. D. B. Ogilvie.) 
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Introduction 

Internal combustion engines operate by the explosion of 

combustible mixtures. The energy liberated raises the temperature 

of the gases 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 character of the combustion changes and a 

knocking sound results. 'rhis 'knocking' or • pinking' is a high 

pitched metallic note like that produced by striking together pieces 

of metal and is due to an abnormally rapid explosion of a certain 

portion of the charge which is 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 

a hill, or has heavy carbon deposits in its cylinders. Knocking 

operation causes a decreased output in power and,if prolonged or 

intense, overheating or mechanical damage can result. (1) 

Violent knocking can be brought about by introducing certain 

compounds, called pro-knocks, into the air stream, or adding them 

to the gasoline used in an engine. It was thought that if a 

compound could be found which had sufficient pro-knock activity 

ao that 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 automotive equipment which would 

pass through that barrage. 

In this investigation, quantitative data were obtained on 

the pro-knock effectiveness of many compounds, and many radicals 

and elements that promote knocking were found. 
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1. Oxidation of Hydrocarbons 

The complexity of oxidation was not fully recognized until Bone 

and his collaborators showed that a whole series of intermediate com­

pounds were for.med which subsequently gave rise to the end products. 

This led Bone to formulate the first comprehensive theory of hydro­

carbon combustion (2). 

All hydrocarbons, under suitable conditions of temperature and 

pressure, will unite slowly with oxygen without formation of flame and 

lrlth no appreciable rise in temperature. The products of such an oxidat­

ion consist mainly of carbon monoxide, carbon dioxide, substances of 

a peroxydic character, alcohol, steam, aldehydes, acids and other com­

pounds, but no free carbon or hydrogen. The rate of such a reaction 

does not conform with any simple order of reaction; it increases rapid­

ly with increase hydrocarbon concentration and is little influenced by 

change in oxygen concentration. The temperature of initial combustion 

also varies with the hydrocarbon concentration. 

There is a delay or induction period when any hydrocarbon-oxygen 

medium is introduced into a reaction vessel. During this period there 

is no appreciable pressure-change in the system and very little con­

sumption of oxygen. This is followed by a period of relatively rapid 

reaction, during which the greater 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, nature 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 surface-
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volume ratio of the enclosing vessel, and is accelerated by the 

addition of an inert gas. 

These considerations have led to the suggestion that combust­

ion in general proceeds by a chain mechanism. This postulates that 

when reaction occurs between suitably energized molecules, the heats 

of activation and reaction 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. 'l'he mechanism for the hydrocarbons can be shown by supposing 

that during the oxidation of original reactant R,which is resistant 

to oxidation, an intermediate Y is formed which is less stable. On 

f'urther oxidation of Y, oxygen atoms are supplied which accelerate 

the first step. Thus 

Y + o2 ~ YO + 0 

O+R-->Y 

Y f- o2 ~ YO + 0 etc. 

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

activity 

YO + o2 - YO:O + 0 

and the number of chains will increase. At some pressure limit, the 

rate of activation will be faster than the rate of leactivation (by 

collision with walls, molecular collisions, etc.) and sudden acceler­

ation of the reaction.will result. The actual course nnd mechanism 

of the hydrocarbon combustion has led to the advancement of many theories 

of oxidation. 



1. Theories of OXidation 

There have been many theories advanced to account for the experi-

mental results obtained, but the best known of these appears to be the 

stepwise formation of hydroxyl compounds, and the peroxide theory. 

Early theories (4, 5} attempted to explain oxidation by assum-

i.ng that carbon and water were the ini tiel products or that the hydrogen 

burned preferentially to carbon. These theories were discarded when the 

complex intermediate products were found. 

The Hydroxyla~ion Theory 

The hydroxylation theory in its present form is able to give an 

account of the course of combustion from slow reaction to detonation and 

defines the nature of the intermediate compounds and the order found. It 

was first advanced by Armstrong (6) to account for the formation of 

aldehydes in slow oxidation of methane as found by Bone and ~heeler 

It was 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 

In all cases, save for acetylene, the initial product of oxidat-

ion is always an alcohol. Then a di.bydroxy alcohol is formed which 

decomposes into water and an aldehyde. The next step is the conversion 

of the aldehyde either to a lower aldehyde or into the corresponding 

fatty acid. Further hydroxylation occurs with subsequent breakdown of 

the dihydroxy compound so produced. Secondary reactions can occur 
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due to thermal decompositions, condensations or interaction of the 

intermediates giving a variety of products including lower hydro-

carbons, perox:iwa,free carbon and hydrogen. 

The brief induction period is explained as the time necessary to 

form a definite amount of aldehyde which remains constant throughout 

the subsequent reaction period. 

This theory agrees very well with the analytical results obtained 

from slow oxidations, and agrees at least qualitatively with explosion 

reactions. However there is doubt as to the initial step since a ter-

molecular collision is necessary, also the effect of catalysts is hard 

to explain since alcohols and aldehydes, while they do have some effect 

on the reaction, ::ave 1"3latively sligntjcom.pared with that of the 

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

The Peroxide Theory 

The peroxide theory in direct opposition to the hydroxyl theory 

postulates that any alcohols are formed as a by-product rather than an 

intermediate oxidation product. It was first formulated by Each (8} 

and by Engler and Wild {9). According to this theory the initial 

product of combustion of a hydrocarbon is an alkyl peroxide or alkyl 

hydrogen peroxide. For methane the oxidation would follow: 

(2) 

Methyl alcohol could result from either the autoxidation of a 

methane molecule by its peroxide or by intramolecular change. 

2CH30H 

CH4(02)Cfl4 ~ 20H30H 

The alkyl peroxide for.med is in a high energy state and may do 
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one of several things. (i) It may revert to a normal state and 

radiate energy in so doing and form a stable peroxide, (11) it may 

break up again, losing the excess .energy by radiation, (111) the 

compound may rearrange as shown in (2) giving highly ac~ive products, 

or (iv} collision may occur. If it encounters a fairly active fuel 

molecule or product therof, or oxygen molecule it will raise its energy 

so that it will react. The active products may collide and activate other 

fuel molecules thus setting up a reaction chain. 

The strong points in favour of this theory are first its simplicity, 

since a bimolecular addition reaction between an oxygen molecule and a 

hydrocarbon molecule is necessary for the first step which is more probable 

than the termolecular collisio~ necessary for the hydroxylation theory. 

Secondly, e peroxide product fits in better with the evidence with regard 

to positive and negative catalysts of such oxidations. 

That a reconcilaition between the peroxide theory and the hydroxyl­

ation theory may not be impossible is suggested by a footnote in Bone's 

paper (10) where he states that a transient physical association between 

a hydrocarbon molecule and an oxygen molecule might exist untiJ hit by 

a second hydrocarbon molecule with consequent immediate formation of two 

molecules of the mono-hydroxy-compound as the 1'irst recognizable chemical 

result. 

Atomic Chain Theory 

Norrish (11) has proposed a~ Atomic Chain 1~eory which differs from 

the hydroxylation theory only in its explanation of the initial step. 

He visualized the initial steps as 

CH4 + 0 ~ CH2 + F-20 + 48 Keel. 

CH2 + 02 ~ HCHO + 0 + 15 Kcal. 
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The initial oxygen atoms E:re assumed to be formed by the production 

of formaldehyde through a surface reaction, 
surface 

CH4 + 02 ..,.... HCHO + F"20 

and the subsequent oxidation of fonnaldehyde to formic acid liberating 

an oxygen atom. 

HCHO + 02 ~ (H2C03) ~ H COOH + 0 

The reaction chain could be terminated by 

0 + CH4 + X ~ CH30H + X + 88 Kcal. 

or 0 + Surface ~ 1/2 o2 

This theory differs from the peroxide theory in that it postul-

ates the propagation of reactivity by atoms and radicals and not by 

an energy-chain mechanism. The addition of an inert diluent gas to 

a medium reacting by ~:>.n energy-chain mechanism should cause a decrease 

in the reaction velocity whereas the reverse is true. 

On the basis 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). rrhe induction 

period is assumed to be the time necessary for an equilibrium quant-

i ty of formaldehyde 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 mean that a saturated hydrocarbon and 

its unsaturated relative would behave similarly on oxidation. This 

theory was supported by Berl and Winnecker (13) and Steacie and 

Plewes (14). However Pidgeon and Egerton (15) and Merd1es (16) have 

shown that the oxidation of a saturated hydrocarbon and its unsatur-



Ubbelchde (17) inaicatez th~ ~ 

in the similsrity 

oxidatio:c. .i"'te chai:1 c.,:lrrier rudi.Ct:il post·.tlated is 

I 
.:.t - V - 0 -

' 

at~~ne ozidations, ~J.ldeh~ra.e;;;, eci1s, CC, 

prod<JC cs c~'" be pre:ii c"ced 

frorn the J..l:.er~ is 

i tion at. two different ter:l[Y9r& vires. 

as c. deduc ~ion o:: t;he o:z:idC:tti:m r:lech•o_ni8.'ll f'r•.J:rn ':'.n inspecti:J::1 

;;roup. In a branched l:.ydrocarr·::rr:. :nolecule, th~ lonzes':; branc!: is 

e~tacked und oxid~tio~ ?roceeds till ~he point o~ br~nchinE is reoc0Gd. 

lli r P<"raffins shmr sn tncre~JS'3d rct..ction rt; te for sirPilar terr::;ter-

etures, Llso peroxiil•;;s ar~ :nu eh e~_;sier to i sol·· te. 1'he concentration 

for m:: xi:nurr·. rete decre~ se s t ·) [c bout one fo:- one for hex~me. I'here is 



9 

considerable chemiluminescence. 

Using a two percent mixture, at atmospheric pressure, the fall-

owing stages in the combustion of n heptene have been distin~~ished (23, 24) 

(l) 150 - 200°. Small possibly heterogeneous reaction. 

{2) 250- 350°. Primary reaction with rapidly increasing velocity, 

using 3 mols. of oxygen per mol. of fuel (lower ignition point with cold 

flames 270 - 300°) 

( '%) "'50 - 4._70°. v v Subsequent reaction raises the o~gen consumption 

to 4. 70 mala. per mol. of fuel. The velocity of both prirnary and subsequent 

reactions decreases rapidly with rise in temperature {temperature coeffic-

ient 0.85 / 10° rise from 380 to 470°) 

{4) 470 - 510°. Velocity of prirr~ry reaction continues to decrease, 

but the subsequent reaction becomes faster and above 490° the final amount 

of oxygen used is greater. Inflammtition occurs at about 490°. 

This same paper also describes the much greater atsbility of 2, 2, 

4 - trimethyl pe:ntane to oxidation, no combustion being detected below 

Olefins. The mechanism of oxidation of the olefins is better under-

stood then that of the paraffins, owing to the greater certainty about the 

primary step in their oxidation. Peroxides E.re readily formed from the 

liquid olefins at room temperature but in many cases the peroxide is suff-

iciently stable tor the reaction to stop at this stage. The reaction 

probably is 

CH3(CH2) CH= CH2 + 02 ~ CH3(CH2)2CH- CH2 

I 1 
0-0 

At high temperatures a similar peroxide is probably the first step. 
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In contrast with the paraffin series, there is an absence of strong 

chemiluminescence (25) and also acetaldehyde has but a small influence 

on their combustion (14). 'I'he products can easily be explained by the 

hydroxylation theory after the peroxide has been formed. The non-knocking 

characteristics of olefin pero:xides also indicate a different mechanism of 

oxidation .• 

Aromatic Hydrocarbons. Benzene does not oxidize until a fairly 

hi~~ temperature, 500° C, is reached, but once the benzene nucleus dis­

rupts, very reactive and easily oxidized products are formed. ~~en 

si de chains are present, at tack begins on the 0( -carbon a tom of the side 

chain. 'I'here is an induction period, and very little chemiluminescence. 

Naphthenes. The process is probably very similar to that of the 

primary hydrocarbons, the only additional complication is the rupture 

of a C - C link at some stage 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 oxidation. The rate may be changed 

such that the products fro~ the reaction with end without the catalyst 

are different. The length of the induction period is very much short­

ened and the ignition temperature is lowered by positive catalysts. A 

number of positive catalysts have been discovered. The chief of these are 

nitrogen peroxide and other oxidizing catalysts. Aldehydes in many cases 

facilitate the combustion of hydrocarbons. Lead tetraethyl before it is 

oxidized also accelerates combustion. Iodine ~nd m~ny iodine compounds 

act as positive catalysts in some instances, end negative catalysts in 

other instances. 
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There are a large number of negative catalysts, emong these are 

inorganic halides, alkyl iodides, carbon tetrtichloride, inorganic sulphides, 

runines, nitrites and inorganic compounds of phosphorus, arsenic, antimony, 

bismuth, vanadium, bcn·cn, silicon, tin, lead ,etc. The metallic antiknocks 

are also good negative c~:ttalysts. Lead tetraetbyl, when decomposed, in 

most cases raises the initial ignition temperature of hydrocarbons almost 

150° c. 
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II. Physical ASl)ects of Cor:~.b~tstion. 

In the previous sections it we.s seen that mos~ of the invest­

igations reported v1ere carried out using a slow combustion method. 

Actnrlly the combustion of hydrocarbons cnn occur in one of three 

ways depending on the conditions of temperature, !'ressure, compos­

ition of the mixture, and source of heat. It may occur as s slow 

combus l;ion without the a:ppeerBnce of a fl:1me ~~nd the reaction t""l\:es 

a r.:tee.surable tine to go to completion. At hi~her tem;:Jeratures in­

fla~9tion occurs; the oxidation auto-accelerates and the reaction 

oes to completion in a very short time accompanied by the emission 

of a considerable amount of light. Under suitable conditions, an 

extremely rapid reaction occurs almost instRntaneously over e 

portion of the charge. This detonation as it is called is extremely 

vi·::>lent. 

I::::t order to initiate f'lc-.me in a mixture of a hydrocf,rbon Bnd 

dr,it is necessary that its composition should lie within & range 

of mixtures bounded by the lo,;er s.nd uoper 'lim.i ts of inflanJIUabili ty'. 

~ii thin these lirni ts, self-propAgation of' fleJ:ne will tc,ke plw.ce after 

igni ~ion has been effected. At eny given composition, there !~re 

actuelly three explosi::m limits. There is a pressure below which no 

explosion will occur called the 'low·er explosion liYfli t'. If the press­

ure is above this, ignition will occur unless the pressure is above a 

certain pressure where again no explosion will occur. 'I'tlis is the 

'upper explosion limit'. .'\t e 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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equilibrium between the for~ation and destruction of chain carriers. 

Above the first limit the foi'lJlation of chain carriers just exceeds the 

rate at which the chains are broken so thet a slow reaction is changed 

abruptly into a very ra:pid one. This is supported by the :fact that the 

sddition of an inert gas which would prevent diffusion to the walls, 

lowers the limit; whereEs a reduction in diameter of the containing 

vessel which would increase chain-breaking, raises the limit. 

The upper limit is due to gas phase deactivation. Thus an 

addition of an inert gas to the mixture narrows the limit. .At a 

somewhat higher pressure the conditions no longer remain isothermal, 

the heat of reaction is no longer dissipsted and fresh chains are 

initiated in the explosive n:edium owing to the increased temperature. 

'l'hus ignition can again be effected, and a rapid temperature rise 

results with auto-acceleration of the reaction. 

'rhe range of inflamnability in a homologous series narrows prog­

essively as the combustible increases in molecular weight; thus the 

range 5.4- 14.8% for methane may be contrasted with approximately 

1.2 - 4.2 % for he:x:ane (26). vv1len endothermic combustibles are consid­

ered, the range is very much wider owing to their e:x:othermic decompos­

ition in combustion, e. g. for acetylene the range is 3.3 - 52.3 % 

( 26). 

Ignition limits, inflemnation 1.imi ts and tion temperature 

are all affected considerably by the method of ignition (spark or 

heated surface), by the shape and size of the vessel, and by the 

degree of turbulence. 1he letter raises the ignition temperature but 

widens the limits of composition in which inflammation may occur. 

Increase of pressure may also appreciably affect ranges of inflamm­

ability. 
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The rate and nature of flame movement in a given gas-air mixt;ure 

can vary widely with the conditions of experiment. Any factor which 

influences the area of the flame will influence its speed in a proport­

ionate degree. Also any movement in the mixture ahead 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 inflammation is in an asymmetrical combustion chamber, a 

complicated combustion may occur due to the effect of resonance set up 

in the mixture itself. Resonance gives rise to vibrations of the flame 

front which increases the area 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 enhanced and constant speed of flame 

movement in which the flame is accompanied by a pressure-wave travell­

ing with the speed of sound; or the inflammability may extinguish itself 

during a particularly extensive backward vibration. 

With the higher paraffin hydrocarbons, a chemiluminescence occurs 

at a temperature below the ignition temperature. This is called 'cool 

flames'; an analysis of the products of combustion at this stage shows 

that aldehydes are present. The flame temperatures for the paraffin 

hydrocarbons are in the vicinity of 1900° c. The unsaturated hydro­

carbons have a slightly higher flame temperature, usually about 50° 

higher. The flame speeds are of the order of 60 - 260 cm. per second 

with air mixtures end between 1000 and 4000 cm. per second with oxygen 

mixtures. 
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Detonation also can occur only between cert&in well defined 

'limits of detonation' which are influenced by the shepe and size of the 

vessel, initial temperature, diluents etc. Detonation is not set up 

instantaneously after the action of the igniting agent. The detonation 

wave is formed by the juxtaposition of a flame and a compression wave and 

is set up at the moment when the fleme front and the front of the compress­

ion wave coincide. The compression wave is set up ahead of the flame 

front immediately upon ignition of the charge. But since the velocity 

of the flame is increasing, it overtakes the compression wave and sets 

up the detonation wave. The detonation 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 waves before 

actual explosion sets in. The phenomenon has also been obtained when 

the interior walls of the confining vessel presents irregularities (27}. 

As these irregularities favor an increase of pressure in the front of 

the compression wave, they cause a ~ind of auto-ignition of the mixture, 

leading to detonation at a point which the flame has not yet reached. 

Once it has been set up, the detonation is propagated at a stric~­

ly uniform velocity in a stable mixture. The velocity is between 1000 

and 4000 metres per second. The presence of very small ~uantities of 

inert gases or of impurities do not usually modify to any appreciable 

extent the velocity of propagation of an explosion wave. ';later vapour 

is an exception to this (28). The presence of antiknocks does not modify 

the velocity of propagation. 

Photographic evidence has shown that the detonation 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 a helical track. 

It is improbable that a true detonation could be set up in an 

internal-combustion engine chiefly on account of the small 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

pagated in an engine at a relatively high velocity although less than 

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

1. Combustion in Internal Gombustion Engines. 

vfuen the inflammation of the gasoline-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 moveGent in an explosion 

chamber of constant volum£ tn a laboratory experiment. After a slow 

start in the plug-body, the flame accelerates until about half the 

total path to the opposite wall has been traversed, then checks and 

subsequently tr!:tvels at a nearly uniform or slightly decreasing speed un­

til the end of inflrummation. In non-knocking operation that is all that 

occurs. 

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 may set in. The flame burns the 

mixture at much the same speed as before, then begins to vibrate and 

suddenly accelerates after about three-quarters to seven-eighths of the 

total path has been traversed. Sometimes, but not invariably, ignition 

of unburnt mixture ahead of the flame precedes or is synchronous vdth 

this sudden acceleration. At this point a reillumination or 'after 

glow' flashes back from the flame f~ont with the speed of sound through 

the burnt products and a pressure pulse or ¥hock-wave accompanies 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 as benzene, there is a continuous zone of combustion behind 

the flame front, and, even though in certain circumstances acceleration 
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of the flame is observed towards the end of its tr~vel, there appear 

to be insufficient residual energy in the burnt portions to develop 

a real shock-wave. 

Two knocks can result if the flame front is complex. If the fore­

rnost portion of the flame front touches the end wall of the combustion 

chamber prior to knock, the last part of the charge to burn will be 

separated into two sections by a wall of flame and the combustion­

chamber walls. Then knock can occur in these two regions at slightly 

different times. Knock may occur after peak pressure because, owing 

to the rounded shape of the flame, a portion of the charge may be un­

burnt although pert of the flame may have reached the end wall. When 

severe knock occu~s before any of the flame reaches the cylinder wall, 

there is no evidence of multiple knock. 

Antiknocks such as lend tetraethyl have little effect in delaying 

the norrrml travel of the flame of a mixture unless the flame travel is 

very slow and vibratory (29) and unless the antiknock is already de­

composed prior to the arrival of the flmue {30). 'rhus the processes 

which occur in front of the flame durine the heating of the gaseous 

mixture are hindered by the antiknock, but it has little effect on the 

setting up of a true detonation in a detonating mixture and very little 

effect on the O.diabatie ignition temperature. 

Thus, knock is a result of intense compression waves occasioned by 

the enoiEously enhanced rate of combustion which occurs in the l9st part 

of the charge when exposed to certain conditions of temperature and 

pressure. If the,rate of pressure rise is great, the local concentrat­

ion of reactants increases 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 reaction rate but 

substances are formed by slow oxidation prior to the actual arrival of 
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the flame 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 flame itself or as & result of the hot surfaces to 

which the gases are exposed, but since increased length of flame travel, 

temperature of valves, and carbonized surfaces all fevour knock it is 

concluded thet it is not merely a matter of the effect of the temperature 

of the flame. 

In knocking operation there is a loss of power and performance. 

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 a consideration 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 similar in thnt it is a violent and almost instantaneous reaction 

of a presensitized fuel-air mixture but it is neither as violent nor as 

rapid as a true detonation. The velocity is 1000 feet per second, that 

of a true detonation as high as 10000 feet per second; the pressure 

development is also much less than that of a true detonation. It is 

also unlikely front the conditions of mixture charged, temperature, 

pressure, end vessel shape and size th8t a true detonation could occur 

in an engine cylinder. 

There is 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 a large number of experire.ents have been performed 

under conditions widely different from those existing in an engine 

cylinder. From these data much conflicting evidence is found which 

has led to the many theories of knock. 

The mechanical knock theory was advanced by Dickinson (32), and 

in an early paper of Midgley and Boyd (33). It was assumed that/the 

knock was due to the impact of the metal parts in the engine cylinder. 

They did not attempt to explain the origin of the force which supposed­

ly caused the impact. 

The free hydrogen theory postulates that hydrogen is liberated by 

the cracking of hydrocarbOusin 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 rat$ of 

reaction with oxygen may also be fanned by hydrocarbon cracking. This 

theory is supported by the fact that the rates of flame propagation of 

these two substances ere about ten times that of gasoline-air mixtures. 

The fact thHt many antiknock compounds do combine with hydrogen also 

supports this theory. Steele (34) points out that addition of hydrogen 

to the engine cylinder causes violent knockingt and th?t stable hydro-

carbon molecules such as benzene and methe.ne s.re less prone to knocking. 

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 quarter of the combustion period was 

intense and extended into the ultra-violet region, and that of the 

succeeding portion greatly diminished in energy. The gaseous mass may 

absorb the radiation which would tend to decompose them into hydrogen 

or lighter constituents which then burn with a higher velocity producing 
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the knock as described in the free hydrogen theory. The activation of 

the hydrocarbon would then be dependent upon the density of the fuel-air 

mixture. 1)endt and Grirrnn (36) held that the explosion flame is promoted 

by the emission of electrons from the reacting molecules which activated 

the unburnt gas by ionization ,Jietonation resulting if the temperature 

Rnd pressure were sufficiently high. 

When combustible mixtures are ignited in tubes, the flame may 

begin to vibrate violently after travelling a certain distance. These 

rapid vibrations generate a high pitched note that resembles certain 

types of knock. 'Ihis note was associated with knock by Morgan (37) who 

advanced the flame vibration theory of knock. Although this might acc­

ount for certain of the notes in an engine knock, it does not account for 

the pronounced mete.llic knock. Egerton and Gates (38,39) account for 

the noise by compression waves set up by the enhanced vibretory combust­

ion nea.r the cylinder wells. Jltaxwell end ·;:heeler (40) noted that a 

vibratory combustion during knocking started a shock wave 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 cuusing heating. 'vVben the temperature 

rise exceeds the rate at which the heat can be dissipated, the remaining 

portion ignites spontaneously and almost simultaneously throughout, 

with resultant knocking. This implies a tendency to knock proportional 

to the spontaneous ignition temperature of the fuel. There is a close 

parallelism between eese of autoxidation end susceptibility to knocking 

for many fuels. This is not the case in all instances, however, &s 

'l'izarGl and Pye ( 42) state that carbon-disulphide has a lower ignition 

temperc:ture than hept~ne but the latter is more susceptible to knock. 

F.owever -J;i tl1row and Boyd ( 43) who obteineG. simul t&neous flame and 
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pressure data by photographic means showed that when knock occurred 

there was spontaneous ignition in the part ot the charge ahead ot the 

flame part, accompanied by a very rapid rise in the cylinder pressure. 

The high pressure wave or detonation wave theory as put forth by 

Midgley and Boyd (33) ,suggests that knocking results from the impact ot 

a high-velocity, high-pressure wave against the cylinder walls and 

head. In nor.mal combustion, the differential between the pressure 

immediately in front ot 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 dense gas at 

extremely high pressure which strikes the top and sides ot the combustion 

chamber. Callendar (44) turther discu~sed this theory and observed that 

the increased susceptibility 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

elly instantaneous ignition by compression as it passed. He proposed a 

different theory to account tor the ignition ahead of the flame front. 

Callendar ( 44) proposed the nuclear drop theory and it was accepted 

in a.moditied tor.m by·other authors. He suggested that when the gasoline 

was atomized in the air, the drops as they evaporated, left a residue 

or nucleus consisting ot the higher boiling constituents ot the tuel. 

These nuclei would serve as toei ot ignition since the higher members 

ot a hydroCarbon series are more easily ignited. Chemical action should 

be easier at the liquid-Tapour interface as a result of strain due to 

surface tension. Also the drops could absorb radiation more readily 

than vapour.· Carbon particles would likewise induce ignition b.Y 

combining with lower boiling components forming nuclei ot much lower 



23 

ignition temperature than the pure vapour. 

Callendar {44) later tou.ad that pero:x:ides are formed freely with 

detonating tuels in the period ot low-temperature combustion which precedes 

ignition. He suggested that the peroxides accumulated in the nuclear 

drops during rapid compression, and acted as primers tor the simulte.n-

eous ignition ot the drops. This theory implies that the kind ot oxidation 

essential to knocking is a liquid phase, and not a gaseous phase, phenomenon. 

M"oureau, Dutreisse and Cheu:x: ( 45) agreed w1 th this liquid phase re­

action. They showed that pero:x:ides were tor.med at 160° by the higher 

boiling petroleum tractions and by 5he paraffin hydrocarbons. 

Egerton and Gates (46) proposed a theory similar to that ot Ce.llende.r. 

They accept the evidence that pero:x:ides are essential to knocking, but declare. 

that the detonation can take place in the gaseous phase. They do admit 

however that li~uid droplets are likely to be present in the charge ot 

liquid tuel. Egerton and Gates also differ from Callendar's theory by 

regarding the peroxides, not as primers tor the ignition ot the drops, 

but as catalysts ot the main process. Egerton declares definitely tor a 

chain mechanian ot engine combustion with the peroxide& initiati~he 

chain. Eglott, Sche.ed and Lowry ( 4?) also favour a theory involving 

reaction chains or this type. 

Mondain-Monval and Ql.lanquin {48) differ from other peroxide theories 

tor they assumed that the peroxide is to:rmed not from whole molecules and 

oxygen, but from already tra~ented molecules which give alcoholic per-

oxides ot the type R 0 0 H. Ubbelohde and Egerton (50) and Egerton, Smith, 

and Ubbelohde (51) investigated the part played by peroxides. Peroxidea 

ot the type C2H50 ! OCoH5 or C2Ift)O i OH which can split readily to.11ve 
t • 

radicals C2ff50--,give a pro-knock effect; while peroxides which cannot b• 



24 

thus disrupted, such as on3CH-~ had no marked pro-knock effect. 

t ' o- o 

They pointed out the similarity o~ this theory with that of Hinshel-

wood, Williams, and Wolfenden (51), that chain-branching in the cambust-
I 

ion of hydrogen is due to a similar type of fission, HO; OH into hydro-

xyl radicals. 'Bley suggested that the peroxide radical also takes part 

in chain-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 ther.mal decomposition. This he argued showed that 

knock was due to thermal decomposition of the h7drocarbon before oxid-

ation. Most observers egr,ee that knock is caused by some sort of 

presensitization of the last part of the charge, explainable on a 

chain reaction mechanism. Bealli7 .snd Edger (53) point out that tke 

end gas is subjected to slow oxidation by a chain mechanism which gives 

active product•. These may bring about further oxidation and the for.m-

ation of additional active products, continuing the reaction chain, or 

they may be deactivated by an untavorable collision. So long as this 

deactivation process predominates the net effect is merely a partial 

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, nom-

al combustion takes place. When the temperature and time factors are 

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 active molecules formed in unit time increases somewhat and the pro-

babili t7 of their deactivation is much less. This starts chain branch-
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ing and at the critical point at which the probability of chain branching 

approaches unity, there is a sudden and very considerable increase in 

• the concentration of activated oxidation products in the end gas. The 

resulting mixture is far more inflammable than the original mixture 

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

at 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 than that occuring in a detonation 

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

3. Measurement of Knock 

With the development of the modern high compression 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 making. Up 

until 1928, no standard method of knock rating had been established, 

although many methods of comparing fuels had been suggested. 

The earliest methods depended upon the observation of knock 

in engines by ear. Ricardo (54) in 1921 devised a method of co.mpar-

ing knocking tendency by expressing it in te:rms of the "Highest 

Useful Compression Ratio", ~is being the highest compression ratio 

at which the engine could be operated o~ the fuel in question without 

audible knock. Other methods consisted of deter.mining the spark 

advance tor various knock intensities; measuring the t~e required to 

rupture a diaphram of known thickness; determination of power at var-

ious rates of fuel flow at throttle setting tor incipient knocking; 

compariaon of the temperature in a plug located in a cylinder, etc. 

In some oases an audiometer was used 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 'aniline ~ 

equivalent scale'• This represents, in terms of aniline, a knock 

suppressor·, the knock effect of a substance when measured in a solut-

ion of 1 gram molecule per litre of solution in a reference gasoline, 

or as m&llJ' grams per litre as there are units in the molecular weight 

of the substance. 

In 1928, the Co-operative Fuel Research Committee 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 steel diaphragB which is in 

direct contact with the combustion chamber. When knock occurs the pin 

is given sufficient impulse to be driven upwards, thereby closing a 

pair of contacts and thus causing current to flow. The contacts are 

adjusted so that they do not close during non-knocking combustion. 

The electrie circuit contains a hot-wine element. A thermocouple, 

placed near the hot wire element, is connected to a millivoltmeter, 

the reading ot which varies with the temperature of the wire, and 

thus with the knock intensity. This millivoltmeter is known as a 

knocbleter. It does not give an absolute measure of knock intensity, 

but gives a comparative indication of the knock intensity between 

fueli.I'D: coapare fuels on the same basis, a set ot standard reference 

fuels had to be established. 

TO establish a scale tor measuring relative knocking tendency, 

two hydrocarbons, normal heptane and !so-octane t2, 2, 4-trimethylpentan•) 

as suggested by Edger (52) in 1927, were selected. Nol'mS.l. h'ptene has 

a very low anti-knock value and !so-octane has a high anti-knock value; 

both are definite, reproducible compounds having similar physical char-
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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-octane and 

heptane. The octane number of a fuel is the whole number nearest to 

the octane JllllJlber of that mixture of iao-octane and no:rmal heptane 

which the motor tuel ma.tehee in knock characteristics. The octane 

number is defined by, and is numerically equal to, the percentage 

by volume of iso-octane in a mixture of iso-octane and normal heptane. 

Thus, by definition, normal heptane has an ectane number ot zero and 

iso-oetane of 100. 

Since these two fuels have a relatively high cost, secondary 

reference fuels are used. These consist of stable, straight-run gasolines, 

one of comparatively high knocking tendency and another of low knocking 

tendency. Mixtures of thes~ have been carefully calibrated in ter.ms of 

octane number directly against heptane and iso-octane. 

A carefully controlled procedure is essential in a knock-testing 

method because knock is affected by a large number of engine variables. 

Some of these are compression ratio (54), throttle opening (56), engine 

speed {57), spark timing (58), mixture ratio (58) • mixture temperature 

(57), jacket temperature (57), and intake air temperature {57). Standard­

ization of the test equipment was thus necessary. 

The engine which was evolved for these tests is a single-cylinder, 

valv:e-in-head, variable-compression engine. The power output of the 

engine is absorbed by a for.m 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 me.de 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 caapress­

ion is kept constant for a given octane range. T.bis engine is now 
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considered obsolete and the Co-operative Fuel Research Engine has 

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 head. 

1ne spark and rocker ar.ms are automatically adjusted. The specifications 

for operating this engine are given in the American Society of Testing 

Materials pamphlet D 357-41T. 

'lll.e knock rating engine is standardized to give a knock rating thet 

Will agree with road tests. As road tests vary with the make of the car 

and in fact with different cers of the same make, the average is taken. 

Since the automotive industry is always modifying their engines, there 

is a drift awsy from the octane ratings as given on the c. F. R. engine 

but with several modifica~ions of the original specifications, e. g. 

mixture temperetures, etc., the engine has kept fairly well in line with 

the road tests. 

4. Knock Characteristics 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 end their knocking characteristics, 

e. g. normal heptane begins knocking at a 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 13 to 1 (59). 

The following relationships are found for the paraffin hydrocarbons. 

For the normal or straight-chain uareffin hydrocarbons there appears to 

be a regular increase in tendency to knock 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, is substentially constant. '!he successive 

bddition of methyl groups to a carbon-atom chain results in a decreas­

ed tendency to knock. The relationship here is also regular. For a 

given molecular size, i. e. 1'or isomers, there is less tendency to 

knock as the structure arrangement becomes more compact. The actual 

number of carbon atoms in the paraffin 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. 'l'he effect of lengthening the carbon chain 

unbroken by a double bond e.ppears to be similar to that found in the 

case of the paraffins. In the straight-chain olefins, the tendency 

to knock decre~ses by fairly regular steps as the double bond is 

progressively negrer to the centre of the molecule. 'rhe knocking 

tendency of these compounds appears to be determined by the lbrgest 

unbroken strai[)lt carbon cht:dn, irrespective of the size of the 

molecule. 

'rhe cyclic hydrocarbons have superior Anti-knock q_uali ties to 

l;he corresponding strait;ht chain paraffin hydrocarbons. The presence 

of an unbranched side chain results in a decrease in aniline equivalent. 

Lengthening the side chain, whether it is branched or unbr&nched in­

creases its knockinf tendency. 'i'he effect on knock of' branching of 

a side chein is ver:y great; a highly branched or centralized side 

chain 1aay make the compound superior in antiknock value to the par-

ent cyclic compound. 'l'he effect of position of side chains on these 

cyclic compounds appeBrs to be very small. The cyclic hydrocarbons 
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conteining a single double bond in the ring ere very similar to 

the saturated cyclic hydrocarbons. Here again lengthening of the 

unbrenched siue chain results in a progressive decrease in anti-

knock value. However, the effect of position isomerism is much 

greater than for the corresponding saturated compounds. 

The arorr:.atic hydrocarbons have antiknock CJ.Ueli t.ies definitely 

superior to the :peraffin hydrocarbons. 'lhe addi "don of a progress-

ively lengtbened straight satura ~ed side chain to the benzene nucletiS 

J·esul ts in a progressive increase in anti-knock value up to n -

propylhenzene and then further increase results in a progressive lower-

ing of the antiknock qudity. Addition of methyl groups to the ben-

zene nucleus re~mlts in & pro;_~ressive increl:!se jn !:II'ti-:l<,rcock qualities. 
,;;;t..: :·c. 

Position isonerism exerts & considerabiP effect 9-nd/positioned side 

chains are superior to I'l.eta and to -::Jrtto.Branching of' the side chains 

containing more th~n three carbon atoms results in en increr:se knocking 

tendency. 

1ne 'lead susceptibility•, tbat is the increase in octane nuKber 

of fuels :rr·oouced l::y the ;;..ddi tion of a fixed proportion of lead in the 

form of tetraethyl lead, varies greatly with the types of gs.solines. It 

is determined not only by the hyurocarbons present, but may be mr:~rkedly 

affected by small a~mounts of impurities. In general, natur~l gasolines 

have a high lead suscer!tibili ty, cracked gasoline a are next end straight-

run gnsolines the lowest. 

For the pure hydrocf!rbons there is a rough relfltionship bet·ween 

critical compression r!:itio and leo.u susceptibility. For pereffins E,nd 

naphthenes, the higher the critical coYJpression ratio the greater is the 

lead susceptlbility; for olefins &Ild acetylenes, increase in compression 

ratio produces no marked change in lead susceptibility; and for unsetur-

!'ited cyclics, incr·ease in COilipression ratio produces a decline in lead 
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susceptibility. J:. few aromatic hydrocarbons whici1 h~?ve been 

investigated were fauna to show relutively high lead susceptibilities. 
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IV. .Antiknock Compounds 

Three distinct methods have beer; cor.side1·ed for improving the 

knock-reting of fuels: a fuel of hie,h knock rating is blended witt 

one of lower re. ting; e ve!"J srn.all c.mour;.t of an "entiknock :::-engent" 

can be added to the fuel; or it has been considered that a catalyst 

could be applied to the surface of the co.t!!bustion chamber. 'l'hese 

methods ere discussed below. 

Elendin€£ of .Fuels 

There are a number of fuels 'Ahictl show little tendency "'vo knock­

ing. ~~ese can be added in relatively large proportions (10 - 60%) 

to a knockinf:: fuel to give a fuel of re&sonably good antiknock properties. 

Cracked gasoline, especiel1y vapor phase cracked fuel, is much better 

thAn straight run gesoline. 'rhis is due to the unsaturRted coJr.pounds 

present <:·nd also due to the lcwer sulphur coxr:,eni-,. NB tural or easing­

}<ead gasoline also hus good Anti-knock qualities. These are widely 

used to improve gasoline stocks. 

AromBtic co~oounds are also good antiknock fuels. Benzene has 

been added to gasc:Jine to improve its re t;ing for m&ny yeers. lhe ~ore 

corcplex or irregular the structure of the molecule, the better is its 

non-detone.nt qualities. '1.he terpenes also have excellent antilmock 

properties ( 60). Alcohol is also a very good non-knocking fuel t~.nd is 

used to blend fuels. Iso-oct.ane although not used ir:. commerchd blends 

of gasoline has a very high kr..ock rating. 

It is difficult to decide whether the effect obtained in a blend 

of non-knocking fuel with d knocking fuel is 1uerely the sum of the part-

iHl effects of the two, or whetter the non-knocking fuel also acts as 

an inhibitor of the knock caused by the other fuel. 'l'here e.re a fel\' 

indications that non-knocking fuels also exert a slight antiknock effect (61) 
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Antiknock Compo_u.pda 

!ddgely nnd Boyd (62, 63, 64) discovered the existence of several 

compounds, which when edued to a motor fuel in small quantities caused a 

considertJble incre<;se in the knock rating of the fuel. This led to the 

further discovery of a large nmL.ber of compounds which suppressed the 

knocking tendency far out of proportion to the amount adoed. The most 

effective of these compounds ere organo-mett::.llic compounds. .Some nitro­

gen cont!:iining compo1Jnds are elso quite effective. 'l'he following is a 

list of the more important anLiknocks classified E<Cco:rding to their 

chemical structure. 

1. Nitrogen Compounds 

These are true antiknock compounds. 'Ihe better of these show 

meesurable effect in a concentration as low as o.l%, an amount which 

can hardly be cor:.sidered sufficient to modify the bulk concentration 

of the i'uel. The e.ntiknock effect is net QUe to the presence of ibe 

nitroEen alor.e, since ::ome nitrogen cont!'d.nin[' cow::o'JUls (nitro-, 

nitrites and nitrai.es) promote knocking. I'he effectiveness apparently 

depends upon B soecial type of linkage between the nitrogen and the 

organic radicals. In this cless AJnines 8how the greatest effect. 'l'able 

I shows the relative effectiveness of several amines. 'I'he values listed 

are t;he reciprocal of the number of moles giving the same antiknock 

effect as one moJ .. of aniline. 
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TABLJ: I (65). 

Comparison of Antiknock Activity of Several Amines 

(Numbers are reciprocals of the moles giving the same effect as one 
mol of aniline.) 

Ammonia •••••••••••••••••• 0.9 
Sthyl amine ••••••••••••••• 0.20 
Diethylamine •••••••••••• 0.50 
Triethylamine •••.••••••• 0.14 
Triphenyl amine •••••••••• o.og 
Aniline 1.0 
Diphenyl amine 1.5 

Toluidene ••••••••••••••• 1.22 
m-]ylidene 1.4 

------------------------------Monomethyl aniline ••••••• 1.4 
.Monoethyl aniline •••••••• 1.02 
Dimethyl aniline ••••••••• 0.21 
Diethyl aniline ••••••••• 0.24 

The presence of an aromatic linkage to the nitrogen greatly 

increases the antiknock effect. Side chains on the aromatic ring also 

increases the effectiveness. Secondary amines are in general better 

than primary or tertiary. Amides (20), imines (67), carb8mides (20) 

and cyanogen compounds (67,68) have been shown to have antiknock 

properties, but to a much lesser extend than the amines. 

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 prop~rties. 

(b) Antimony {20, 69) Trivalent antimony acts as an antiknock 

compound, while pentavalent antimony is a pro-knock. Antimony tri-

phenyl and trichloride are effective antiknoeks. 

(c) Bismuth (20, 61, 67, 70). Some bismuth compounds are rather 

good antiknocks, e. g. bismuth triroethyl, triethyl and triphenyl. 

3. Halogens 

Although halogens, particularly the lighter ones, are generally 

~onsidered to possess pro-knock tendencies, several halogen compounds 

are antiknocks. Car.bon tetrachbride (71) ammonium halides (71), alkyl 
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~slides, p;.rticuL:rly ior.iiues (20, 64, '~~"i) c:"1~1ro, bro:E:J ._,. iouo 

'.,,,.,~-,,l.l·-1en- ,'71) 1·-Ju·',·n"' (C)O 7') 1 .·-_·n:' ::',len"rl- ~,\.'.lJ'u'Ps l--.,·.uo ~-~-~"-·"' .. A." r"'-"2l'!I'C·---"'~'""- C) ~ ;:; \ 1 . '- "- o. f..- ) '-·i - .'..!. ~J- --.) _ ·- _ • • .v~ ---- ---- v.!_'-

best, hro~ine next, 1 nd chlorine +~e l~1st effective (20). 

4 • .SuliJhur, Seleniun, 'l'elluriur.1. 

SeverEl sulpnur corn ,ounds such "<S ii'.or,~~r:nic S"--llpl;_iaes (7), ~lr{'B'lic 

1Pve G r:Juch -:rec.H':r 1c.ntilmock tendenc~· t.h_,cm sul nhur ·-'nd tellurilLrrJ. l1Ure 
a 

th~n seleniurJ. ., 1 • d • t' l ( r 1 • 1 70\ :.:.e en lure. 1e ny .:: , ,, __ , 1 l. "' 'l'J .. ) + e/·· '"Q- ' n l 1. "'nonk ··"'d U '-j'--.V _ _,u'-' ,:JJ.V 1 \..! . .j.- c . .t:.. 

seleniUD diett1yl (20, 61) is f~dr. .;.cellurLJ . .m diathyl t6l) is :3 strong 

knock inhibitor :.nd telL1riurr di;Jhenyl (51) sli~:ht:ly less S). 

5. Jther Non-metals. 

(r) ~~ron (20) L~s so~P 2ntiknock effect. 

(b) 3iliCOT' (~0, 71) • oiliccn l~etraetily.l_ is ~ f.:.:ir '::ntiknock. 

6. Letals. 

cc1npounds, hsve ':CJ.tiknock properties. Here the :::·.ction is identified more 

cl:·sely with tile ele,cent itself r~·ther t.Cl.an with the type of link::feS 

(61). There has been r:mct1 cliscussion &s to ~xneti1er '1:rcombin:Jd metals 

have or lH',ve not ':~ntiknock effect, 1Ni thout e.ny iiefini te conclusion n':V-

ing been ret:Jched. 'l'he most effective sntilmock compounds knov:n belon2: 

to this ty!)e. 

The lL·ht'3r :t:Jtel compounds h,_,ve heen found not to ht=ve very grest 

(:20); ethylate (73), '3llci iouicie (72) "'re effective. PotC:Jssiwn vepours 

["ctin~£ in the oxide forn .::re rr:ore effective th~m tetrf'ethyl lead. JeritEn 

c0rbide (74) h~s nlso been reported 2s having ~ntiknock properties. 

~:o-,'levor, it is nainly the Les.vy j,;etallic elements t;hst nossess 
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the greatest antiknock activity. Le!'id con::pounds are the hest comr.;ercial 

antiknock compounds known. It appears that tetran;lent 1e&d compounus 

el.nost alwEys L.t.ve unttknock power, '>'ihile bivblent lead co:rr.IJounds are in­

effective (EO). Leed tetr&ethyl is tta best antiknock known and is added 

to most cormnerci &1 ine in qu6ntit~ea varying from o.~ to 6.0 m. 1. 

per gallon. Lead tetramethyl (70), lead tetrl':l.propyl {20) and many other 

lead con:pounds (?1, 61, 70) have all been studied End found to be effect-

5ve in varyinf degrees. 

Iron, cob~.lt r,nd nickel &re elso ve:r•y effPcttve. 1:t.e c~;;rbonyls 

are next tc tetraethyl lead in Ectivity (2C, 61, 70, 75, 7E). Iron 

carbonyl has been wi.dely nsec :ir some Eurcr;etm countries in :r.;rro"'v'}.re, 

l C:'.ll81"Cihl gasoline. Ir·cn ecewl ucetone (70/ is also effective. 

Chromitm•. pl1en~,rl ( E6) and molybdenum carbonyl ( 75) also have 

a slit~t effect. 

'!'in tetramethyl, tetraethyl end tetraphenyl (~·.0) ere f!::!irly good, 

and some of the stannic he1lides hAve also been reported as antiknocks 

(21, Gl, ?0, 72). 

Compoumls of zi ne ( '71), ct~.d!ni um (El: , mercury ( ?7, 78} , cerium 

(~~0, 66), thallium (79), vanadium (20) and titanil.un {61) have also been 

:f'ourd to be antiknock agents. '.i'hs.llium vapour is a very ~ood antj.kr,ocl<:, 

bei:r:g more effective ttan le12cl tetrnethyl. 

The following tables shovt the rel&tive effectiveness of ""' number 

of anti-}~ncck compounds: 
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L':.ELE 2_ { 6, 44, 4,5; 

Relative Effeet.iveness of 
I;ifferent Gompounds of the Same Element 

(:r·rumber is reciprocal of the number of mols giving 
the same effect as one mole of aniline) 

Element Ethy:J. Compound 2henyl Compound 

Iodine 
Selenium 
Tellurium 

1.09 
6.9 

26.8 

l'AELE 3 ( 80) 

Relative Antiknock Effectiveness 

(Reciproc~::tl of the numter of mols gi vine; the seJUe 
effect as one mol of aniline) 

Lead tetraethyl 118 Bismuth trimethyl 
Lead tetraphenyl 70 Dismutl1 trietliyl 
Lead diphenyl dir:::ethyl 115 l::ismuth tri:phenyl 
Leed diphenyl dieth:yl 109 St&r.nic chloride 
Lead diethyl chloride 79 3tannic iodide 
Lesd thioacetete 10 Monophenyl arsine 
Cadmium dimethyl 1.24 Triphenyl arsine 
'l'i taniu..rn tetractloride 3.2 

0.88 
5.2 

22.0 

23.8 
23.8 
21.4 
4.1 

15.1 
l.G 
1.6 

In all cases where the elerr_ent is the determining fee tor re ther 

th5n the linkf,ge, tlie chanee from ethyl tu phenyl causes at most ;;. 

20~t decree se in ecti vi ty ( 61). The effectlveness varies 1:Ji. :.ll l•Csit icn 

in the periodic table, t:r.creasln[ do·.r;n the ~:;roups. 

7. .Arorr'a tic Compounds. 

In aromatic compounds pcs:::e::::s &r:tiknock act1vi ty; this 

activity decreeses with hydrocarbon side chains but increases with hydro-

xyl or amine e;roups (81). Phenyl chloride (71), iodide (20, 72), sulnhide 

(20) nitrite (8~~), monophen:y1 ar.c tripher.yl arsines {ll), diphenyl oxide 

(20), dihydroxy benzer:e (21, ?0), phenol (66), cresol (20) and quincne 

(:~o, 66) have been reported to possess anUknot?.Y: pror::.ertie:::. 



E. Ketones ~nd Esters. 

In geEeral these do not show very gre&t pro- or anti-knock octivity. 

Some ketones (81) particularly higher ones are effective, the methyl and 

ethyl esters, Rnd sE,lts of boric, si.:U.cic ·nd acetic Rcids ('71), :::ome of 

the naphthenic aci.d esters (83), furocy&n.ic acid esters (84), the esters 

of palmi tic, oleic,Nyriste, ~~N: lauric l:!eids. (:::.C), and po•"assiurc .:_E:Jllotc 1 

oxalate and citrate (20) are antiknocks. 

9• Inorganic S~lts 

Copper ni :.rB.te (85) hydro2:y co!llpounds (81) 2nd water (20) also ho~ve 

entiknock 'Jroperties. 

Non-deton!:Otion C~t~::·lysts I<'ixed OI];._!!le Inside of the l.~vtor. 

It hE>s been p::::·oposec. th&t the inside of the explosion ch1.:1.n:ter of 

the cylicd:::r·.c; ccti.l6. l:EO painted \d tt fut:::tanc:es \ihj c:. bive reversible 

d E.l.:;ict~.l reacti0ns of the type that are endother1nic at high temperatures 

an,i ex~ .tlermic at low temperatures. Carbonates of lead, copper, calcium, 

magnesiun;, BociuJr. or potasshlll, mixed with an inert material such as siljc~.:;., 

have been patented. (85). 'l'he oxides of v&nadiurc., cob&lt, snd rere At..rttl 

-::f ;;\.:.eh a rr.ethoC. j s lo~., £.!10 foulinF. blld other nectar1ical c.ifficul th•s are 

&lso to its cU sadventege. 

Compounds are also added to g8soline in small amounts, not to 

ireresse the &ntiknock rR tine::, hut to presBrve the c.ntidetcmort qu&li ties 

cf cre.cJ:.:e:l (::;<::tsoJine. AJ:iline, hydroqu naphthalene, and enthracer,.e 

( 87) have dl beer' fouv1 to inhibit the 



v. Pro-'mock Corcpou::1ds 

Comp<:~red wi 

compounds very !'ew existed on pro-knc~l~ eo;, .:_'~;m l& 'Jr~~il very recently. 

This is not surprising, si:-J.ce the search w~:.s for perticularly effecUv.3 

er' iknock nca teri<:,ls for improvin:£ gesoline. Pro-knock compounds are mater­

ials ·.:hich when added ::: ~asoline in small 2Jllounts, incresse t~1e lmockir.;::; 

of uL intt~rnal combustion engine. liost of these were discovered during 

tne searc:1 for ,,nti-"kn,.)ck compounds, or from. o. study of the intermediate 

products in the combustion of hydrocarbons. 

Here again there are knocking fuels as well us the tr11e pro-knock 

co;1pounds. Ethers and aldehydes c:re in ce::1erdl knocking fuels and the 

addition of a .fair1 ;.r large smount or cliese so..'· Lnces wil1 ce11se [. decrease 

in t,he octane ra of :::: fuel (:::;r,). 

Organic pcroxides arP. reported as being among the test knock induc">rs 

{66). Ozone (:::,3) h&s &n effeC1i comper&ble with the antiknock effect of lead 

te tr&e thy l. ~ penxide {7?) is ~::lso fsirly effective. Jimethyl (88), 

diethyl (66, 88) Hnd ethyl hydro~<·cn l)eroxides (66) ere fJ.IDOn~; th9 best; ethyl­

idene peroxide (88) sli,~htly less s:>. ..,cetyl (38), benzoyl (20, 29), cetyl 

benzoyl (88), end dincete peroxides (88) o.re very effectiva clso. Liethyl, 

and e ketone Deroxides (90) und olefin neroxides o.re not ef·r·ect;i7e (:.c, 

Jl). 

-.:.'he or::Gnic nitrites :.1re Glso ~;uite powerful pro-knock s; etl1yl 

(91), "ronyl (70, 91) butyl (~:G, 9;::;), amyl (20, 89) r::nd isoomyl nitrites 

t-."''i. _'!::.e ('rn-responoine: ni.trutes {93), ni tro compounds 

end oxides of ni :;r:.:;ger:, NO, lll2 (20, ,·,1, 66 1 89, 91) ere nmch less effective 

although some hc..ve s ;:,ronouncecl effect. 
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The li hulo;;ens exhibit pro-knock tendencies. Fot:1 bromine 

Rnd chlorine (:..:o, l), 94.} have been reported as effective, as ~:.re several 

of their o c com;Jounds. The ~:ctivity re::nrt:d ::ippe::~rs to be chlorine 

,sreeter them hron::.ine, gre&ter tm,n iodine. Indeed, iodine end sever~:.l of 

its compounds are re9orted ss beinf" e.nti-knock ?gents. 

Among the more intensified studies of this pro-knock effect is the.t 

included in a report by Stacey tnJ .Jasson {95). l'he following compounds 

are listed as 11 inducers" of knock. 

nitroso-isopropyl-p-toluidine 
thiocarbanilide 
allyl-iso-cyanate 
allyl-iso-thiocyanite 
amyl salicylate 
methyl sulphate 
ethyl nitrite 
isopropyl nitrite 
amyl nitrite 
amyl ether 
mercuric diphenyl 
tin tetraphenyl 
silicon tetraphenyl 
tin tetr2.phenyl !::lnd worm seed oil 

petrolatum 
benzaldehyde 
lieptaldehyde 
metnylnonyl ketone 
zinc diethyl 
amyl mercuric iodide 
lead triphenyl iodide 
phenyl mercuric iodid 
cetyl alcohol 
ste~:Jric acid 
cobalt oleate 
c"ldmium bromide 
?mroonia (ges dry) 

They concluded that nitrogen when present 5S an organic nitrate 

or nitrite, was a pro-knock, and when present in the amine for·m, either en 

Anti-i:nock O!!' neutral. Esters formed by the l'lCtion of nitric acid on 

alcohols were found to be induc<:'lrs. Iodine in some compound.s showed up as 

anti-knocks, and in other cases as pro-knocks. 

In a more recent report by Lapeyrouse and Lebo (95) the octane blend-

ing imorovement {0. B. I.) of 300 compounds are given. 

Here 8. B. I. • C - A 0 = octane number of blend of X 
in the base stock 

A = octane number of b~:Jse stock 

X - proportion of blending agent 
(fractional part) 
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Those with a high negr.~ ti ve o. B. I. are 

Or Pr di tolyl p.- phenylene diamine -300 

Allyl isocyanAte -200 

aliphatic hydroxy a~nines -1000 

zinc salt of the diketone c~7o2 -~40 

iron (ferric) SE'lt of the dike tone C5H702 -940 

A comparison might be made here with one of the better pro­

knocks invastigated in this research. Chloropicrin gsve an o. B. I. 

value of -16,?00. 

In a memoreno.um by Sugden (97) giving an account of work cione in 

England phosphorous trichloride, phosphor·ous oxychloride and carbon 

tetrachloride are listed as having stopped an engine either by causing 

the pistons to stick, or by fouling the spc.rk plugs. Carbon bisulphide 

end chlorine are given ;;s compounds which caused "considerable knocking". 

Recent work has been done at the Thomas and Hochwalt laboratories 

(98) on sabotaging friendly gasoline, i. e. gasoline stores which must 

be abandoned. As a result of tests made on twelve Delcolite engines they 

found thPt adding small amounts of resins would be effective in rendering 

gasoline unuseable. l'hey indicate that the best resin f'or this purpose 

is paradura 10 - P, a commercial oil-soluble phenolic resin mede by 

condensing a paratertiary alkyl phenol with formaldehyde. A solution of 

10 grams per gallon will quite effectively gum the piston of an engine 

after about 1 gallon per cylinder of the doped fuel has passed through 

an engine. Other compounds suggested, in order of effectiveness, are 

paradura 367, super bechacite 1001, rosin ester or santoresin, china­

wood oil, and PC13 or PNC12• Metal naphthanates are e.lso mentioned 

~s effective in sticking an engine. 
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The work that is reported in the following sections w~s done 

up to September 1, 1941. Similar work was undertaken in the United 

States. 'lnis work is reported in papers by T. Midgley Jr. and A. L. 

Henna ( 99). The following e.re the better pro-knocks the t they have 

investigated. 

sulphur trioxide 
nitrogen chloride 
n butyl dichlorophosphine 
sulphur chloride 
1 - ch~o - 1 - nitropropane 
1, 1 - dichloro-1-nitroethane 

phosphorous sulphochloride 
phosphorous tribromide 
phosphorous trichloride 
phosphorous oxychloride 
chloropicrin 
thioxylchloride 

sulphuryl chloride 

The best one reported is sulphur trioxide which on a gasoline 

containing 5.36 ml. of tetraethyl lead per tmperial gallon, re~uired 11 

parts per million of air by volume to produce a ten octane decrease. 

They have also determined tne action of these compounds on an 

unleaded fuel in an ende&vor to determine the mechanism of the pro-

knock action. They observe th"lt while it requires much greater con-

centration of adultf.l'ant in an unleaded fuel than that re~uired in a 

leaded fuel to cause the same octane decrease, the pro-knock activity is 

not simply counteracting of the lead tetraethyl. 1he 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 

leaded gasoline by counteracting the effect of the tetraethyl lead, and 

when this effect has been completely counteracted, no further pro-knock 

effect is obtained by adding more of such materials; nor do these compounds 

show any pro-knock effect in unleaded fuel. Other compounds like isoamyl 

nitrite have the same effectiveness in unleaded as in leaded fuels. Still 

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

Qualitative and s~-quantitative work was carried out in taese 

laboratories (lCIO) using a Chevrolet engine and testing the effectiveness 

of a compound injected into· the air intake, by the audibility of the 

resulting knock. Some 197 compounds were tested which indicated the 

compounds to be investigated on the knock testing engine. 'lb.e more 

effective compounds that were found were chloropicrin, bromopicrin, 

iao~l nitrite, no~l butyl nitrite, tertiar,r butyl nitrite, thio-

nyl c4lorida, nitromethane, 2 - nitro propane, acetoacetic aster and 

isopropyl ether. 
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VI. Theories of Pro- and Antiknock Action 

A theory of antiknock action must not only account for the 

inhibiting action of certain compounds, but also the action of knock 

inducers. It must explain not only why organo-metallic compounds like 

tetraethyl lesd ere effective but also why some organic compounds, not­

ably the amines, are antiknock agents. 'l'he theory must explain why one 

molecule of tetraethyl lead in 200,000 of gssoline should be as effective 

e.s a 25 percent benzene· addition in suppressing knock. 'rhe eff'ect 

appears to be chemical rather than a physical phenomena and their 

action occurs in the brief time interval prior to the inflammation of 

the charge. A theory of antiknock action must account for the fact that 

the change fr~m normal to knocking combustion is abrupt rather than 

continuous. 

Theories of .~tiknock Action. 

The film theory of antiknock action postulates that the antiknock acts 

as a poison to destroy the catalytic activity of the walls. Jolibois and 

Normand (101) sug12:ested thut lel:id tetraethyl was decomposed and the atoms 

of let:d were deposited first on sharp edges e.nd points or at the "active 

spots" in the cylinder, incrAasing their radius of curvature and thus mak­

ing them less capable or initiating combustion. This theory feils to 

account 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 and 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 experimer.:.ts in the 

laboratory. Sokal (86) also regarded combustion as fundamentally heter­

ogeneous and reduced knocking by coating the walls of the chamber with 
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a meteri1:1l.containing either carbonates or oxides of leed, cerium 8nd 

other elements. 

The theory that the antiknock absorbs radiations or intercepts 

electrons was put forth by Midgley (102} and by Wendt end Grimm (36). 

The antiknock promoted the combination of ions previous to combustion, 

thus reducing the rate at which the combustion accelerated. The heavier 

elements in the lower right-hand corner of Mendeleeff's table pick up 

negative charges easily, hence they should form good antiknock compounas. 

;.s evidence they stated thr:::t the lighter elements in each periodic group 

v:ere pro-knocks and the heavier ones often antiknoeks. Experimental 

evidence was advanced for this theory by Wendt and Grimm who found the 

recombination of ions above a pool of benzene with tetraethyl lead was 

more rapid than without tetreethyl lead. These results have been 

challenged by several authors. 'l'his theory implies thet knock inducers 

should act by increasing ionization, an effect which hA.s not been observed. 

The action of antiknock compounds in minute amounts is explained 

quite well on the ba::ois of Oallendar 1 s droplet theory. Since the :.irops 

form only a small proportion of the tvtal fuel, and if the compound were 

concentrated in these drops, the effect would be out of all proportion 

with its concentration in the total fuel mixture. Many antiknock com­

pounds have low volatility and would remain in the liquid phase if such 

were present. He postulates thet the metallic antiknock should be 

decomposed to free metal which would then decompose the peroxides as 

fast as they were formed. i>loureau, Duf'raisse and Chaux (45) visuAlize 

the antiknock compound as forming an unstable oxide, followed by mutual 

destruction of the peroxides. 
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Egerton and Gates (46) also suggest that it is the metal of the 

anti-knock compound which prevents the accumulation of the pero:xides. 

Thus only metals capable of forming peroxides such as potassium, sodium, 

manganese or lead can act as antiknocks by forming a metal peroxide from 

the fuel peroxide. 'l'his metal peroxide subsequently decomposes, regener­

ating the metal. Organic antiknocks act similarly but are not as effect­

ive since they would not be regenereted as easily. 

The action of the antiknock egent is exnlained on the auto-ignition 

theory by increasing the spontaneous ignition temperature of the fuel. 

Several metal compounds were found to retard pre-ignition combustion 

as noted by Egerton end GAtes (46) and others. Schaad ~nd Boord (103) 

found that there was no effect of antiknock agents on the ignition temper­

atures of certain organic vapours when e direct--current breat spark W8S 

used for ignition; but the antiknock increased the current required when 

it,:ni tion 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 reached. Thus knock-suppressors were capable of 

decreasing this pre-ignition oxidation, while knock-inducers were shown 

to promote it. There is much controversy about the elevBtion of the 

spontaneous ignition temperature by antiknock agents. Lewis (104} found 

that certain pro-knock compound& r~ised the ignition temperature of some 

fuels, and on other fuels lowered the ignition temperature. He concluded 

that there W8S no relation between change of spontaneous ignition temper­

ature and pro- or antiknock activity. 'I'his 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 rege.rd 

the antiknock as an accelerator. 
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Dickinson (32) showed thct multiple sperk plugs tend to reduce 

knock. ClRrk, Bergmann and Thee (105) include a tt.eor;, of knock supp-

:ression tLst suggests that the tetraethyl le:&d cecomposed to lead pf.rt-

icles which become incandescent and act as multiple miniature spark plugs 

causing uniform combustion. On this theory, it is not the speed of the 

oxidation which causes knocking, but its unevenness. Charch, lVIack and 

Board (80) modify this theory by assuming that since the particles of 

metal are liberated in a hot oxidizing atmosphere, they must be capable 

of immediate oxidation. l'he hee.t developed by this oxidation raises the 

temperature around the pnrticle which promotes combustion and thus there 

is parti2l oxidation homogeneously throughout the entire volume. With 

aromatic aminec the hydrocarbon radicals attached to the nitrogen oxidize 

more readily than tte fuel e.nd so spread the region of oxidation. Lewis 

(104) suggested substituting the idea of flameless combustion for active 

combustion aheed of the flf'lme front. 

Ubbelohde and Egerton (49) and Egerton,Sruith and Ubbelohde (50) in 

connection with their 9eroxide theory of knock give the qualities of good 

antiknock. rrhey state tnflt it must be (a) oxidized, (b) dispersed so as 

to be almost a vapour end (c) capable of being oxidized to a higher oxide. 

\~hen tetraethyl lead, iron carbonyl, etc. are used, metallic oxides are 

formed as an essential part of their mechanism. They consider the anti-

knock to act either (i) by being peroxidized so as to remove oxygen from 

the active chain carriers or {ii} by mutual destruction of peroxides or 

(iii) by removing energy from the chain CFlrriers. They do not exclude 

the posdbili ty the t antiknocks may hbve a surface action., 

From all these theories and from experimental e"U"iaence available 
to 

one is led to conclude that the &ntiknock action is ft,nhibit the pre-
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fl81lle combustion in the ene:;ir.e. There is nu time lag or induc:tion 

period in the action of an inhibitor·, as is sou.:etimes the case for E. 

positive catalyst, provided the inhibitor is available in its reactive 

form. ~~hether the reaction involved is considered as peroxidf::tions, 

hydroxyletions, thermal or oxidative decc·n~positic;rcf. etc., a. generbl terrn 

such us chain reactions c:)vers all these. The specific method by which 

the pro- or antiknock affects the propagation of these reaction chains 

remains unknown although evidence points to an oxidation mechanism. The 

pro-knock materials are usually of a chewical type which would be expect­

ed to initiPte oxidetion processes and it appears probable that their 

function is mainly t.t1at of st!"rting reaction chains at a rate much 

grer:;ter than ths t which results from normt~l reaction. If tt1e deectiv­

ation of the chains carriers is not flso increEsed, the critical point 

is reached, where the chains are formed faster than they are broken, in 

a shorter time giving the charge a greater opportunity to knock. It may 

be necessary to enlarge this to include the extension hnd breaking of 

chains~as well as initi&tion of these chains,as the pro-knock activity. 

Since there is such a marked difference in the relative effective­

ness of rretallic antiknock fgents ~nd the organic compounds, it se.ems 

indicated thn t t.i1ere is s fundamental distinction between their modes of 

action. The theory out forth by Egerton, as mentioned above, that the 

action is due to the oxice forr;;ation fror:' the antiknock compound seerns 

to explain as well es any their bCtion. 'rhe difference in degree of 

action seems to be due to the ease with ·which :r_etal cen form ~ctive 

oxide or a tor:j ,while the organic antiknock compounds cannot underc;o such 

reversible reactions AS re&dily. The action of the active oxide or 

etom is one of inhibiting the fOI'lJltition of the reaction chains, thus 
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reducing pre-flame combustion and preventing any rEtpid combustion 

of the last psrt of the charge until t .. 1e fla_rne i'ront has reached 

it. Before an ~:;ctue.l mechanism of antiknock action can be developed 

further experimentation is necessary. 
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Fig. 1. Ethyl Knock Testing Engine, Type 30-B 
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EXPERDLE!NTAL . 
The investigation consisted essentially of determining the 

octane drop cAused by verious concentrations of a compound added 

to the air intake of, or dissolved in, the gasoline used in a knock 

testing engine. 'l'he octane number of the gt soline wes first deter-

mined and then the rating of the fuel with the pro-knock added. The 

decreases in the oct"ine r3ting of the fuel v;ere found for several 

concentrBtions of the pro-knock agent and the graph of octene 

decrease vs. concentration WP.S established. 

For this, an Ethyl YJlock 'l'esting Ene;ine, Type 30-D, as pict-

ured in figure 1, was used. JU though this engine is now obsolete 

for accurate fuel testing, it was found to be quite ss.tisfactory for 

these investigaGions where absolute octane ratings were not required. 

The results obtained in checking the octane numbers ot' e;asoline agreed 

closely with those detennined by the company which supplied the gasoline. 

!~so results of tests conducted on this type 30-B engine and similer 

tests conducted on a more moriern Co-operative Fuel Research - f.mericen 

Societ:y for Testing Knterials Knock Test Unit in another laboratory were 

in good agreement. 

The gasoline used J'or these experioents was an 80.5 octane leaded 

aviation fuel of 72.6 oct&ne cracked base stock, as supplted to the 

R. c. P .• ]3'. by Shell Oil Company. This gasoline was used because it had 

the most convenient octane reting thr.tt could be used on the 30-D engine 

without modifying the enf~ine. A leaded was used since these 

would be rr:.et in f'ield ~pplicaHons. The refer<mce fuels v;ere the fuels 

listed as A-6, F-3, and C-12, ss supplied by Standard Oil Development 

Company. 
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Fig. 2. Air Consumption 
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Since it was desired to express the corcent:'ations of pro-

knock eon•pov.nds used as psrts by volmr.e per 1Ytillion of 11ir consun1ed by 

the engine, the air consmnption of the engine W'::S deterr:iined. l<·or this 

a 200 cubic feet per minute f!:&S meter wrs attached in series with a 

45 gellon dru..rr. and to tne air jnlet of the eng·ine. i'he drmn '::!Cted to 

smooth out pressure variations. One inc11 diameter rubber and glass 

tubing WBS used throuc;hout the set-up. The resistence of the ce.libre.-

tion apparni.us,as measured by a simple U type water gauge, Wt:IS less than 

four inches of W1-1ter. llec;sureo1ent of the rates of air consumption at 

various throttle openings were made. The graph of air consumption in 

cubic feet per minute r:cgdnst throttle opening in degrees is given in 

figure 2. 

The condi ticns of operi'P.ion cl' ~che ne were as fol.iows: at 

full thr~t"~le for ~:.n octBne rE>nge of 7C to 80, a compression pressure of 

133 ! 2 pounds per squere inch v1es used; for en octane range of 60 to 

70 126. t n d . . d , - ~ 90un s per squHre 1ncn was use • The ttrottle was set bt 

18° f.:S this 9'lrticuJr .c se ttir:.g ;n:.ve a conveni6ntl;y wide lineAr re.nge 

of ~nockmeter re~dincs tor e ten cctr,,ne r~nge. 'rhe engine speed was 

maintained constant et 900 revol1)tions per minute Emd h sp&rk Advance 

of 15° was used. The sp::trk gap of the spark plui'=s w<:s set a.t 0.025 inches. 

'I'be bouncing ~in contl3cts were maint~ined spproxirnately 0.01 inches 

apart, but were adjusted fror;J time to time to r'1aintain !::', wide knock-

meter range et the 18• throttle setting. 

For every compound, et leest five octane deter'I!l:!nations were 

necessary to establish a curve of octr,ne decrease vs. concentretion. 

The standard method of determining the octene number of a gasoline 

rey_uires about two hours per determin"ltors r.nci is accureGe to ! 0.1 
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of an octsne nunber. + 1~n accurac:y of only- 0.5 of t.n oet~lne U1JJiber 

wes considered setisf1:.etory in this work, so a more rapid method, al-

though less accurate, was devised. '!'he average time for each determination 

was reduced to about ten minutes. 

'I'i1e rnetnod consjsted essenti&lly of Ctilibr!:lting the knockr.1eter scale. 

However a simple calibr~:tion of oct&ne nur:ber against knockmeter reb.ding 

WBS not satisfactory since, under constent engine conditions, the knock-

meter reading W!:.iS not always constr:,nt for e single octcme rating. However, 

for h1o fuels of different octane rttings, the difference in the knockmeter 

deflections for the f'uels w&s constant to within one scs.le d:i.vision. F'or 

ex<:.mrl)le, f'cr [, fuel of octane nurnber ?0, the knocl<rneter reN1int. for succ-

eGsive deterr:dn!:Jtions mie·ht be PO, 82, 7E3, and f'or a fuel of 80 octecne, the 

corresponding readings might be 50, 53, 48; the difference in knockmeter 

rending is 30 '!: l for this ten octane range. A ran,:;:e such e.s this wes 

re&di attained by sui teble t..d.just'r"ent of the bou:oeing pin cont&cts, and 

the knock:lT!f3ter- rheos+A:.tt. A celibretion of cb<~nge in knoc.laneter scale with 

change in octe.ne number resulted in e straight line {figure 2 (a)} 

The detailed procedure of one determin.:,tion WPs: 

l. The 80 octane fuel used in these tests was standardized by the 

usual uethod, using standard reference fuels. 

2. The knockmeter reAding for this fuel was then determined. 

3. A knockmeter calibr13"tion ~:rsph v;~ s established usine standard 

reference fuels over the desired. range. 

c 
4. The knocJ<:r:eter readings for severE:.l tests using an Hdul trf'nt -were 'I 

t~'<ken. Before and efter each of these, the knockmeter reoding for the 80 

octane fuel was checked. 'l'he octane che.nge for each of these was then 

re:,dily deterrdned frorr. the graph. 
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Fig. 2(a) TYpical Calibration Curve. 
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F;~s, App,atvsforAdd'"9 Ll<jUids roA~r Intake. 
A- Compreu~d c{lr ltne. r· P:~cnorneter COI!t"ai"'l<'!!fl•i'llc/ 

B Large: drvm F"·l-ltHih't'lg •,cool.:ng bath 

C · Ca Cl,_ and Pot OS dr~JI· "'9 tvbes G; Inlet tvbe, heared d re3vn"ttd. 

D Bvljjl ~htho!lote ftvwrnet'ot- J..I·A,r l'l/1.11 fa 11 ng•ne 

I Py~n<:>mthr f,,. &.oJoJ 6 

K E~c.ess ~.~;,. •vtltr. 

• 

J!'ig. 3. ApparBtus for Adding Liquids to Air Inteke. 
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5. From time to time the calibr['ltion f'·reph was checked by using 

a st~::nderd rek ere nee i'uel. l'he position of the curve lH;ve chanced 

• very sligntly over .,?erioc.. m· tiEe. l.he newly de1:erD1ineo ~JOSi tion would 

',Len be used as the cr:libr:'ltion grcph for further deterrniw~tions • 

.IUl readings v;ere tf:ken at rrcaximum knock ·~cir-i'ucl retio. 

Since p:tseous, liqu1.d Mnd solid compounds were used, Vflrious technic~ues 

r~d ~~o t.,dl'l.i t t.lLej.r v&r.-ours i11.to the air inle l: of 1 .. ne engine. 

The liquid compounds were generally handled by bubbling 11 sm~ill &ir 

or ni tro~~en strebs t!1rou~h t;he compound. '.Cllis rdr stre21:r1 the:n joined. the 

air t~ken into the 

ll air or ni troe;en stree.In !.l~id to be perfectly 

cry. 

About. five c. c. of the li·~uid w~s plBced in E. pycnorneter E ( 

3) w!:.ich 'Nl;s then closed wi tb ~round ,jbSS ceps <.~nd '.<:ei 

air line and pBssed into Et 4!5 gs.llon drum. to smooth out n:.inor pressure 

cn.c:,n~:es in the line. ?Lrt of the sir fr,)r., this drum, the t:.mount controlled 

by adjusti11.2: outlet K, v:as then p~ssed thrm;t,:h u. calcium chloritie 

'':easured on a qibutyl phthall~,te flowmeter D. The air or nitrogen W?.S 

bubbled through the Liquid in tt1e pycncr;eter E ond then into tite air 

inlet nf ~·le 8Lgine, 

::;s supplied in cylinders by the Dominion Oxygen Compsny. .J.he outlet 

valve on the cylinder vJf:.S t: t ta ched directly to the nov:T!leter D. If the 

COr::lpOl:nd too volatile, an ice or ice-s~lt bath was &rou:Jd the 



seter Vl!'iS hettted electrlcslly. In this lhtter cHse, the in:let; cube G 

· .. <.s ~lso elec1;r·i Cf.lly ;,eGteu tl:ron,;:hclJt i. ts lengtJ to :prevent con::...ens-

::rte.rir;.c k<E: eq'ino ::;r s ccntrclled by v~.:,r:;:ing the air or nitrogen flow ~::s 

I!lEH:..sured on the flovn:neter. 

'l'be eir or nitrogen vms blown throug.h for ten minutes and the 

knockraeter rebdimr et; r:1aximum knock r:.ir-f'uel rt. <:io vJc>s f'ouncl duriq:, this 

,irr.e. -~ stop <<utc:1 v·;:::.s used t tir:1e this tntervt-1. The pycnorr·eter W6S 

then rer.,oved, caps put on, and reweighed. From the loss in weight of 

the pyc:norneter r.nd the air consu..rrotion t!1e concentration in nmcber of 

perts of eoP'lJOtmd t s v~;pour )er .:r1ilJ icn of ir ':%S detemine<:i. 

oct<cne drop vs. concentrstion, on a 

semilog fraph peper. ·rne concentration necessery to tdve a ten oct:::.me 

drop WES determined f'roro this curve. 

;_ sinil1:tr tecimic,_ue 1'<''8 vsed for mndlinr< f:olids rdtl: ar: enpreci-

c:.1::le Vc'POlJr E;resr:;ure. Yor 0hese a. horizor::tsl type of pycnometer vws 

used (fiture 3). 'l'he dried r1ir or nitrogen 1;es pc:ssed above the compound 

end into the en:~·ine. If hec; tir:!? w&s re:_,nired to increc8e the vapour 

a (:iff'erl·ont ':dn1 er-. They V'ere udded by displacement with an inert lir:uid 

from a sui tsble burrette attacr1ed to the inlet t1Jbe ( fiL';ure 4). In 

sulphuric b.Cid v;ss used; vd +.t: Etill other g1::ses, 1': high boiling setur-
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Ftg 4. GaS Displace men/ Apparot"vs. 
A· Ga& lnler. D Lovel'"a llulb. 

8: Mercur::~ MQnornefer E~ToVa~\•<.JmPump 

c: To Mcrcvr~ r~e~~~rV£lH f: To Eh9ine Air Intake 

Fig. 4. Cb.S Dis:9lecement Appar!;J,tus. 
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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 was admitted into the 

burrette until the pressure was about atmospheric, and stopcock A was 

closed. Final adjustment of the pressure to atmospheric was done by 

moving the levelling bulb D. · Stopcock F was .then opened and varying 

flows of the displacing liquid were admitted into burrette, the rate 

being controlled by the stopeoe~ C. The rate was measured by noting 

with a stop-watch the.time for 5 or more c. c. to be displaced. 

For gases that were better than 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 displaced from the burr­

ette. 

In solution work 5 c. o. of the liquid was diluted to 500 c. c. 

with gasoline. A quantity of this stock solution was diluted to 200 

c. 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 readings taken until a ten or more octane 

drop was noted. 

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

dissolved in 500 c. 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 cf the compounds 

tested. Those·compounds that were tested in solution were calculated 

as parts per million of air by using the relationship tha:t 1000 c. c. 

of gasoline, which was consumed in two hours, was equivalent to 3960 

• 
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l'ig. 5. B11ty1 Hi tri tes. 



cubic feet of air 'Pihi c:.t '.-I os cor> ·,:u ,c~ ~~ i :.1 the srune time. '..:'he re Sld +; s 

l. Eutyl Nitrites 

~1 ~ut;;"L nitrite 
Isob,;tyl nitrite 
Sec. butyl nitri~e 
rert. butyl nitrite 

Table 4 

P.p.m. for 10 oct~ne drop 

82 .• 5 

107.0 
PP.O 
95. f, 

l:orrn~l b1.1 'c:yl n:i vr:i te _is s the lowest required concentrs tion. Branching 

of t!-,e c":..sin se'3~'1S to incre·:,;,3e the e,mount required. 

2. Amyl Nitrites 

n .Pmyl nitrite 
Isoamyl nitrite 
Te rt. p..rr,y 1 ni trite 

'l'b.ble 5 

Nitrite of sec. butyl carbinol 
l'Ti trite of dietnyl csrbinol 

P.p.m. 

62.0 
S3.0 
92.0 
92.0 
93.0 

Fir;ure 5 shows these curves. Again the no:rmal is the best. 

f':r':1nching at the e ~d of the chsin as in isoamyl nitrite does not <::ppear 

to h~ve muc: eff~c • ~r8nchinc neGr t~e nitrite grou~ has the PreBtest 

effect. There would appeqr to be un o.;;tir~,1x1 br;:;nc~:int: effect e.bova 
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Fig. 6. Amyl Nitrites 
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Fig. 7. Normal P:ir~:tffi:'l Nitrites. 
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~" ,. ,. . .. 
Co,.c•"trorton for 10 ocrane O.creo:se 

Fig. 8, Normal Po.-offut Nd'rires 

Fig. 8. Normal Paraffin 1'::1 tri tes 
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CO 

3. J\ormal r~,raffin lJi trHes. 

n Propyl nitrite 
n Butyl nitrite 
n .Amyl nitrite 
n Octyl nitrite 

Table 6 

J!'ron table L. :FJ. ;·i_',.l'3 7, it is 

~lBlity imnroves with incre~sed t]; 

125.0 
82.5 
62.0 
45.0 

t:lfl t 

of' carbon cnain, 

t~e B i.::.; ~~-'i_f: :) 

e 9ro-knock 

bt lee st to 

)-[' _:~ur be!' of 

C&="bon t.:. to;:r:s in 1,:1e chc.in vs. the cone entre tion for te:; octEme drop. 

4 . .Ero.mine f,nd !'i tro Suhsti tuted ~Lethanes. 

'ruble 7 

Tetrti nitro '.etl·,~ne 

Br0mo nitro methene 
Monobromo trinitro methe.ne 
Di bromo dini -;;ro ;nethsn 
c'ri hrooo nj t ro r.:e tt;.<>ne ( brorr:o-

P. u. n. 

88.0 
21.5 
15.7 
:L1.4 

picrin) 8.2 

The curves for these -:re shown in figure 9. i'etrani tro 1nethane is 

,:mc!l better thE,n ni tro methene (a value for this obtsined by extropolt1t-

1 n? the Cc.<rve of figure 4, would be a hove 300 p. D. m.) Also the mon-
trinitrn ~eth&nG 

bromo/meth'"-ne, :ivint~ SO':L•3 indicetion as to the effectiveness of the 

ni tro redicel. Put t.he bromine radical has consider£ble more _oro-knock 

effect then the ni tro group; in fsct the pro-!mock eff'ect of the ni tro 

groups seems to be almost negligible with that of bromine. As will be 

shown bter, this is only true sf'ter the first nitro group hes been add-

ed to the nucleus. .!< i3ure 10 shows the co'1centretion in narts per million 
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Fig. 9. Bromine and Ni tro Substituted ~.lethanes. 
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10 11. 14 16 IB P.F<M. 
C cncentl"Ution For 10 Octal'lt:t DecreoSt 

Fig. 10. Bromo-nitro Substituted Methane&. 
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for tl::e te!1 oct[~re dro vs. nl'n~"her of r·ordne r1:1di.cs1s. T·his curve 

i:'i01tld i1EcV8 h 

5. Ghlor·c-ni tro Substituted Paraffins. 

Table 8. 
P. :p. m. 

2 Chloro-2 nitro propane 91.4 
1 Chloro - 1 nitro eth&ne 28.9 
.. :ri chloro-r: i ~;ro-r:letb &ne { chloropi er in) lf.·. E 
l, i ,~..1i chloro - .l ni tro ethane 12.4 

r:•os ef1:ective "'·'nen on ~he e:nd carbon atoms, for in tsble 6, incre~e:.sed 

length of car·bon utom che.ir: caused increased nro-knock activity, where-

as here the l chloro-1 nitro ethane is f.:::r better th&r- 2 chloro-2 ni.tro 

J;ropane. It is rt:.Lt'_er ttat 1,1 dioLlcro-l nitro bi.he.neis 

betc:er thE-n tr:5.ctloro ni trc mettane. l...1.ridf3ntly t.lte incret::sed ler.gth of 

ebdn has e grec:;ter pro-knock ef!'ect than the third chlorine rt~dj c~:.l. 

Bromim-1 compounds appear to be tetter thar:. the corr~:spondin,~~ 

ehlor.lne coETOl.~m.s, e. g. bromopicrin is nebr1y tv1ice vs 

c. 

Iodine 
Chlorine 
Bromine 
Hydrogen Fluoride 
Eydroger: Bromide 
HydT,gen Chloride 
Iodine t1·i chloride 
Iodine mDnochloride 
Iodine monobrorrdde 

Teble 9. 

P. p. m. 

56 ( e(pprox.; 
40.0 
16.2 
90 

30 
10. 
}8.5 

&S 
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}Pig,. ll. Cl;loro-ni tro Substituted P1.:1rafi'ins 
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Fig. 12. H&.logens E.nd IIelides. 



.. 

Fig. 13. halogen and Halio.es. 
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In table 9 and figures 12 and 13, bromine appears to be the 

best of the halbg~ns except in the case of hydrogen bromide which 

was not as effective as.hydrogen chloride. No explanation for the 

discrepancy can be given. The value listed for iodine is only approx-

imate since there was some condensation of the ~odine in the intake tube. 

The iodine halide compounds are better than the halogens alone which 

would make it seem that the approximate value for iodine is much too 

high. From a consideration of these compounds, iodine would appear to 

be nearly· as good if not better than bromine. 

7. Halogen Substituted.Methanes. 

Methyl chloride 
Methylene chloride 
Chloroform 

Table 10. 

Carbon tetrachloride 
Difluoro-dichloro methane (.:freon} 

P. p. m. 

195 
68.0 
44.0 
33.0 

125 

Table 10 and figure 14 shows the effect of increased substitut-

ion of the hydrogens of methane with chlorine. This is further shoWn 

in figure 15 where the relationship of number of chlorine atoms on the 

methane base is plotted against the concentration require·d for ten 

octane drop. It is interesting to notice that the substitution of a 

nitro radical for the fourth chlorine radical (as in chloropicrin) 

reduces the p. p. m. very markedly,from 33 down to 15.6 

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

two fluorine radicals on difluoro dichloro methane increase its stab-

ility which'may explain the fact that it is not as effective as diohloro 

methane alone. 
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Fig. 15. Chloromethane&. 

• 



e. ChlcrethLnes 

,.,. 
''~ 

'i~-11: le ll 

r,:thy.l cl,lorid.e 
Ethylene d.ichloride 
1,1,2-Tric~loroeth~ne 

l,l,~:,,t) ·.:.::trEJ.chloroetr:'"ne 
F':;nte. cl,luro•J tL :::ne 

P. p. m. 

40.0 
:·.7. 0 
1;~. 4 

concentr~:::tion in :Je.rts per F'i1lion for ten octL.ne dec:re<oEe is plc)tted. 

0 

9. 

.eble 1:2 

' . ' .., . ' 
vLl'CTI'.lill:l G:~ycr•.:.CI'l (_.f;' 

\'&radiurJ oxycr::o:ricie,, Vc&dj 
iue (~U-50 Eixture) 

"~.lurnimc;· tri eh lori de 

The oxychloride e,rot~.rsure very 

p. rn. 

15.1 
8.3 
7.7 
?.7 
7.1 

1~.5 

s_;;h::•r01J.S :::·ether thnn the oxygen radicel. 

. -' 

.l~ j • 
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Fig. 16. Chloroethanes. 
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Fig.l7, Chloro athanes 

Fig. 1?. Chloroethanes .. 
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Fig. 18. Oxychlorides. 
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CONCENTRATION 

Jng. 19. Oxychlorides. 



10. J..rseni c, ,,•,ntinony und ::.-·bo 

Dichloro-rnethyl ~crsine 
Cacodyl Ohloride (in air stream) 

(in solution) 
Lev1isite (in solution) 
Arseni. c trt brcm·i de 
h.rsenic tri.chloride 
l~rsenic tr:lfluoride 
_.:mtimony yent&chlorioe 
i'tosphorous pentactloridc 
Phosphorous trichlorHie 
l'hosphorcus t.r:i.fllJcr·:i d.c 
l:ho s:pho:r·ol: <:• l·,er:tufh:ori r;e 

~)ilides 

1:) p • m. ... . 
::::.s 
4.2 
f 
4.5 
4. f. 
5.R 

JJ.O 
(: 1 ...... --
6.5 
8. p, 

31. f) 
LO 

',I>--,e octane drop cc:n0entr~tion cur·ves for these are shown in 

figure 20 ~nd 21. 

Arienic cor.n-nounds are the best pro-knock com:•ounos investigated 

during this study. Dichloro-methyl arsine is the bes:t pro-kn::cck fC·1JU1 

next best. 

The substitution of s methyl radic&l for one chlorine on a chloride 

increases the pro-kno~k eff~ct as RbS noted in sectioL 5. rte fluorine 
is 

radical/f"gain shown to be inferior to the chlorjne rndicol in ?l'C-Imor:k 

activ:l+y. Increl:.!'~'d 

c'1loride. 

reected to some extent for.'i rc,~ "" sJ.i.c;ll !. , 

adde.i t.c :,.ae unleF.ded bE< se stock, ~::. heevy ';'Ci precipik' --::_;;'::;. 

r.tmc decrease the effect) ve.' c s..: 



:Ji'ig. 20. As, Sb. e:nd PHc:lides. 
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.;;u::.p·:i . .Jes 2nd LZercaptans. 
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is seen in :.;;:e vt:::.L;1es fvr· aecodyl c!\J .. ori.<le vJhere tne corrpound W6.S 

Letter by one 

If L similcr &mount of effectiv-eness re::1oved fron tl'le lewisite 

in dissolving it in gesoline, the value when usin§· it in t>,e ::ir 

.ould be 

Carbon bisulphide 
n 'Sutyl 

itich ~aula m2ke it at least as effective 

rable 14 

P. p. m. 

205 
1•:)8 
lOO 

37 

Yit?ure 22 si10ws the conctmtration oct<:1ne decr·e:.:,:.:e epr·i!'38 for 

c compound lov~·t::rs th8 

co~c~r1: rt.tion ra;.Luired for the s:·:rr)e pro-knock effectiveness. . .. sul-

~~e~rs to be ~ore effective then o li 

for ethyl sulphiis is het 2r ~tLn n hutyl 

decreased length of the clv,. in. 

c 

1'able 15 

r.~ethyl isnthiocyonute 
t 1i o cy2:ns te 

n :Propyl sulphone 
Jenzene sul!'lhonyl chloride 

n in spite of t~e 

P. :p. m. 

285 
115 
132 

54 

The c:Jrv::s for se '-'re sLown i::1 figure 23. 'l'ne thiocyanete 

-J~C3. 



Fig. 23. Organic co~rpounds. 
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.Fig. 24. l,~iocellanPous Organic Ealides. 
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13.1:1 scellaneous ic l:'alides (JTigure 24} 

l'able 16 

;:<;thylene chloronitrite 
Diethyl Chloroa~ine (approx.) 
Benzyl chloride 
Eth:y1 nypoci1loride ( anprox.) 
Pi10sgene 
n chloride 
'I'richloroe,;nylene 
Chlor&l cyanohydrin 
Trichloroacetyl chloride 

P. Do m. 

150 
164 
141 
135 
120 

88 
51 
37 
28 

In tl.i.'.c ;nJnoch orosulJsti t;:rced oe:raf'iins, tc.e effect of eh~ in 

length is not nS grent s it is for the .mononi tri tes. The shorter 

chained rr;onochlorides "'re nore effective than the corresponuing 

then the nitrite. ~his is shown in the following ~borevintGJ 

'1'8 h1e l '7. 

Concentr&tion of compounds necess<J.ry i'or 10 octane decrease 

:r:a tri ->;e 

300 
200 

49 

Chloride 

195 
156 

88 

The value obtained for ethyl hypochloride is only ;:::pprox-

il'Ca te because ev9n though nitrogen we,S used through the pycnometer, 

1 t decom;yosed v·ary rapidly. ,;i ti1 di choroa:nine there WRS 

apparently a very mobile equilibrium with some isomer which mcde 

it d.if!'i cult to estGblish the concentrHtion ockne drop curve. 
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Fig. 25. Miscellaneous, Good Pro-knock Activity. 
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14. ~.fiiscellaneous (Good l.'ro-knock .'~ctivi ty) (Figure 25) 

Methylene bromide 
8xnlyl chloride 

Silicon tetrachloride 
Sulphur chloride 

Table 18 

P. p. m. 

48.3 
45.1 
23.0 
10.6 

T,,e bromine radical is here shown to be better ti:lsn the 

chlorine radicel since methylene chloride re,~uired 68.0 p. -9. m. 

Silicon tetrachloride is bet~er than carbon tetrachloride 

which required 33.0 p. p. m. Here <:~gain this nwy be due to the 

decreased stability and eese of' hydrolysis of silicon tetrachloride, 

or it mey be thst silicon is n better pro-knock nucleus than carbon. 

15. Miscellaneous (Poor Pro-knock ::.ctivity) (Figures 26 & 2?) 

Taule 19 

2 Nitro-butinol-1 acetate 
Sulphur hexafluoride 
Acetyl nitrate 
n Butyl thionitrite 
Boron trifluoride 
Cyanoge:r;. broclide 
Ethyl sulphite 
Trichloroethyl nitrite 
Ethyl orthosilicate 

P. P• m. 

310 
195 
140 
130 
115 

- 113 
lOO 
?6.0 
23.0 

The thionitrite linkage is not as effective ES the ordinary 

nitrite linkage, n butyl nitrite only reciuired 82.5 n. p. m. Ethyl 

sulphite is much better than either the nitrite or tne chloride, 8 

long ciwined sulphite might be c1ui te effective. 
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Fig. 26. Miscellaneous, Poor Pro-knock Activity. 
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Fig. 27. ?i1iscellnneous Compounds. 
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16. Compounds with no Pro-knock Effect. 

Table 20 

(No octane decrec::se ;"t the corJcentr.::tion indiceted.) 

Diacetyl ortho nitric acid 
Stibene (approx.) 
Isopropyl ether 
n Rutyraldehyue 
Cyanogen 
n Butyl borate 
.~scaridal 

Nitrous oxide 

P. p. m. 

12 
50 

440 
453 
600 

(A satur&ted solution in gesoline of the following compounds 
was used.) 

'l'ri phenyl-chloromethane 
lmnnonium azide 
~~i tro acetel d.io:xine 
Picryl chloride 
Triphenyl phosphine sulfide 

17. Solution Data. 

The following is the result of work cione by dissolving the 

compounds in the gasoline and tt:sting the octane number of the 

resulting mixture. This wes done to see if there wss nny dL :eerence 

in the results obtAined by adding the compounds in the eir strea~m 

and those obteined by using solutions r:,nd to find if oossible 

a compound sui table for use in saboteging gasoline stores. 
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Table 21 

Results of Solution \Jork 

.AU.ul terE'm;, 

Chloropicrin 
Bromopicrin 
Dibrom dinitro 

methane 

P.p.t of 
.fuel by 
volume 

0.6 
o.? 
0.? 

l, 1 dichloro-1, o. 7 
nitro ethane 

Trinitro bromo 0.9 
methane 

Silicon tetrachlor- o. 9 
ide 

Phosphorous o:x:ychlor- 1.2 
ide 

Seleni~~ oxychloride 1.5 
1-chlor-1-nitro 1.6 

ethane 
Pentachlorethane 1.6 
Carbon tetrachloride 1.9 
Tetrachloroethylene 2.1 
Tetrachloroe·thene 2.1 
2-chloro-2-nitro 2.3 

propane 
1,2 Dichloroethyl-

ene 
Chloroform 2.5 
Tert-butyl chloride 2.5 
Dichloromethane 2.9 
1,1,2-trichloro- 3.1 

ethane 
Tetranitro methane 3.5 
n-Butyl nitrite 3.8 
Ni trof'orm 4.8 

Isoamyl nitrite 
n octyl nitrite 
Monochloroethane 
Ethyl sulphite 

5.0 
5.8 
5.8 
9.2 

Remarks P.p.m • 
calcul­

ated 

causes :;:aint cloudiness 12.0 
faint cloudiness 13.0 
no visible change 15.0* 

no visible change 

no visible change 

slight colorless ppt. 

brovmish ppt. 

brownish-yellow ppt. 
no visible effect 

no visible effect 
no visible effect 
no visible effect 
no visible effect 
no visible effect 

no visible effect 

no visible effect 
no visible effect 
no visible effect 
no visible effect 

greenish colour 
greenish colour 
greenish colour; part 
did not dissolve 
greenish colour 
no visible effect 
no visible effect 
no visible effect 

12.0ili 

l?.o:ae 

16.0 

26.5 

43.5 
36.0* 

27.0 
40.0 
41.5 
40.5 
41.0!1! 

63.0 

62.5 
45.5 
68.5 
67.0 

38.5 
6?.0 

101 

?4.5 
62.5 

156 
14:3 

~ CalculAted using on Aoproxim?te density. 

P.p.m. when 
added to 
air stream 

15.6 
8.2 

11.4 

12.4 

15.? 

2:3.0 

?.7 

8.3 
28.8 

33.0 

91.4 

40.0 

55.0 

88.0 
82.6 

63.0 
45.0 

lOO 
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In this solution work 2 gasoline leaded to 80.5 octane from a 

72.6 octane base stock wgs used. This leaded gasoline reacted in many 

cA.ses with the compound added before the 'doped' gasoline had entered 

the engine. 1nis wes particularly noticeable with the chlorides which 

caused a precipitation of the leed. As the lead does not precipit&te 

out immediat.ely in most CF1ses but may req_uire as long as twelve hours • 

the octane decrease would depend on the time b:tween preparing 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 gesoline f:nd the ~idulte::-ant outsid.e the 

engine, they are not of value in determining the effect of use in an P.ir 

bHrrage. It would appear that the effect of adding the compound in the 

air stream and in the g~soline is &bout the same if no reaction occurs. 

Son1e metal naphthsnates of unknown molecular weight were investigAted 

in solution. 'I'he results are shown in table 22. 'lney were found to gum 

up the piston rings and valves very bedly and to cause a heavy formation 

of carbon in the cylind.er, necessitating frequent overhauling of the 

engine. 



Metal 
Naphthenate 

Cobalt 
Zinc 
Copper 
Manganese 
Chromium 
Iron 
M:ereury 
Lead 
Magnesium 
-fotassium 
Vanadium 
Nickel 
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Table 22 

~Jlet1:1l Naphth.enates Investigated in Solution 

Octane decrease octane decrease 
caused by adding adding 
0.3 gram per lOO c.c 0.03 gram per 100 

c.c. 
1.5 1.5 

0.8 o.o 
2.3 0.8 

1.8 1.2 
4.2 1.1 
3.0 o.o 

16.0 2.5 
0.8 0.3 

1.2 o.o 
insoluble in gasoline 
10.0 1.8 

3.3 2.0 

Tests on Unleaded Fuels 

Octane decrease 
adding 

0.003 gram per 100 
c. c. 
1.0 
o.o 
0.4 
0.8 
0.8 
o.o 
o.o 
o.o 
0.0 

1.0 
0.3 

As stated previously, ell the above tests were carried out on 80.5 

octane gasoline, leaded to this V':Jlue from a base stock of 72.6 octene. It 

was t.Jluue;ut t.esirable to find out if the pro-knock effect obtained was 

partly or wholly due to reaction with the tetr&ethyl lead of the gasoline. 

·ro do this, chloropicrin was tested on the unle!;ded base stock and on an 

unleaded 80.5 octane fuel me.de from reference fuels. I'he results obtained 

are shown in table 23. Again tne values given are the concentration nec­

essary for 10 octane uecrease. 

Table 23 

Pro-knock Effect of Chloropicrin in Different Fuels. 

P. P• m. 

90.5 octane leaded fuel 15.6 
72.6 octane unlanded base stock {in 72.8 

solution) 
72.6 octane unleeded base stock (in 72.5 

air stream} 
80.5 octane reference fuel 86.0 
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Fig. 28. Chloropicrin in Unleaded Fuels. 
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The graph of concentration against octane decrease is shown in 

figure 28. It is seen from this that a large part of the effect is 

counteraction of the tetraethyl lead .but there is still a considerable 

effect on the unlea~ed 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.sho~ 

Cacodyl chloride when dissolved in the unleaded 72.6 octane gasoline 

reacted forming a heavy white percipitate. The solution above the precip­

itate had a slightly less octane rating, 3000 p. p. m. reduced the rating 

by 3 octane units. 

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

unleaded fuel, it was 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 

less than that found for the 80.5 octane gasoline used here. The gasoline 

in these tests had only about 1.5 ml. of tetraethyl lead per imperial gallon. 

Discussion of Results 

The most effective pro-knock radicals yet investigated are the 

halides. The order of increasing activity is fluoride, iodide and chlor­

ide about the same, and then the bromide radical. The effectiveness of the 

halide radicals may be due to their ability to act as chain carriers 

(107). The combustion process, which is a chain mechanism, would be 

accelerated by the presence of cha~n carriers. There is one instance of 

the sulphite radical being much more effective than the chloride radical, 
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but further work is necessary to ascertf'.in the usE:: that can be rtiade of 

this r:1dicel. 

The best elements for tile nucleus of an iue::l pro-knoek '-lre the 

middle elements of groups V ( b} e.nd VI ( b}. I'he group V elerr.ents are 

better tl1en those of group VI. The order of effectiveness in grou"9 V 

is arsenic better tnnn antirr1ony better tLan phosphorous. 'l.he marked 

activity of these elements mey be due in part to their greet e~se of 

hydrolysis which would liberate helogen halides from the com;>ound. 

The presence of & ni tro group on a pareffin halide appesrs to have 

En ac-::Jeler6cing effect on the h8lides present, c. f. chloropicrin 

Cl 
I 

Cl 
J 

Cl c 'No2 
I 

1mci carbon tetrachloride Cl - C -Cl , tile foymer 
I 

Cl Cl 

requires only 15.6 p. p. m. for 10 octane decr.'ase whereas the latter 

requires 33 p. p. m. ,_his increa:sed pro-knock 'lctivi ty CLnnot be due 

to the flctivity of the nitro group, for te~ranitro methane requires 

88 p. p. m. 

1:.. methyl radicel also hbs an e.cceleratins effect 'lS is shown 

in several compounds, c. f. 

-/Cl 
and Cl- As 

'Cl 

Cl end 
I 

C - N02 
I 
Cl 

Cl 
l 

Cl- C- N02 
~ 

Cl 

·~e concentration is decrebsed 

from 15.6 to 12.4 p. p. m. in the l'irst cese, end from 5.8 to 3.8 p. p. m. 

in the second case. 

Branching in R long vrga;,1ic molecule decreuBes its pro-knock 

effectiveness es shown in the butyl s.nd arnyl nitrites. Increesing the 
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length of the chain also incre~<::;es its 1.1ro-knock ectivity. These 

conclusions are in agreement with the anti-knock qul'lli ties of ort:,~?nic 

com:pou:-,ds; increbse in chain branchinp; and decrease in chHin length of 

a fuel increases its octane rating (108). 

The metal naohtnen~::ttes show the effect of the metal tom since the 

nephthenc te redicd probably has anti-knock properties (109). I>'fercury 

and vennCl.ium naphthenntes were the most effActive. A very effective pro-

knock result if pro-knock rHdicals were placed about these elements. 

'l'hese r'-l.etal nepthenates €!U.mmed up the engine very rapidly. s 

tact is important when consider1ng a compound suitable for sabotaging 

gasoline stacks. '.~.his sticking was also found by the 'I'home s and Hochwal t 

lsboratories (98). 

From 1:;hese results one can postulHte t.i.1e structure of an "ideal11 

pro-knock. The kernel should be arsenic, or possibly mercury or vanadium. 

It should be a bromide, with e meti~yl radical on one of the valency bonds. 

This compound might be further increased in activity by using a halogen substituted 

carbon radi.cel instead of t.he methylene radical. Since the one ni tro radical 

wes able to incree.se the pro-knock activity of the halogen substituted com-

pounds,it would be desireble to place such a ro.dict:~l on this halogen 

substituted cerbon. rr:c.dical. The strueture of the final compound mi&_:ht be 

Br 
I 
c -
I 
Br 

Such a compound would be a solid ~md further investigation is necessary 

to see how this could be modified to make it a more sui table compound 

to use although it is oosRible that this could be used by dispersing it 
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in tbe air E:s e. vaJ?our V·iilich would solidify as e fine dust. Synthesis 

of, End tests with comDounds of tbis type E.re projected for the ne[:.r 

future. 

Sufficient data from which eo :?Ostulste a r1echanism of pro-knock 

activity r.re not nvailable. .t'l'Je pro-knock action seems to depend mainly 

on the elements constituting the molecule and to some extent upon their 

arrangement in the molecule. L~ost of tne 'pro-knock 1 elements ere in 

e:·rou:ps IV, V, VI, and VII ~nd in series 2, 3, 4 and f). Very few elements 

outside this section had any pro-knock activity; mercury is about the 

only exception. 1'.he pro-knock activity of a group appeArs to increE<.se 

&s its position b.ppro~.::chs series 4. 

Ittempts to relete the relative pro-knock e:lfectiveness of' the 

various compoum.ls to other prop:_;rties of the molecules, such es he~ts 

of formation, and combustion were impossible since sufficient data of 

this nature were not evaileble. However there d.oPs appear to be g rel­

~otion between pro-ltnock activity and the catalytic effect of these 

ccrnpounds on the rate of oxiO.ation of bukne. relation between the 

concentration r~tJ.uired for a ten octene t'tecreese and that required to 

t_·ive optimum reduction in h!olf t.ime value is indicated {110). 

~·n1ether the use of pro-knock. cor.JpOIJ.nds <:<.s a weepon in chemic~l 

warfare is practical, cannot be stuteu. Estimates of' the octane drop 

required to render an aeroplcr.e engine inactive v·ary, ~;;nd no quanti tat­

ive datB are available. lt is essential Lhtlt this should be determined 

r;efore any reGl estimate of the value of pro-knocks in mili tery tgctics 

eRn be uede. If fiHld trials demonstrr:te thet the ~::.ction of & pro-knock 

can, in fact, hinder operation of military motori:r.ed equipm.ent, at leAst 

of certain types, it would seem perfectly justifi'lble to seek still 

furt£1er i'or comnounds of increased pro-knock activity. 
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Introduction 

Sorption has been studied in many ways, most or which dealt 

with a static system. With the development or the service respir­

ator, it became necessary to study sorption in dynamic systems, in 

an effort to relate performance of the respirator in the field to 

laboratory tests. A new method of studying dynamic sorption was 

developed in this laboratory (1) and the sorption of.butane and 

ammonia were studied using this method. 
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Sorption 

Gases are sorbed on solids by interaction of the unsatisfied fields 

of force of the surface atoms of the solid, 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, simply an instance of the distribution 

ot a substance between two phases, it might be anticipated that Nernst's 

Distribution Law would apply. Thus it was postulated that the sorption 

would follow a modified form of Henry's Law. This law holds for many 

cases at low concentrations, but deviations are numerous. 

The best known attempt to modify the sorption isotherm beyond the 

Henry's Law region is the so-called Freundlich isotherm, 

x• kp 
1/n 

(i) 

Here x is the amount so~bed, p is the pressure of the sorbate, and 1/n 

and k are constants tor a given system at a given temperature. Two 

great detects 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 Langmuir (2). He 

obtained a 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 a re-evaporation after a longer or shorter time. From 

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

.! = abp ( 11) 
m 1 .,. ap 

was obtained, when a and b are constants. Other formulaeof a similar 
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type have also been postulated (31 4). 

The amount of gas sorbed is a function of temperature. Except in 

a few instances, where complicatin6 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 Homfray (5) and ]itoff (6) who found a linear relation 

between the logarithm of the amount sorbed and the temperature. The 

magnitude or the temperature coefficient is quite 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 
the 

in/order of their boiling points. Heat is always evolved on sorption, 

the heat of sorption is greater in the earlier stages, falling oft as 

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

changing amounts of sorption by an expression of the for.m, 

where a and b are constants, q is the total or integral heat, and x 

the total volume of vapour sorbed, In all ceses the heats.·of sorption 

are always greater than the latent heats of vaporization to which many 

authors have tried to relate thQm, Attempts also have been made to relate 

hea~of sorption to heats of reactions. 

Static sorption studies indicate that sorption occurs very rapidly 

at first, then decreases rather sharply to approach the equilibrium 

value, which may take weeks to complete (8} In mixtures of gases a pre-

ferential sorption of one or the other is found; the presence of one 

gas lowers the amount sorbed of the second gas {9). 
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Mechanisms of Sorption 

Sorption on solids is generally classified according to the type 

of force involved in binding the sorbed atoms or molecules to the surface 

atoms of the solid. There are two distinct types of sorption, the 

"molecular" or "van der Weals" type, in which the forces are the van 

der Weals forces which produce condensation in li~uids; 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 actual 

condensation of liquid into the very small channels and capillaries 

in the porous solid. In such spaces, the concavity of the meniscus 

in the fine capillaries produces a lowering of the vapour pressure 

below that over a plane surface, thus facilitating condensation. This 

type of sorption is most marked with gases below, or close to, their 

critical temperatures. The close relation between the ease of li~ue­

faction and the extent of this type of sorption is of course due to 

the similarity of the forces involved. The molecu~es of the sorbed gases 

are not dissociated on the surfnce. It is also probable that the mole­

cules are more or less mobile in the sorbed layer, and can move along 

the surface. 

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 usually a high temperature is 

necessary to remove all the sorbate. The binding may be so strong that 

the underlying atoms are torn away upon removal of the sorbed gases. Thus 
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the adhesion of oxygen to tungsten is very strong, for at high temper­

atures, the tungsten is removed with the oxygen as the oxide. The 

chemisorbed layer of atomic oxygen will not react with hydrogen until 

temperatures are reached where the oxygen begins to evaporate slowly 

from the surface. The re~tivity of the chemisorbed gases may be 

greatly enhanced giving a catalytic action to the sorbant. 

This mechanism predisposes one to expect that the layer of sorbed 

molecules will not exceed on ~olecule or atom in thickness since the 

combining capacity of the surface etoms will probably 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 a 

chemical reaction 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 charcoal. Decomposition of the sorbate may 

be catalysed by tmpregaants in the sorbent. The products 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 gases tram 

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. 

$xperimental results haYe 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. It is also shown in sorptions which increase 

with temperature. 
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Taylor {10} suggested that just as an activation energy is nec­

essary to bring about co-valent combination of atoms, so the process of 

chemisorption requires an activation energy. Thus at very low pressures, 

sorption takes place by van der Waal sorption due to the small activation 

it requires. At higher temperatures sorption will take a different form, 

as ohemisorption, since the molecules of the sorbate have now attained 

the considerable energy of activation required to combine by co-valent 

forces with the surface. Polanyi (ll} also points out that free valencies 

at a surface would not attract molecules, until these have jumped over 

a potential barrier. 

The preceding discussion has dealt mainly with static sorption 

systems where the amount of sorption is found by measuring the volume 

of gas which disappears from the gas when it is brought into contact with 

the sorbing solid surface. In some cases the weight of the gas sorbed 

in a seale~ system is measured by a microbalance (18). A dynamic sorpt­

ion canals~ be studied, with the sorbate in an inert carrier such 

as air. · 

pynamie Sorption 

Dynamic sorption studies became important when the respirator was 

first developed as a defensive weapon. In these studies, a mixture of 

the sorbate in an inert carrier, such as air,- is passed over a charcoal 

bed. The rate a~ which the gas is taken up depends upon the rate at which 

it is supplied. The governing rate factor may be either the actual 

process of sorption, or the tiffusion of the sorbate from the air stream 

to the surface of the charcoal. Thus the presence of the carrier gas 

may interfere with the true sorption velocity. 

Dynamic studies enable efficiency as well as capacity data to be 

studied. The sorption should increase linearly with time if the rate 
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of supply is constant, and should rea~h a point when the charcoal 

ceases to be lOO% efficient and there is an appearance of gas in 

the effluent air stream. The time of this occurre.t!C'e is c.alled the 

service time or breakdown time. The 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. 
the 

Since most investigations have been conducted with/aim ot 

increasing the knowledge of service respirators, they deal mainly with 

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

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

Theories of DYnamic Sorption 

There are two main treatments of the data obtained tram, and the 

mechanism involved in ,the dynamic sorption on charcoal. :Mecklenberg 

(12, 13) made the assumptions that the sorption was a condensation of 

the toxic gas in the capillaries of the charcoal and that the velocity 

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, Binshel- · 

wood, and ]j:)dge in England, later developed their mechanism from purely 

theoretical considerations and gave mathematical expression to all the 

measurable quantities. 

Theorl of Danby et al 

This theory was treated first in a simple form which gave fair 

agreement with experiment, then in a detailed .for.m involving the solut-

ion of a partial differential equation. 
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The simple theory makes assumptions that are not by any means 

fulfilled in practice. It assrnmes that the interaction rate will follow 

the equation for a reaction 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 certain time and then 

passes completely out of action, an assumption which cannot be more than 

approximately fulfilled. 

The CQncentration, then, is stated to decrease exponentially with 

length of bed travelled, and to increase exponentially with time, viz. 

-kl 
-r-

e • c0 e e 

kbt 
--r-

(iv) 

where K is a measure of the rate of sorption reaction, L is the linear 

flowrate, b is the rate of exhaustion, c is the initial concentration of 

the sorbate in the gas st~eam and ci 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 obtained an equation for the service time T 

T= No 
c0 L 

("-.>..c) (v} 

where N0 is the initial number of active centres per cc. of charcoal~is 

the total length of the charcoal bed, and )o.c the 'critical length'. The 

critical length is defined as 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 relation appears 

)\No 
[ .! .. ! J 

L Le. 
(vi) 
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where Le is critical flowrate above 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 fundamental equation for the 

removal of a gas in a sorbing column is given as 

• 1 r~~ + ~J !:'"" ~T ~T 
(vii) 

and is independent of any assumptions as to the mechanism of the 

removal. ~c/} 1 is the rate of concentration change of gas in the air 

stream with length,~c/~t the rate of sorption of the gas by the char-

coal with time. It was then assumed that the rate of removal of the gas 

is proportional both to the concentration of gas in the air stream,c, and 

to the concentration of active centres N per cc. of charcoal. This gave 

~L-1't- keN (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 N
0

' , then they are treated bS 

n N0 ' =No active centres of unit activtty. One centre of unit 

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

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

is conducted away immediately. 

Substituting equation (v111) in equation (vii) and solving 

yields equations for critical length and service time: 

Ac -=. N L k ln c0 / c ' ( ix} 
0 

VJhere c'is the concen~ration of the emerging gas at b:reakdown time• 
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I 

T • 1 
kc0 

10 

· k:N0 Ajt 
( 8 - 1) -ln ( o0 / c 

From this latter equa.tion is obtained the relations 

and 

I 
T • 

- ln °o 
07 

These predict that the service time will vary: 

(x) 

(xi) 

(xii) 

(xiii) 

(a) with the specific properties of the charcoal, as with k and N , 

(b) linearly with the column length"-

(c) linearly with the reciprocal of the flow rate L, but at flow rates 

&rester than L0 , the breakdown time is zero, 

{d) with the reciprocal of the initial concentration c0 when c0 is 

sufficiently small. 

The critical lengthAeshouild vary with the logarithm of the initial 

concentration, c0 • 

The experimental data presented S:low that for carbon tetrachloride , 

nitrous fumes, arsine, and hydrogen sulphide, the service·ttme 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 

( 1 v) 
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At various times, t 1 , t 2 , etc. the gradients would be as those shown 

in figure 1 where concentration is plotted against column length. A 

similar figure would be obtained for the amount of sorption along the 

bed.c' here is the concentration at breakdown time,~, the critical 

length. The concentration gradients from the detailed theory would be 

for.med according to the relation 

C.: 

The gradients are shown in figure 2 for various times. The gradient 

changes shapefrom an exponential curve as shown at TJ. to an inflected 

curve at T4. Hereafter the curves are similar and move along the bed 

at a constant rate. The service time is shown in both these figures 

as the point where the concentration at lengthAreaohes c', i. e. the 

first detectable trace of gas. 

2. The Mecklenberg Theorz. 

Mecklenberg visualized the charcoal bed, after gas had been passing 

for some time, as divided into three parts: 

(a} a length next to the front surface saturated with gas, 

(b) a "working" length in which the sorption process was taking place, 

(c) 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 charcoal. He further 

assumed that he was dealing with a "mathematical" charcoal, 1. e. one that 

had all the capillaries equal to one another and of' constant cross-section; 

and that the gas diffused out of the air stream to the outer surface of the 

charcoal with a velocity similar to that given by Nernst for a heiterogeneous 
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reaction: 

- 12 -

dO - DF(C - cl) 
dt - --s- (xv) . 

where C is the partial pressure of the toxic gas in the air outside the 

charcoal capillaries, c1 is the vapour pressure of the gas inside the 

capillaries, D is the diffusion coefficient of the gas in air, F is the 

outer surface of the charcoal grains per cc.exposed for the diffusion, S 

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

time. 

He derived the following equations for the service time T1 and the 

dead length h. 

Tl = ~ {L- h) (xvi) 
V C0 

and-

h :: s (~) n-1( 1 
Ov ) {xvii) DF • ln c.,- c 

1T C.x- C' CoC' 

where k is the maximum amount of gas sorbed by the charcoal, is the 

linear velocity of the air stream over the charcoal, Land Q the length 

and cross-section of _the charcoal bed, reppectively, KQ is that portion 

of the cross-section of the cell not a~tually filled with charcoal, Ox 

the minimum detectable concentration of the gas, and n is a constant. 

From equation (xvii·) Mecklenberg was able to predict that the dead 

length, h was: 

{a) inversely proportional 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, 

(c) directly proportional to the diameter of a single charcoal grain, and 

(d) directly proportional to the logarithm of the initial concentration, 00 • 

Mecklenberg confirmed the last ·two predictions by experiment. The 

first two predictions were con:f.IJ:r:ned by Engel ( 15). 



Shilow, Lepin and Wosnessensky (16} studied the sorption of 

chlorine from air streams on different types of charcoal. Their appar-

atus enabled them to determine the service time of,and the amount of 

cllorine sorbed in, different sections of a cell. They attempted to 

dfine dead length by two constants, 

- ..-r' h-a (xv111) 

where '~(is the initial loss of time of protective action and 

coefficient of protective action. 'I'b.is coefficient is given as 

e = T---L 
service time 
bed depth (xix) 

is the 

They found that for chlorine concentrations varying from 0.66% 

to 1.36%, the equation 

o0 x ·r = Constant (:xx) 

was valid. 

Mecklenberg (13) applied their data to his equation for service time 

as a function of: 

(a) the diameter and length of charcoal bed, 

(b} the velocity and initial concentration of the gas stream, 

(c) the capacity and specific surface of the charcoal, and, 

(d) t;e vapour pressure of the sorbate in the capillaries of the charcoal. 

The equation was confirmed by these data. 

DUbinin, Parshin and PupuiroY {1?) in an investigation of short 

charcoal beds found that there was some protective action even with bed 

lengths shorter than the dead length. They concluded that dead length 

was purely a mathematical ftction and that it had no physical 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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= 
DF 

(~) n-1 ( ln ;: (:xxi) 

As the gas is sorbed,c'would increase gradually to its maximum value 

Thas 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 o+igin 

than the dead length obtained by extrapolationof the straight portion of 

the curve. Mecklenberg determined such a curve for chloropicrin. 

ShiloB et al (16) from a consideration of their results, constructed 

a series of gradients, at different times, along the charcoal bed.' Their 

diagram is shown in figure 3. They indicate that the shapes of the curves 

representing the early stages of sorption such as OQ, OR differs from those 

at later stages of sorption as OA, OB, etc. The curve OD represents the 

final shape of the concentration gradient. They noted that the curves 

at all stages of the initial sorption started from the point 0, which 

represented the initial concentration of the gas stream. They point out 

that the areas OPQ, OQR, etc. increased until the area OCD was reached and 

then this remained constant. They also state that after this building 

up period, the Yelocity of the gradient through the ben becomes constant. 

From equation (xvii} Mec~nberg derived an expression for the decrease. 

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

c =-c. e 
OF ( l!:. ).,._, 

- T 1<ct S 
-+ 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 always be 

similar to the initial curve, that is exponential at all points and the 

" charcoal bed up to C should be saturated. 
# 
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The actual gradient is of the shape EDA which Mecklenberg 

explains in the following way. He points out that in the derivation of 

equation (xrli) a "mathematical" charcoal was assumed 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 cause 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 ~apidly as the remainder and ere 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, according to equation (xxii) but that the sorbate in 

the outside capillaries would slowly migrate into the inner capillaries. This 

migration is slower than the outer sorption so that after the initial 

rapid condensation there follows a slow condensation which also acts to 

displace the curve from CD to ED. Only in the mid pert 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 charcoal bed with a constant linear velocity. 

The general process of sorption which he pictures is as fmllows. A 

charco~l bed of length 1 is considered, into which a BaS-air mixture is 

entering. Consider the air stream and the bed as split up into different­

ial layers perpendicular to their longitudinal 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, c etc. The air stream layer 1 is considered first. 

In passing through charcoal layer a, the air stream 1 will give up a part 

of its gas; a further part of the gas is given up to layer b, c, d, etc. 

Finally, as a resplt of these removals, the concentration of the gas 

falls off to the threshold value at charcoal layer si• Exactly the same 

process is repeated With the layers 2, 3, 4 ••••• of the air stream, only 

using the charcoal layers ~, s3 , s8 ••••• This does not occur at a •1m1lar 

re~ative distance along the axis as B1 because the stream has had to pass 

over partially saturated charcoal. As the process continues, each part­

icular layer of charcoal will take ~P less and l&ss gas fro.m each success­

ive differential amount of air that passes over it. Finally, at some 

time tx, when a differential amount 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 some layer sx• The bed length to layer 

Sx is thus the working layer. The next differential amount of air will 

t$iuate layer b, and the gradient will extend one layer pastSx• The gradient 

then moves through the bed with a constant velocity. 

For the first differential amount of air the front trace of gas has 

moved through the charcoal bed from the front surface to a point ~' during 

the differential time interval. When the second differential amount of 

air enters, the front trace of gas moves a distance s~-Slin an equal time 
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interval. When the gas reaches s~ its concentration has been eonsid-

erably lowered in passing over the partially saturated charcoal of the 

· section to s1 so that the distance s2- s1 must be shorter than the 

length~ Simila~ly the distance travelled by the third amount of air 

s3- s2 is less than s2 - s~ . 'lhus the front trace of gas moves through 

the charcoal with a constantly decreasing velocity, reaching a. constant 

minimum velocity when layer a. becomes saturated. ShiloR et al confirmed 

this behaviour with chlorine at a concentration of 2.13%. 

Comparison and Experimental Proof of these Theories. 

Evidence in favour of these theories is found in the investigations 

of many workers. The variation of sorption data such a.s service time, dead 

length and sorption capa.city with the various i~ndent factors has been 

investigated and a comparison of the results w1 th the. predict~d .relations is 
' 'I ~+- ' 

given. 

1. The service time. The theories of Mecklenberg ana, of Danby et 

. al predict the following variations: 

(a) Variation with bed length. Both theories predict a linear 

relation. Mecklenberg further predicted that the linear relation fa~led 

at shorter bed lengths, curving towards the origin. This behaviour of the 

service time bed length curve has been noted by many authors. 84~10* et 

al and Dubinin et al show this for chlorine; Danby et al for hydrogen' 

sulphide, carbon tetrachloride, n1 trous fumes and arsine; Mecklenberg 

for chloropicrin; Ismailov and Sigalovskaya (18) for the vapours of 

benaene, n-heptane, phenol, naphthalene and carbon disulphide; and 

Ruff (19) for solutions of acetic acid and phenol in water. 

Dubinin (17,20) expressed service time in a different for.m, 

{xxiii) 
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where 9 is the coefficient of protective action, L the bed depth, 

and 1' the protective time loss due to the very rapid penetration of 

the gas at the start of the run. The relation ot this and the equation 

r( 
h = ¥ (:x:viii) 

as deduced by Shilow et al, whi eh includes 1' the initial loss of time of 

protective action, and S the coefficient of protective action, is meen 

more clearly by consideration ot figure o. The coefficient ot protective 

action is the slope of the linear portion ot the service time - bed length 

curve, and the protective time loss is the intercept ot the extrapolation 

linear relation on the negative service time axis. 

{b) Variation with flow rate. Both theories predict a linear rel-

ation between the service time and the reciprocal 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 not been verified 

experimentally. 

(c) Variation with the cross-s~o~ion ot the bed. Mecklenberg equation 

(xvi) indicates a direct linear relation which his experiments verity. 

(d) Variations with the physical constants of the charcoal. Danby 

et al and Mecklenberg both predict a linear variation of the service time 

with the diameter of the charcoal grains. This has been confirmed by the 

experiemntal findings ot both. 

(e) Variation with initial concentration. Danby et al predicted 

that the service time will vary as the reciprocal of the initial concentra-

tion tor very low initial concentrations. They found this relation to hold 

quite well for carboh tetrachloride, hydrogen sulphide, nitrous fumes and 

arsine up to conc~~trations of 1%. Shilow et al also predict this and 

show a linear relation for chlorine in concentrations from 0.66 to 1.36%. 
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2• T.he 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 th~t the true dead length is sho~ter than that 

originally taken. The original dead length,h, is really a mathematical 

fiction which enables one to predict the service ttme over the linear 

portion of th~ service time bed length curve. 

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

h = q, - ln 'i V) 1/2 __ ._.;;;.I( d 

Ko A 
(xxiv) 

where Q is a coefficient peroul1ar to charcoal and vapour, 'i B the 

fraction of the entering concentration of the vapour transmitted at 

service time, V the ~olume of air flow per unit time, A the cross-

section of the charcoal bed, d the average diameter of a charcoal granule, 

and Ko a constant which is equal to {l/T)
1
/

2
• The relations that 

this equation predicts are identical with those preducted by Mecklenberg 

from equation (xvii). 

(a) Variation with cell and charcoal characteristics. The dead 

length has been predicted to vary with the reciprocal of the cross-

sectional area of the charcoal bed and directly with the diameter of the 

charcoal granules. Mecklenberg (13} and Engel {15) have confirmed these 

relations using chloropicrin. 

{b) Variation with flow rate. Mecklenberg from equation (xvii) 

predicted that 
(1-n) 

h •const. 11' 

where n is a constant which is usually about 0.5. Thus the dead 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 a linear relation between the dead length and the 

logarithm of the initial concentration. This was confirmed by experiments 

on chloropicrin and on chlorine by Shil~• et al. 

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

charcoal depends on the molecular weight and boiling points of the sorbing 

gas. Engel noted that this is true for dynamic systems. 

In dynamic systems, most of the work has dealt with the service 

time of the charcoal and few investigators have ueter.mined the total 

sorbing capacity of the charcoal. The volume activity of a charcoal has 

been used
1

however,as an indication of its protective power. It is measured 

by sorbing carbon tetrachloride under the given experimental conditions until 

it is detected in the effluent stream. 

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

In the theory of Danby et al the dyaamic sorption of gases, the 

sorptive capacity of the charcoal is expressed in terms of a capacity 

constant, N0 , 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 inde~s~dent of factors such as initial concentration, flow 

rate etc. 

In Mecklenberg's service time equation 

' T = !S: ( L - h) 
TCo (xvi) 

k is the maximum amount of sorbate which the charcoal is capable of taking 
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up under the experimental oondi tions. He investigated its dependence 

on the initial concentration of sorbate, chlorine, and foun'd,that it 

followed the Freundliah isotherm, 

b 
k = ac0 (xxv) 

where a and b are constants; for chlorine a = 8.38 and b • 0.164. 

Ruff found that the Freundlieh isotherm was followed for liquids 

in aqueous solution. 

Syrkin and Kondraschow {22) in an investigation of the dynamic sorption x 

of organic· vapours found that the amount sorbed by the whole bed was related 

to time by the equation: 

log A • 0.434KT 
A-c 

{xxvi) 

where A is the maximum sorption, c the amount sorbed in time, T,and 

K a constant. K was found to vary with temperature according to the 

formula 

10 
'12- '11 

= (xxvii) 

The following experiments were done to obtain numerical data for 

the sorption of butane and ammonia on charcoal under various condition~~~ 

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

The apparatus used in these investigations consisted essentially 

of a churooal eell mounted on one arm of an analytical balance, to permit 

the sorption to be followed by weight as a function of time. Provision 

was~e for measuring the mixture of air and sorbate admitted 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 :ned here 

with minor modifications. 

A 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 gas stream, and the analysis. 

Figure 6 shows the apparatus diagrammatically. 

Air was introduced from a compressed air line to a 45 litre ballast 

volume v1 (figure 6). This ballast volume eliminated the small pressure 

variations which occurred in the lina. 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. Water vapour was also 

removed, using four calcium chloride drying tubes, A, three anhydrous 

phosphorous pentoxide tubes {which were in effect the soda-line tubes, the 

latter material being used to prevent 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 the 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 butyyPhthallate, inserted in the line 



. 22a 

'·." 



2:3 

between the ballast volume and the soda-lime tubes. · Setting of the 

flow rate was facilitated by a calibrated capillary flowmeter, M1-, of_ the 

usual type. Butyl phthallate was used as the manometer fluid •. Regulation 

of flow was accomplished by a b~ow off valve, K1 , which consisted of a screw 

clamp on a short length of rubber tubing, for rough adjustment, and a metal 

needle valve, N1 , 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, Sl and S2 and S:3. 

The sorbate was admitted 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, v2 , the sorbate 

entered the air scream through the stopcock s4• Rough regulation of the flow 

rate was obtained by a scra·lieh on the stopcock, while finer control was 

accomplished by adjusting the needle value, N2,on the cylinder. The flow 

rate was measured by the calibrated capillary flowmeter, 1.~, containing butyl 

phthallate as the manometer fluid. Stopcocks,s5 and s 6 , allmved the sorbate 

stream to be admitted to the air stream or diverted tb a fume hood. The 

whole sorbate system could be evavuated through stopcock s 7• 

The charcoal was conditioned in a stream of dry, carbon-dioxide-free 

air in the conditioner G, which was constructed from a pyrex tube about a foot 

long and two inches in diameter. It was heated electrically, and insulated with 

asbestos. A slide wire rheostat, regulating the current, permitted the 

temperature to be controlled. The conditioner was mounted above the cell 

and at a slope of about thirty degrees with the horizontal. The ground joint 

J+ allowed the conditioner to be removed for refilling, which was done through 
at the upper end. The air stream for conditioning entered through the 

the ground joint Jpj · stopcock s 9 , end was allowed to e1Jcape through the sto,_ 
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cock s10 on the upper end. The conditioner was connected to the ground 

joint J
1 

by a short length of rubber tubing fitted with a screw clamp~· 

The charcoal was allowed to fall into the cell from the conditioner, 

by opening the screw clamp K2 and gently tapping the conditioner. Since 

the charcoal 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 charcoal, since it only came into contact with dry, car-

ben-dioxide-free air, after being conditioned. 

The charcoal cell (figure 7a) consisted of a piece of glass tubing 

4 cm. inside diameter 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 bress ring about a quarter 

of an inch wide, with small projections on each side was sealed around 

the outside of the cell at the bottom. A detachable brass 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 generally used in respirators. To allow the air to flow freely 

out of the cell, this gauze disc rested on a ring of glass tubing about 

hllt an inch-in height. The cell was marked oft in centimeters so that 

the depth of charcoal in the cell could be varied from one to five 
. 

centimeters. Two therm.ocouples, T1 and T2 were inserted into the cell 

through the bottom, the positions of the junctions being altered 

The thermocouple wires were copper 
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and constantan B and S gauge number 28. They were coiled loosely outside 

the cell, so as not to interfere with the weighing, and connected to fixed 

binding posts. Temperatures were measured on a Cembridge unipivot milli-

voltmeter with a thermal scale. 

The cell was suspended by two light chains from one ar.m of an analytical 

balance ~4~pted for this purpose. To allow the cell to move free~y and to 

prevent escape ot any gases 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 J 3 and to the outlet line at the bot$am. The 

weight of the empty cell assembly was about 200 grams. 

When greater accuracy in the weight ot 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 am. in diameter and 8 

.cm. long, fitted with ground joints at either end. The charcoal rested on a 

piece of gauze as in the preYioua cell. This cell could replace the former, 

being connected to the air line by the ground joint J3• Weight could not be 

followed as a function of time with this, but it could be removed when suffic­

ient ttme had been allowed for equilibrium, sealed with ground joint caps, and 

weighed accurately on an analytical balance. 

The gas stream leaving the bottom of the cell (hereafter called the 

effluent stream} 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 then the rete of gas flow from the 

cell. 

The analysis of the effluent stream was carried out in the apparatus 
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shown diagrammatically in figure a. The sample 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 ~' 

carbon-dioxide-free air were passed through a quartz tube, Q, about three 

feet long and 1/4 inch in diameter. This quartz tube was heated for about 

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

1000° c. A rkeostat and an ammeter were used to maintain the temperature. 

The carbon dioxide formed during the combustion was absorbed in standard 

sodium hydroxide solution in the absorption tube R. For efficient absorp-

tion a sintered disc bubbler, U, of the type shown in the figure was used, and 

a few drops of butyl alcohol added to reduce the sUrface tension of the 

solution se that a fine foam wes obtained. The oxygen stream which was purified 

by passing through a soda-lime tube, W, was regulated to give abou~ three 

inches of foam. Standard hydrochloric acid was used t6 titrate the excess 

sodium hydroxide using phenalphthalein as the indicator. For dilute gases 

1/10 normal standard solutions were used while for more concentrated gases, 

1/2 normal solutions were used. 

For ammonia, the apparatus used was slightly different. The ammonia 

mixture displaced from the bulb was absorbed directly in standard sulphuric 

acid after mixing with carbon-dioxide-free ·air stream to obtain the necessary 

degree of foaming in the absorbing liquid. Standard sodium hydroxide was 

used to titrate the excess acid, using a solution of methyl red and brom-

cresol green as indicator. 

Procedure 

Details of the experimental technique 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 allow~d to come to equilibrium 
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with the air of the desired moisture content at room temperature fora 

further twleve hours. 

Since sorption is very dependent on the temperature of the charcoal, it 

was ~portent that room temperature be kept reasonably constant for all runs. 

Before and during all experiments,room temperature was set and held at 

22.5° _ 0.5° c. variations 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 

air. The air stream was then diverted through the stopcock ~ while the 

weight of the empty cell was determined. Care was taken to have the cell swing­

ing freely in the liquid seals. Charcoal 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 rate, using the blow off valve K1 and the needle valve N1• With the 

air stream being diverlad through ~ the sorbate stream was then regulated 

to the desired value using the scratched stopcock s4 and the needle valve N2• 

At the beginning of the experiment the flow was set by adjustment of the 

scratched stopcock and regulated thereafter by the needle valve, which was 

found to give finer control. The zero weight of the charcoal cell was 

next found with the air stream passipg through the bed. The zero thermocouple 

readings were also taken. When con4itions were steady,the sorbate was 

directed into the air stream, a stop-watch started, and the initial reading 

on the wet-test meter taken. Thereafter, weight and temperature readings 

were taken at two minute intervals. Samples of the effluent stream were 

taken at appropriate intervals, the first being taken shortly after the 

beginning of the experiment, the second immediately after the bottom thermo­

couple reading had reached its maximum value, and the others at regular· 
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intervals until the end of ~he experiment. The time between samples 

was determined by the sorbate and air flow rates and the depth of the 

charcoal bed. 

The atmospheric pressure, room temperature, and the temperature and 

pressure of the air stream in the wet test meter was read when convenient. 

When the charcoal was no longer absorbing, as indicated by constant 

weight readings for a period of at least fifteen minutes, and by the ther.mo­

couple readings having returned to their original values, a final sample 

of the effluent stream was taken. 'rhe final air meter reading and time were 

determined. Both the air and sorbate streams were diverllled to the fume 

hood, and the final static weight of the cell, charcoal and sorbate 

deter.mined. The net weight of the gas sorbed as indicated by the difference 

betwee~ the initial and final static weights and the 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 deter.mined by titra­

tion of the excess absorption solution. 

The accuracy attained in the analysis of the sample bulbs was about 

± 5% due to variations in the sorbate and air flow rate. The analytical 

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 accurate to about ! 0,005 of a gram. 

Moisture and carbon dioxide determinations on the air stream 

showed that it contained undetectable amounts of carbon dioxide (less than 
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1:10000) and less than e.004% moisture. 

A sample data sheet is shown here. 

6/2/42 

. Run 84 

Air: 2.6 (3 1./min) Butane: 30.0 (24 c.c/ min) 

Atm. ~assure 759 mm. Hg. 

Height of charcoal bed 
Weight of charcoal plus cell 
Weight of cell 
Weight of charcoal 
Final weight 
Butane sorbed 

Air meter 

Temperature 23°0 Pressure 3.70 Hg. 

Initial meter rdg 
Final " " 

Air rate • 11.871 
114 

*Time Weight 

6 32.02 
2 32.11 
6 32.33 

10 32.53 
18 32.99 
34 33.93 
50 34.8'7 
70 35. '71· 
90 35~96 

110 35.98 

48.556 
60.42'7 
11.8'71 cu ft. 

X 28.3 .X 2'73 
296 

T1 

24.0 
2'7.0 
31.0 
32.0 
33.5 
30.5 
26.5 
23.5 
23.0 
23.0 

X 
853 
760 

T2 

24.0 
24.0 
28.0 
29.5 
31.5 
34.0 
31.0 
26.0 
23.5 
23.0 

4 ems. 
31.38 gms. 
3.59 

·2'7.79 
35.34 
3.96 

Time 114 mins. 

- 3.045 1./min. 

0.09 
0.30 
0.5'1 
0.97 
1.91 
2.85 
3.69 
3.94 
3.96 
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JE-Analyeis 

Bulb Time of c. c. c.c. c. c. %02 ~0 
Sampling H2S04 NaOH neutralized K in air 

by 002 stream 

4 25 10.20 9.93 .03 .1045 .()03% 
l 110 3.13 2.92 7.08 .0935 .660% 

K : norm.ali ty X 22.4 X lOOX ....!_ X 760 
1000 V 273 -p-

V • vol. of sample bulb T • room temp. 

P • atm.. press. % • K{c.c. NdJH) 

X 

m 

~These tables have been greatly condensed. 

22400 
58 

Partial Pressure : 24-.oO 
3096 

x 760 = 5.70 mm. Hg. 

Corrected height = 27.79 = 4.23 ems. 
6.57 

~ Bulbs, at slow flow rates necessary for SJDm.ftnia, required approximately 

six minutes to fill. In calculations, the sample_ was considered as having 

been taken in 3 minutes after the bulb was opened. For butane, much larger 

flows were possible and a larger capillary allowed the bulbs to fill completely 

in two minutes. The sample was then considered to be taken one minute after 

sampling was started. 

In desorption experiments the charcoal was saturated under the 

desired conditions of air and sorbate rate, pure sorbate being used in moat 

cases un~il equilibrium was attained. The conditions of sorbate and air 

flows were chaBged 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 appropriate times. This was continued until a new · 

equilibrium weight was established. 

The charcoal used in all these experiments is Canadian s. B. T. 95 -

96 and is silver impregnated. The ammonia used was anhydrous ammonia as 

supplied by Canadian Industries Limdted. ~he butane was 99.5% pure and was 

.used without ~urther puri~ioation except for the removal o~ any water vapour 

present. It was obtained from the Ohio Chemical and Manufacturing Company. 



.RESULTS. 

A. Ammonia 

The weight increase of the charcoal bed with time, the temperature 

rise with time and the analysis of the escaping gases were carried out 

using ammonia concentrations from 5 parts per 1000 up,and flowrates 

of 0.16 - 3.2 cm. per second, and at column lengths of 3, 4 and 5 cent­

imeters of charcoal as previously described. The service time, dead length, 

amount of sorption and escaping concentration were calculated. 

1. Amount of Sorption 

The increase in weight 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 .ammonia flowrate (as figure-

, 10 shows) and is independent of' the air f'lowrate {figure 9}. After the 

service time is reached, the weight falls off' gradually With time until 

a constant weight is reached, at which time the charcoal is in equili­

brium with the ammonia-air stream being passed over it. 

The equilibrium sorption weights are given in tables 1 and 2 for 

various concentrations, flowrates and column lengths. The column length 

was 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 approximate. 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 waght sorbea 
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Table 1 

Weight Sorbed (Grams) at Various Air Rates 

(NH3 flow = 60 cc. /min.) 

Air Rate cc./min. 

0 

lOO 

200 

300 

550 

2000 

Weight Sorbed 

NH3 Rate cc./min. 

15 

42 

60 

100 

Column Length 

5 4 

3.65 

1.67 1.34 

1.08 0.89 

0.92 0.76 

·o.34 

Table 2 

(Grams) at Various .Ammonia Rates 

(Air flow= 200 cc./min.) 

Column Length 

5 4 

0.55 0.43 

0.92 0.79 

1.08 0.89 

1.45 1.18 

(ems.) 

3 

2.16 

1.00 

0.67 

0.59 

0.10 

(ems.) 

3 

0.32 ~ 

0.59 

0.67 

0.87 



0 

34 

AFFECT 01«' AIR .KAT:~ u.N WEIGHT AJOIONI.\ SORBED 

(AMMONIA RAT~ 60 cojmin.) 

20 40 '0 80 
!ID (liiNU!IS) 
liGUII t 

lOO-' 

lOO-

lOO 120 



. 1.4 

-11.0 -A 
M 
m 
0 .8 tll 

I ·' 
~ 
H 

= ·' 

35 

Bn'IC! OF AaOlli.l B.lD OB DIGB! SOBBED 
AIR R.lD 200 oo./a1•• . 

15-4 

\ l.S-). 

'0 80 lOO 120 

flD (min.) 

:riotJII 10. 

. ' 
. . I 



Air Rate 
cc./min. 

0 

lOO 

200 

300 

550 

2000 

N% rate 
cc./min. 

13.2 

15 

42 

54 

60 

lOO 
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Table 3 

Volume Sorbed per Gram at Various Air Rates 

(NH3 rate = 60 cc.fmin.) 

Column Length ( oms.) 

5 4 3 

145 146 

69.0 68.8 69.2 

44.0 44.0 45.5 

38.2 38.0 38.2 

25.4 

12.5 

Table 4 

Volume Sorbed per Gram.at Various NH3 Rates 

(Air rate • 200 cc./min.) 

Column Length (ems. ) 

5 4 3 

19.8 

21.2 21.2. 21.7 

38.9 39.4 38.6 

40.6 41.1 

44.0 44.0 45.5 

59,4 59.4 58.2 
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is a linear function of column length at constant concentration. 

The variation of the equilibrium sorption, expressed as the volume 

sorbed per gram of charcoal (x/m} with the rates of flow of the ammonia · 

and air streams,is sh~wn in tables 3 and 4 and in figures 13 and 14. It is 

seen that at constant ammonia flow, the effect of increasing the air flowrate 

from zero is quite marked at first but the effect diminishes at higher air 

rates. \Vhen plotted as the logarithm of the volume sorbed per gram of 

charcoal against the logarithm of the air rate, a straight line is obtained 

(figure 15}. The effect of increased anmonia flow is to increase the amount 

of sorption. A linear relation is obtained between the logarithm of x/m 

and the logarithm of the ammonia flowrate (figure 16). 

The data for the variation of the equilibrium sorption with partial 

pressure are given in table 5. Over the range of 50 mm to 760 nm of Hg. 

partial pressure, the relatiOn 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 

equilibrium sorption plotted against 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 Langmmir or Freundlich isotherms may be applied, the 

equations being: 

x/m = 0.278P 

1 + 0.000555P 

and 

x/m = 1.06P m 
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• 
where x/m is in cc. per gram of charcoal, and P in mm. of mercury. 

Other·authors have found these isotherms to hold for dynamic systems 

of: chlorine (16), aqueous solutions (19), and chloropicrin (13). 

The linear velocity of the ammonia-air stream, at constant 

ammonia concentration was found to have no effect on the equilibrium 

amount of ammonia sorbed. Table 6 shows the date for four runs of this 

nature at total flowrates from 0.16 to 1.79 am. per second. 

The slopes of the linear 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 ammonia. It was found, however, that the rate of sorptio~ in c. c. 

per minute was lower than the ammonia flowrate, see table 7. A graph of 

this slope against the ammonia flowr~te 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 

xfm (cc./gm.) with.Various Partial Pressures of .Ammonia. 

Air Rate NH3 Rate P.p. :NH3 x/m 
cc./min. cc./min. mm. Hg. 

0 60 760 145 

54 200 465 103 

150 97 300 67.2 

100 60 285 69.0 

200 100 254 59.4 

200 50 ~ 175 44.8 

lOO 20 132 38.2 

200 42 132 38.9 

300 60 127 38.2 

500 100 132 38.2 

550 60 75 27.5 

200 15 53 21.2 

2000 60 22.1 12.5 

3270 60 13.7 11.2 

3270 17 3.9 4.1 

3270 14.7 ::3.1- 5.7 

3270 13.2 3.1 5.6 

3270 3.4 0.79 2.3 

3270 1.6 0.37 1.1 
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Table 6 

Effect of Total Velocity on .J:quilibrium. Sorption at Constant Composition 

Cone. % Rate of flow 'IJ (gms.) x/m Velocity 
cc./min. cc./ f!JD.• cms.jsec. 

16.7 120 0.92 11.2 0.16 

16.7 242 0.92 11.4 0.32 

16.7 360 0.92 11.2 0.48 

16.7 600 0.95 11.1 0.79 

Table 7 

Calculsted Slopes at Various .Ammonia Rates. 

')· 
.Ammonia it@ le 

:bate calculated from 
cc./min. slope 

cc./min. 

13 1Q.6 

15.7 13.8 

42.0 36.5 

so 51.5 

lOO 87.5 
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2. Analytical Data 

The concentration of ammonia in the escaping gases is shown as 

a function of time in figures 20 to 23 for various conditions. Figures 

20, 21, 22 and 23 show the variation with column length, air flowrate, 

ammonia flowrate, and total linear velocity respectively. It is seen 

that no ammonia appears in the effluent gases until the service time 

is reached, indicating complete sorption of the ammonia supplied in 

the entering stream. After t~e service time, the concentration of 

ammonia in·the escaping gases increases rapidly at first, but approaches 

a constant value when the charcoal bed is saturated. In these graphs 

the ammonia concentration is expressed as a percent concentration of the 

gas stream leaving the charcoal bed based on the metal flowrate of the 

gas stream entering the cell. 

On the same graphs is plotted the differential amount sorbed as 

a function of time. This was obtained by graphical differentiation of 

the weight-time curves plotted in figures 9 and 10. Vmen expressed in the 

same units as the concentration of the ammonia in the escaping gases, it 

is a complementary curve to that of the analysis of the effluent stream. 

It represents the percent of the total entering stream which is being 

removed by the charcoal bed et any time. It is, therefore, constant 

until the service time, and thereafter decreases, approaching zero when 

the Charcoal bed is saturated. 

In table 8 the data tor the escaping concentration as a function 

of time are presented. If the escaping concentration of ammonia in the 

effluent stream 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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Table 8 

.E"caping Concentration as a Function of Time. 

Time after Concentration 1/T Log 1/c 
Service Time c% 

mins. 
... 

4 4.3 •. 250 1.366 

-10 10.2 .100 2.992 

14 12.0 .0'112 2.921 

19 13.5 • 0526 2.8'10 . 

25 15.0. .0400 2.824 

30 15.6 .0333 ~.80'1 

40 16.3 .o25o ~.788 

-
50 16.8 .0200 2.'1'15 

-
60 17~0 .0167 2.7'10 

80 1'1.4 .0125 . 2.760 

) 
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Danby et al, who derive the equation for escaping concentration as 

where c is the escaping concentration and T the time. They state 

however that this relation only holds when c0fe is large, 1. e. in the 

early stages of breakdown. From figure 24, it is seen that an approx-

imation to a straight line is obtained for the first few minutes. 

A linear relation is obtained, 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. These 

data for escaping concentration are presented only for one run, All 

other runs gave similar results. 

It may be noted that the sorption as indicated by the constant 

differential amount sorbed does not correspond to the ammonia tlowrate as 

measured by the analysis of the escaping gases Rhen the charcoal is 
• 

saturated. This was found to be due to air displaced tram the charcoal ,._ 

by the ammonia, and will be discussed later under the desorption studies 

which confirmed this behaviour. 

The escaping concentrations calculated from the differential sorption 

curves would not, 'the~ represent the true concentration of ammonia in the 

effluent stream. The apparent weight of ammonia on the charcoal 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 ttme 

when the charcoal ceased to be lOO% efficient in removing the ammonia 

from the air 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 the actual weight sorbed due to the displaced air, would 

have no effect on the service time since, if the true weight of ammonia sorbed 

were plotted against time, the amount of anmonia taken up by the charcoal 

when the graph deviates from the linear relation would be greater, but the 

time at which this occurs would be unchanged. 

The service times at various column lengths and rates of air and 

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 l~ngth. (figure 26 and 27). 

which if extrapolated cuts the column length axis at a positive length. 

This intercept is the "critical" or "dead" length. It w&s not possible to 

test the behaviour at very short bed lengths as the weight change would 

not be very large since ammonia 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 al (17) and Mecklenberg (13). 

_These extrapolated straight·lines converge to a point below the origin. 

No theoretical significance has been attached to this fact. 

The linear relation which was found to hold,agrees with the theories ~ 

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

Service Time at Various Air Rates 

{Nff3 flow 60 cc./min.) 

Column Lengths (am•~ 

5 

22.5 

16 

14 

Table 10 

4 

1,7.5 

12 

11 

Service Time at Various .Ammonia Rates 

(Air flow- 206 cc./min.) 

Column Length (ems.) 

5 4 

30 23 

20.5 16 

16 12 

8 6 

12.5 

8.5 

8 

3 

17 

11.5 

8.5 

4 
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respectively. ~e slope of these curves is the coefficient of protective 

used by Shilo~ (16} and Dubini~ (20) in their equations for the dead length 

and service time (equations xviii & 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 equal 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 nearest integral column length. 

This corrected service time has been plotted in figures 28 to 31 and recorded · 

in tables 9 and 10. 

Figure 28 shows the ettect on the service time of varying the rate of 

air flow at constant8Dlll'10'Aia tlowrate. The service time using 60 cc. per 

minute of pure ammonia is quite high but decreases rapidly at first as the air 

stream is increased, but the effect is not very great at air flowretes above 

300 cc. per minute. When the logarithm of the service time is plotted against 

the logarithm of the air rate (figure 29) a straight line results. 

The service time decreases also as the ammonia flowrete is increased 

at constant air rate as in figure 30, but the logarithm of the service time 

decreases linearly with the ammonia flowrate (figure 31). From the slopes 

ot the logarithmic curves 1 t is seen that the service time is much more 

dependent on the ammonia flowrate than on the air flowrate since the service 

time decreases exponentially with the ammonia rate but only with the 0.4 

power of the air flowrate. 
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Table 11 

Effect of Flowrate on Service Time at Constant Composition 

Air Rate Nfi3 Total Velocity (L} Service Time 1/L 
cc./min. oc./min. cc./min. cms./sec, min. 

100 20 120 0.16 42 6.2 

200 42 242 0.32 20.5 3.1 

300 60 360 0.48 1& 2.1 

500 lOO 600 0.79 6 1.3 

Table 12 

Effect of Concentration on Service Time 

(Flow rate= 250 cc./min.) 

Air Rate NH3 Rate Cone. (eo) Service Time l/c0 cc.fmin. cc./min. % min. 

150 97 39.2 9 0.0254 

200 54 21.2 17 0.0470 

200 60 23.0 16 0.0435 

200 42 17.4 2.0.5 0.0576 

235 19.5 7.65 22 0.131 
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At constant concentration of ammonia in the entering 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, corresponding to a "critical" flowrate, above 

which there would presumably be immediate breakdown of the charcoal bed, 

at this particular concentration •. EXperimental proof of the existence of 

this critical flowrate is, however, lacking. 

At constant flowrate the dependence of the service time on the initial 

concentration of the ammonia in the entering stream was studied. The date 

obtained is given in table 12. A linear relation was found to hold {figure 

33) between the service time and the reciprocal of the initial concentration 

over the range of ammonia concentrations of l?%to 40%, but which fell off 

rapidly at lower concentrations. Danby et al predicted a linear relation· 

should be obtained at low, out not at high concentrations from the equation 

T• 

where ln cofc was assumed negligible at low concentrations and N0 on 

ao appears to be much greeter than the theory assumes. Shilow et al (16) 

have found a linear relation for chlorine over the concentration range of 

0.66 to 1.36% 

An illuminating way of showing this relation is to plot service time 

times initial concentration against the initial concentration. (~ure 34). 

It is readily seen that the relation 

c0 T - constant 

holds only at concentrations at some minimum value. Arnell (23} has also 

noted the increase of the product c0 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 increases 

with increase in the air flowrate at constant ammonia rate, and with 

increased ammonia rate at constant air rate similar to the decrease of 

the service time with these variables. The long extrapolation necessary 

in the curves shown in figures 26 and 27, makes the calculation of numerical 

values for the critical length rather inaccurate. 
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5. Temperature Data 

The temperature rise in the bo~tam ( T2) and third from the bottom 

( T1) oentimeter charcoal layers is shown as a function of time for a 

number of typical eases in figure 35. The temperature rises rapidly in both 

layers at first to a maximum value and falls more slowly as the charcoal 

bed is cooled by the gas stream. The maximum temperature rise in the upper 

layer was found to be greater than that in the bottom layer, presumably due 

to heat losses by greater contact of the bottom layer with the surroundings. 

Table 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 air flowrate at constant ammonia rate has a slight cooling 

effect as shown in figure 87. 

The relation between the maximum temperature rise and the linear 

flowrate is shown in table 14 and figure 38. The increase with increasing 

flow is due to the increased amount of ~onia sorbed per unit time. The 

cooling effect of the increased air flow ~a also shown by the graph. 

Since sorption is affected greatly by_ change in temperature, the 

effect on the relations given previously ~s marked. The service time 

wou3.d be decreased where there is an appreciable temperature rise due 

to the sorption since the length of the working layer would be increased 

due to the decreased sorption capacity of the charcoal. This would increase 

the residual activity, and hence also the dead length. 

The weight-time curves would slope off more gradually due to the 

iaoreased sorption ·when the bed is heating, and the continuance of sorption 

as the bed cools down to room temperature. Thi 
s would increase the saturation 

time. Since the service t~-- uld b 
~ wo e decreased and the-saturation time 

increased, the esoap.ing concentration would be 
lower at any given time. 
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Table 13 

Maximum Temperature Rise (oC) 

NH3 Rate Air Rate ( cc./min.) 
cc./min. 0 lOO 200 

11 4.5 

42 16 

60 ~ 25.5 24.5 21 

100 32 

Table 14 

Et:tect o:t Flowrate on Maximum Temperature Rise 

Velocity 
cc./min 

AT. 

11 T.2-

120 

10.5 

9 

242 360 

19 21 

12.5 16 

300 

19.5 

600 

27 

19 
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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 cc. per minute and the air rate was varied 

from zero to 3000 cc. per minute. The flowrate was varied from 153 to 

3100 cc. per minute. Since the amount sorbed was quite large, the sorption 

could be studied using short beds; the depths were varied from one to five 

centimeters. 

1. Amount Sorbed 

In table 15, the weight sorbed, and x/m data are presented. The 

height given in column one is the height calculated from the weight of the 

charcoal bed. The data in the last column give the number of eo. of butane 

sorbed per minute as determined by the slope of the linear portion of the 

weight-time curves, (some of which ere 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 indicated in column 

three. Here, as in the ammonia sorption, this difference is due to the air 

displaced from the charcoal. 

In figure 39,the weight-time curves as determined directly from the 

weight readings, are presented. As in the case of ammonia sorption, the char­

coal is lOO% efficient until the service time when the curve ceases to be 

linear and butane is present in the effluent gas stream. The curve then bends 

to a 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 "rtly due to the more rapid 

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

sorption. 
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Table 15 

Weight Sorbed and x/m Data, 

Height Air Butane Partial Weight xjm Slope 
(ems.) Rate Rate Press. (grams) (cc.Jgm..) (ca./min.) 

{ cc.Jmin.) ( cc./min.) (min. Hg.) 

4.08 3130 53 12.7 4.32 62.0 51.6 

1.94 3020 53 13.2 2.97 63.0 51.5 

5.01 1590 53 24.5 5.80 68.0 51.5 

4.09 1530 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 51.5 

1.19 1520 53 24.5 1.38 68.0 51.5 

3.96 500 53 72.8 5.26 78.1 51.4 

3.95 0 71 7"60 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 65.0 69.0 

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 s.s 

1.27 3020 9 2.3 0.96 44.3 8.7 

4.01 1500 30 15.0 4.34 63.7 29.0 

2.09 1500 30 15.0 2.27 63.7 29.0 

3.99 1403 30 15.9 4.26 62.6 29.0 

3.88 151 2.7 13.7 4.20 63.7 2.5 
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It is seen from the curves that the air rate has no effect on 

the initial slope, but that the final value increases as the air flow-

rate is decreased. 

In figure 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 butane flow is increased. 

Figure 41 shows the variation in x/m (cc.'s per gram) .due to the 

increased air rate. A smooth curve is obtained which decreases from the 

maximum value at zero air flow. The logarithm of x/m plotted against the 

logarithm of the air rate gives straight lines which converge. These are 

shown in figure 42. 

The effect of butane concentration on xfm is shown in figure 43. 

Since the total flow rate is approximately constant, varying from about 

3030 to 3090 ea. per minute, the partial pressure could be plotted instead 

of the flowrate. The logarithmic relation is shown.in figure 44. Ht;~re 

the relation is linear for high butane concen~rationa but falls off for the 

low butane concentrations. This shows that log x/m varies directly as the 

logarithm of the initial concentration. 

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

of butane up to 760' mm. of Hg. 'rhis curve does not follow one Langmuir 
. 

or Freundlich isotherm over its whole course, differe-nt· pressure ranges 

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 are not more then one division from the curve drawn which indicates 

that, in this respect at least, the experimental error is about t 1% • 

The curve shown rises steeply et 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 wnmonia, where the partial pressure curve was linear, rising towaTds 

the right, and did not reach a maximum value in the pressure range studied. 

This would indicate a different type of sorption mechanism in the two cases. 

This difference is also shown in figure 47 where the logarithm of 

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

not give the straight line ri!llation found for ammonia sorption. 

As in the case with ammonia, flowrate had no effect on the value 

of xfm in the ranges investigated, from 153 to_3180 eo. per minute. 

In figure 48 the curve of eo. per minute calculated from the slope 

of the initial portion of the weight against time curves against actual 

butane rate (as found by analysis) was plotted. A straight line relation 

was obtained. The difference between the calculated and actual value is 

approximately the same as that found for ammonia, e. g. at 60 cc. per 

minute flowrate of sorbate, the difference for ammonia is 7.5 cc. per 

minute while that for butane is 2 cc. per minute. On a weight basis these 

correspond to 7.5 x 17 = 127 for ammonia (using the molecular weight) and 

2 x 58 = 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 Data 

The data 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 

graphically the weight-time as was indicated in the ammonia results. The 

analytical curve reaches a higher value than the differential curve due to the 

air displaced from the charcoal. 

In figure 49, the curves obtained from the 5 bed depths of the 53 

cc. per minutes butane rate, 1520 cc. per minute air rate runs, are shown. 

The curves are horizontal until the service times are reached, then break 

off rapidly and curve exponentially to a final horizontal line. The shape 

of the curves are similar after the first centimeter bed. In the one 

centimeter bed, the break is not so sharp but soon assumes a shape similar 

to the others. 

The analytical curves, as will be shown later, can be used to determine 

the concentration gradients of the sorbete air stream throughout a five 

centimeter bed since the exit gas is, in fact, the gas that is in the 

working layer of the charcoal bed, 

Figure 50 shows the analytical, 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 a constant butane flow of 53 cc. per 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 d~creased air flow. 

The analytical and differential sorption curves for variable flow-

rate and constant concentration are shown in figure 52. The partial pressure 

of the butane in the entering gases is 13.8 mm. of Hg. and the flowrate is 

varied from 154 to 3183 cc. per minute. The rate of change of these 

curves 1~ decreased with decreased stream·v~locity. Thus the curves from 

the service time to completion for the 3183 cc. per minute rate extend over 

50 minutes, while for the 154 eo. per minute they extend over 200 minutes. 

The weight per minute of butane is changed for the three runs since the partial 

pressure is constant. 

The data for the relation of escaping concentration as a function of 

time are shown in table 16. These are the data obtained from one run, 

all other runs gave similar data. The time axis is started at the service 

time, setting it equal to zero. The concentration of the escaping gases is 

expressed as grams of butane per minute. 

In figure 53, the logarithm of the reciprocal 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 c0 / e ia large 1 i. e. 

in the early stages of breakdown. It is seen that this is approximately true 

for the ttrst few minutes. If the logarithm of the escaping concentration 

is plotted against the reciprocal of the time, a straight line relation is 

obtained as shown in figure 54. 
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Table 16 

Escaping Concentration as a Function of Time. 

(Butane rate= 53 cc./min.; Air rate • 1500 ce./min. Bed depth: 5 ems.) 

Time (mins.) 
(Setting Service 
Time equal to Zero) 

0 

3.5 

8.5 

13.5 

18.5 

23.5 

28.5 

33.5 

38.5 

43.5 

Concant:ration 
of escaping 

gases 

0.031 

0.062 

0.085 

0.102 

0.116 

0.122 

0.129 

0.133 

0.136 

0.13,7 

log. 0 

~.491 

2.792 

2.929 

1.009 

1.065 

1,086 

.1.110 

1.124 

1.134 

1.137 

·log 1/c 1/T 

1.509 0.286 

1.208 0.118 

0.0740 

0.991 .0540 

0.935 .0425 

0.914 .0349 

0.890 .0298 

0.876 .0260 

0.866 .0230 

0.863 .0205 
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3. Service Time Data. 

The service time was taken as the break in the linear portion of the 

weight-time curves as in the case of ammonia. 'l'he data for the service 

time relations are given in Table 17. Here the first four columns are 

the same as those in table 15. In column 5 the observed service time 

is given whH'? in column 6 the corrected service time is given. 

Figure 55 shows the service time-column length relation for constant 

butane flowrate and variable air flowrate. Figure 56 shows similar curves 

for constant air flow and variable butane flowrates. The straight lines 

intersect at a common point off the graph, except for a high air rate 

and a low butane rate. The various critical lengths for these variables 

can be determined from these graphs. Here again the bed lengths used were 

too long to show the curvature of the graph towards the origin as described 

in ammonia. 

In figure 57, the service times for a four centimeter bed and constant 

butane flow are plotted against air rate. The service time decreases from 

its maximum value at zero air rate but the rate of decrease becomes small 

at high air flowrates• Th~ logarithm of the service time is plotted against 

the logarithm of the air rata 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 butane flowrate are also shown. These deter.minations were made essentially 

at constant flowrate since the effect of changing the butane rate on the 

total flow is negligible. The relation of the logarithm of the service 

time and the logarithm of the butane rate is shown in figure 60. A linear 

relation was found. This is in contrast with the relation between ammonia 
time 

rate·and servic~found in the previous section. In trat case the logarithm 



Table 17 

Service Time Data 

Height Air Butane 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 11530 53 24.5 24.5 24 

2.96 1520 53 24.5 16.5 16.0 

2.13 1530 53 24.5 9.0 8.0 

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 7.5 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 62.0 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 ti!'le plotted against the wrrrnonia rate gave a straight 

line. 

The ~ of Danby et al and of Mecklenberg predicts that the service 

time varies i.versely as the initial concentration for low concentrations. 

The date for the plot of service time against the reciprocal of the initial 

concentration ere given in table 18. The plot of service time against l/c0 

is shown in figure 61 and a straight line is obtained which is in agreement 

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 

that wes found in the plot of ammonia concentration against l/c0 is not 

seen in the concentration range s~udied 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 data showing the effect of.flowrate are shown in table 19. The 

concentration here is approximately constant and a four eentimeter bed was 

used. ~e curve of service time against flowrate is shown in figure 62. 

The service time decreeses rapidly with increase in flowrate at first, the 

effect is not so marked at flowrates greater than 1500 cc. per minutes. 

The velocity of the gas stream through the cell is calculated from 

the rate {cc. per minute) 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. The service time was plotted against the reciprocal of the 

velocity in figure 63. A straight line relation is obtained which is in 

agreemen~ with the equation of Danby et al, 

T • 1&4. (l ~ .! ) 
eo L Le 



se 

The critical flowrate, Le, for the butane concentration used here as. 

found by extrapolation of the straight line to the axis, is 10,000 

ems. per second. This value, however, was not tested experimentally. 

This relation is also Ln agreement with Meckle~bergs theory. 
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Table 18 

Service Time as a Function of Initial Concentration 

Air Butane Initial 
Rate Rate Concen. (eo) l/c0 Corrected 
cc./m1n. cc./m1n. % Service Time 

(min.) 

3040 9 0.296 3.38 123 

3045 24 0.788 1.27 49.5 

3020 30 0.995 1.00'1 39.0 

3020 53 1.695 0.590 21.5 

3020 71 2.300 0.435 17.5 

Table 19 

Effect of Flowrate on Service Time 

Air Butane Total Velocity ( L) Corrected 1/L 
Rate Rate Flow cms./sec. Service 
cc./m1n. cc.fmin. cc./m1n. Time 

151 2.7 154 12.22 558 .0818 

1500 30 1530 121.4 47 .00823 

3130 53 3183 252.4 21.5 .00396 
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4 Critical Lengths. 

The data 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 relative 

effect decreases as the rate becomes larger. In figure 65, the critical 

length is plotted against the logarithm of the air rate, and 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 

~ . 
c 

L 
k:No 

ln (Cofc' - 1) 

where Acis the critical length, k is a constant, N0 is the number of 

active canters per cc. of charcoal which they assume constant, and c' the 

escaping concentration of the gas at service time,whioh will be a constant 

for any test to determine the service time. If L, the total flowrate, is 

kept constant, then the critical length should vary as the logarithm of 

the initial concentration (c0 ). Thus the critical length plotted against 

the logarithm of the initial concentration should give a straight line. 

The equation that Mecklanberg derives for the dead length 

h ;, Sr ( !Sv ) n-lfP .... c 0 - o1 

DF ("'ex - c' 
co -J 

c0 - c' 

also predicts that it should vary with the logarithm of the initial con-

centration, if, as is assumed for his "mathematical" charcoal, the vapour 

pressure in the capillaries, c , is constant. 

The data for the effect of concentration on critical length are 

given in table 21. In figure 66, the critical length was plotted against 

the partial pressure of butane. The critical length ia seen to increase 
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Table 20 

Effect of Air Rate on Critical Length. 

(Butane flowrate 53 cc./min.) 

Air Rate Critical Length 
cc./min. (ems.) 

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 8050 cc./min.) 

Partial Pressure Critical 
of Butane Length 
mm. of hg ... (ems.) 

2 .. 3 0.10 

5.7 0.40 

7.5 0.55 

12.7 1.03 

17.4 i1.26 
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with th~ 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 partial pressure as in-figure 67, and a 

linear 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 towards the origin. 



5. Distribution of Butane in the Charcoal Cell. 

{a) Distribution of Sorbed Butane. 

From a consideration of the characteristics of sorption of 1, 2, 3, 4, 

and 5 centimeter beds, it is possible to determine both the distribution of 

the sorbatethroughout a 5 centimeter bed, and the concentration gradient in 

the air stream passing through the bed, at various times. The concentration 

gradients for a five centimeter bed, at various times and with a butane flow­

rate of 53 cc. per minute and an air flowrate of 1520 cc. per minute, are 

determined in this section. Similar curves could be constructed for other 

flowrates reported in this investigation. 

The data ror the time of saturation of the 1, 2, 3, 4, and 5 centimeter 

beds are found in table _22. The curve of saturation time against bed depth is 

shown 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 1.16 grams of butane sorbed per centimeter of 

charcoal, which is the saturation concentration for the gas flows used. 

The column lengths which have service times of 2, 4, 10 etc. as determin­

ed from figure 55, are plotted along the base line of figure 70. 

The weight-time data for the 1, 2, 3, 4, and 5 centimeter beds are · 

a1so found in table 22. The curves ~howing the plot of these data are 

given in figure 59. From these data, the n~~ber of grams of butane per 

centimeter sorbed in each centimeter layer at times 2, 4, 10 etc. were 

determined as shown in table 23, and this value assigned 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 equal 

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 Data 

(Butane rate - 53 cc./min; ~ir rate - 1520 cc./min.} 

Time Column Length (ems.) 

mins. 1.19 2.13 2.96 4.09 15.01 

2 0.215 0.22 0.22 0.22 0.22 
4 0.415 0.46 0.46 0.46 0.46 

10 1.06 1.24 1.24 1.24 1.24 
15 1.29 1.83 1.94 1.92 1.92 
20 1.315 2.18 2.59 2.60 2.60 
30 1.38 2.42 3.17 3.79 3.915 
40 2.47 3.315 4.34 4.94 
50 3.39 4.62 5.44 
60 3.42 4.72 15.64 
70 4.73 5.75 
80 5.80 

Table 23 

Weight Increments {gms./cm.) 

Time Column Length (ems.) 

mins. 0.6 1.66 2.54 3.52 4.155 

2 0.180 .016 
4 0.380 . .0153 

1.0 0.890 .180 .012 
15 1.080 .5715 .108 
20 1.135 .880 .495 .009 
30 1.160 1.105 .904 .550 .174 
40 1.160 1.060 .875 .650 
50 1.110 1.090 .890 
60 1.160 1.150 1.00 
70 1.160 1.110 
80 1.160 
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From figure 70 it can be seen that the gradient is changing at 

times below 30 minutes until the final gradient is established. It 

will be shown later that actually the 30 minute gradient is not the 

final shape, but that there is a slight change in shape until the 60 

minute gradient is established. The first gradients appear to follow 

the exponential curves of the "mathematical" charcoal of Mecklenberg, or 

the curves postulated in the approximate theory of Danby et al, but they 

leave this form as Mecklenberg predicted. This behaviour is in agreement 

with that predicted by the detailed theory of Denby et al. 

Mecklenberg explains the falling off of the top part of the concentr­

ation gradient as due to the larger capillaries in the charcoal, and due 

to the slow migration of the outer sorbed material into the inner capill­

aries. ·But it appears that a t'h:!rd factor operating to increase the time 

req_uired for saturation, is the temperature change due to the hetit of 

sorption. As will be seen in the section 6, the temperature rise for butane 

(and also for ammonia) is q_uite high. Before the final saturation value can 

be obtained, this heat 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 concentration gradients could also be obtained by graphical 

differentiation of the integral sorption curV.es shown in figure 71. These 

integral sorption curves are drawn from the data presented in table 22, and 

are a plot of the weight sorbed in gr~ against the bed depth in centimeters 

for constant times. 

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

70 is plotted against time at different depths in the bed. The relation between 

the weight sorbed and the time appeared to follow an exponential curve ot 

the type 
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where x is the weight of gas ~orbed in time t, and Ws is the equilibrium 

weight of the gas sorbed, and b is a constant. 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 be4. The data give straight lines which 

intersect at a point. This point does not seem to have any particular 

significance. 

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

where \V is a constant relating to the equilibrium weight of the gas sorbed, 

and La constant for any given bed length. 

{b) Concentration Gradient of the gas streem in the .charcoal cell. 

From figure 49, the concentration gradients shown in figure 74 were 

drawn. Figure 49 gave the concentration of the gases leaving each eentimeter 

layer and entering the next centimeter layer. The values obtained by erecting 

verticals at times 4, 10, 15 etQ were plotted against the corresponding 

b8d depth on figure 74. As before in figure 70, the sas.ration times were 

plotted along the maximum concentration and the service times along zero 

concentration. 

~e gradients obtained are very similar to those obtained for the 

emount of the gas sorbed on the charcoal. These gradients agree With those 

postulated by Danby et a1 as shown in figure 2, and thus verifies the applic-

ation of their equations for the concentration of the gases in equilibrium 

with the charcoal bed. 

The initial exponential curves follow the relation postulated by Danby 

et al 

C'!.C e 
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when very few of the active canters have been used up. The gradients then 

change over to their final shape which follows the equation 

c - -kc0 T kN0 1/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 

table 24. The values given are those measured from the curves on figures 

70 and 74. 

The curveof' 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 working 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 working Layer 
(mina.) (ems.) 

2 1.20 

4 1.36 

10 1.98 

15 2.45 

20 .2.89 

30. 3.64 
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6. Temperature Data 

The temperature rise in the centre of the second and fourth centimeter 

layers, from the bottom of the charcoal bed1were measured as a function of x 

time. The data is recorded in table 26. The temperature rise time curves 

are similar in shape to those for ammonia {see figure 36) and so are not 

shown here. With the positions used in the butane 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 maximum temperature rise was found to be mainly dependent on the 

rate at which the butane was supplied. A linear relation was obtained between 

them (figure 76). Since these were taken in a four centimeter bed, the top 

thermocouple T1 was only half a centimeter from the surface of the charcoal, 

and recorded a lower temperature than T2 due to the cooling effect of the 

gas stream. 

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 oentimeter bed can be found. This is shown in figure 78. The maximum 

temperature attained is constant through the bed except at the top centimeter 

layer, due to the cooling of the air stream, and probably at the bottom centi­

meter layer as was found for ammonia. 

The times at which these maximum temperatures were attained are plotted 

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

in butane and air flowrates, apparently to a winimum value. 
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Table 25 

Temperature Data 

Height Air Butane T1 (!tns.) T2 t2 
(ems.) Rate Rate oc 00 {mins.) 

4.08 3130 53 18 6 23 17 

1.94 3020 53 16 4 

5.61 1590 53. 30 11 29 30 

4.09 1530 53 25 7 29 21 

2.96 .1520 53 27.5 15 

2.13 1530 53 24 9 

1.19 1520 53 

3.96 500 53 29.5 13 33 27.5 

3.95 0 71 36.5 13.5 39 24 

4.12 0 53 32 20 36 37 

4.00 3020 71 23 5 28 12 

3.70 3020 30 10 11 12 27 

2.18 3020 30 
10.5 8 

4.23 3045 24 9.5 18 
10 24 

4.16 3040 .9 1.7 25 3 90 

2.12 3000 9 4 24 

1.27 3020 9 

4.01 1500 30 16.5 12 16.5 33 

2.09 1500 30 6 8 

3.99 1403 30 11.5 13.5 12 34 

3.88 151 2.7 0 



... 
4 10 

~ • 

0 

20 

10 

20 

AIR )000 oe.Jain • 

40 'o so 
lltJ!J.D UD (eo. /min. ) 

J'IOVD ?'• 
EFRC! OF B't1!.AJtl U.U 

BU'l'.IJIII JJ eo. fain. 

1000 2000 }000 
•ll IAT.I (oo./ain.) 

FIGQI 1'1• 
DFBC! ~ .l 

0 

1 . 2 J 4 ' 
COLUD LDG!H ( oa.) 

FIGUU 78. 
IJ.'JE'DI!1:Jll J.LOJ'O !lJI BED 



"""' • 
~ 

'S· ,._, 

e 
tot 

-.; .... 
a ·-e ... 

2~ 

u 

·:; .. 

J' 

25 

1.5 

113 

AIR JOOO ee./mlD 

20 .40 60 80 
BU!.A.HI IU.D {eo. /min. ) 

FIGURE 7' 
J£FFECr OF :BU'r.ANE KA.!'.I 

BU!.A.N.E ' ' cc .fmi:IJ.. 

1000 2000 3000 
AIK 11!1 (eo./min.) 

FIGUD So. 
DFBC1' OJ' AIR ltl!.l 



114 

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 runount of gas admitted to the cell, yet no sorb-

ate appeared in the effluent stream. _It was thought that this might 

perhaps be due to competition for active canters between the sorbate and 
' 

the air. The charcoal is saturated with oxygen and nitrogen before any 

sorbate is admitted. These molecules would be displaced, at least in 

part, from the charcoal surface by ammonia or butane molecules. This 

would result in a weight being recorded which would be less than the 

actual amount of butane or ammonia taken up by the charcoal, by the 

amount of oxygen and nitrogen displace~. 

To confirm this behaviour, and to investigate the reversibility 

of the sorption, studies on the desorption of both ammonia and butane 

were carried out as previously described. For the first two runs the 

charcoal was allowed to come to equilibrium with a stream of pure ammonia. 

It was desorbed using air streams of 100 cc. and 500 cc. per minute and 

no ammonia flow. The results are given in table 26 and figure 81. The 

desportion occurs very rapidly at first and then the rate gradually decreases 

to zero. The desorption does not, however, follow a logarithmic relation 

with ttme. Not all of the ammonia is desorbed at the equilibrium, 0.2 

grams are left, and this apparently does not vary with the air velocity 

though the bed for the amount is the same for desorption by both lOO 

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 eo. per minute air rate 

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

Desorption Studies 

Sorption Eq_uilibrium De sorption Desorp. 
Conditions Weight conditions Equil 'm. 

gms. 'Weight 
Air Sorbate Air Sorbate gms, 
cc./min. cc./min, cc./min. ce.fmin. 

J •• Ammonia 

0 60 2.16 lOO 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 0 0,05 

B. Butane 

-0 53 6,26 3000 0 (0.40} 
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minute of air and 60 eo. per minute uf ammonia. The equilibrium weights 

for sorption using these conditions are 0.67 gms and QP9 grams respect­

ively. The equilibrium desorption weight was 0.79 grams in both of 

the above oases. These are also shown on figure 81. Here again sorp­

tion was more rapid initially with the faster air stream. 

Starting with charcoal which was in equilibrium with ammonia and 

air streams of 60 and 200 eo. per minute,, and 60 and 300 cc. per min.ute 

and desorping by cutting off the anmonia supply give the desorptbn 

curves shown in figure 82. In these cases o~y 0.09 and 0.05 grams of 

ammonla.remsined on the charcoal at equilibrium.· 

Figure 85 shows a typical desorption of butane. The charcoal was 

saturated using pure butane, and desorbed, using an air stream of 3000 

cc. per minute, from 6.26 grams 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 ammonia 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 .mechanian 9f sorption 

for butane and ammonia. 

Figure 84 shows the differential desorption curves of volume desorbed 

per minute plotted against time. The lower curve was calculated from the 

loss in weight of the charcoal by graphical differentiation similar to 

that done for sorption; the upper curve is calculated from the analysis 

of the effluent gases. This indicates that more sorbate was detected in 

the exit gases than appears to be desorbed from the charcoal from its 

loss in weight •. The deviation between the two curves is quite large at 

first but gradually decreases to zero. \1hen 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 that during sorption, air is displaced fro.m the charcoal 

by sorbate molecules, and during desorption, sorbate is displaced from the 

charcoal by molecules of oxygen and nitrogen, then these deviations between 

sorption weight and analytical data are readily explained. It may be 

noted that the analytical methods were sufficiently accurate to justify 

this explanation. 

Berl and Andress (24) have noted this displacement of sorbed air 

from charcoal by the vapors of several organic compounds and have determined 

the amount of air displaced. 
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DISCTJ3S!ON. 

A stud:r of the dynamic sorption of am.mon19. and butane has been 

made over the concentration range of 5 narts per thousand up, and 3 to 

lOO 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, esca?ing 

concentration, dead length, sorption gradients in both the charcoal bed 

and the gas stream, and temperature rise in varjous sections of the 

charcoal bed. This type of apparatus has the advantage of measuring 

the sorption as a 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 advantageous to follow the sorption beyond the service 

time of any bed for, as pointed out by Mecklenberr: (13), the escapinrs 

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 ntade 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-
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dicate a difference in the mechanis!'l of sorption of the two gases. On 

a weight basis, butane is scrbed to a greater extent than arnmonia, but 

on a volume basis, more anur:onia is sorbed. For a four centimeter bed, 

using a stream of pure sorbate, 6. 26 grams of ·outane were sorbed, but 

only 2. 92 grams of armnonia. On a volume basis, 146 cc. of a:mmoni.a and 

89.2 cc. of butane were sorbed per rram of charcoal. 

The equilibrium sorption weights for ammonia were found to be 

expressed closely by the Langmuir and ~·reundli eh isotherms over the range 

50 - ?60 nun. partial pressure. The equations detemined were 

and 

xfm= 

0.278 p 
1 t 0.000555 p 

1 
1.06 p 1.31 

The isotherm over this range of pressures, does not show a maximum amount 

sorbed as the partial pressure is increased. Below ::o mm. :Is tlte isoc"8rm 

felJ off quite rapidly to the c.rigin. 3ut~me, on the other hand, did not 

fallcv; an isotherm of this type at all closely over the saJne range of 

partial pressures. 'l'he amount sorbed increased very rapidly at. low part-

i al pressures, bnt sloped off more gradually than either i sotherrr: predicts, 

to a maximum value. 

The desorption ,_,f tlle two gases usine pure air waE different. 

fu'!'.monia was not removed completely from the charcoal when eqn j li brium had 

been established between the desorbing stream and the charcoal, while 

butane desorption indicated that complete removal was possible. Jumnonia 

sorption thus appears to be reversible to a li'lli ted extent t and the re-

maining gas is bound to the charcoal quite 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 



].24 

a:r::r.1onia rate shows a strai line relation between the loc;ari thm of the 

service time and the rate. Hi.th b1ttane sorptto!1, e. straieht 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 charcoal 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 a!'e not 

very great, and the sorptjon is easily reversible. The aiTJnonia sorption, 

however, appears to be a combination of molecular sorption and chemisorption. 

The sorption is reversible to some extent indicating some molecJJlar sorption, 

but there is a residual quantity of amraonia which cannot be desorbed by re­

ducin&_: the uartia 1 pressure of the al11lT:onia in the gases above the charcoal. 

This indicates that chemisorption is occuring in which the ammonia is held 

by eo-volent bonds between the sorbate and the charcoal, a binding which 

is more difficult to break, makin'~ the sorption not completely reversible. 

·rhe theories of sorption as developed by Danby et al and Mecklenberg 

were based on entirely different considerations. Mecklenberg assumed 

sorption to occur by capillary condensation, while Danby et al postulated 

the existence of active canters each 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 controlli!l€ step, while lliecklenberg 

assumed the process to be expressible by the Nernst formula for heterogen­

eous reactions which 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 distance alone the bed from the initial 

concentration of the entering gases, and increases exponentially vnth 

time, so that there is a working layer established when the sorbate is 

being removed. The relations between the sorption data such as sorption 

cap,:tcity, service time, escaping concentration, dead length, and sorptio~ 

gradients as derived by both theories has been previously discussed. 

In general, the results of the investigations presented herein are 

in good agreement vri th the theories of sorption, as expressed by these two 

authors, and with data for other gases as found by other investisators. 

It was found that the logarithm of the escaping concentration gave 

a linear relation with time during the early stages of breakdown, 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 time gives a linear relation with colunm length over the 

ranges investigated. A linear relaMon 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
0 

timesT eq_uals a constant. 'I'his was found to be 

true except at low aTJUnonia concentrations when the product falls off as 

concentration is decreased. This appeRrs to be due to the decreased sorp­

tion capacity at very low concentrat:Lons, neither theories take this fact 

into account in their relations. 

It was found tb,Jt the linear relation predicted between dead lenf'th 

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

parttal pressure of butane. I!l th:i.s re{!ion, a linear relation vre.s found 
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between the dead le::gt.h and the i ::i t:i al t'!Oncentration. Thi ~ acsain appears 

to be due to the decreased sorpti'Jn capaci at very low concentrations. 

The sorption gradients ootained agree well wi tr1 those predicted 

by Danby et al in their cet:1i lF>t'J theor~r, and four:1 by Shi~::;~v et al and 

explained by !'~ecklenberg. The f~radients differ in shape in the first 

sections of the bed from those in the later since initially the charcoal 

is completely unsaturated, but the final shape is rsradually built up 

which then moves alone the bed at a constant velocity. The 1en-"'th of the 

;vorking layer thus increases also to a constant value. :,;ecklenberg explained 

the change in shape of the gradients as due to the variation in capillary 

size and the slow mip:ration fror:! 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 reducine the sorption 

capacity when the strea:'ll first passes throufh the bed, allowing the sorbate 

to penetrate further before being completely sorbed. Thus the sorption 

continues near the end of the gradients as the charcoal in th:i. s region is 

cooled to the temperature of the gas stream. 

'l'he investie:attons reported in this work indicate that the sorption 

of ammonia and butane agrees with the theories of dynamic sorption with 

very little modification. ·rhey also indicate that the apparatus used is 

adequate to obtain a thorough investigation of the dynar:1ic sorption of 

gases. The apparatus could be adopted ~lite well for the study of gases 

more pertinent to the present international conflict. 
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UfrRODUCTION 

The reaction of hydrogen etoms with hydrocarbons has been con­

fined to the saturated paraffins snd to ethylene. The reaction of 

propylene with hydrogen atoms produced by the wood-Bonhoeffer method 

appeared as the next logical reaction to investigate for it would 

increase the dBte of' olefin reactions end also, since the che.racter­

istics of propylene ere intermedil:'te between those of saturated end 

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

with those of saturates. 
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The Kinetics of Unimolectuar Reactions 

The contribution of van•t Hoff (l) in establishing his law for 

the temperature dependence of the velocity constant 

-E/RT 
k • Be 

from general thermodynamical considerations, and the later realiz­

ation of the kinetic meaning of this lavr by Arrhenius, (2) was 

essentially the basis of modern chemical kinetics. Arrhenius show­

ed thet not all the molecules enter the reaction but only those 

which heve an energy greater than a critical value E called the 

•activation energyt. This is the most importent dynamical constant 

characterizing the reacting substance. 

In 1918, Lewis (3) made to further modification of Arrhenius' 

rate law by stating that the rc:.te of e 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 = z.e 

The ~uestion of ~ctivation of unimoleoular reactions became 

important for, eccording to this theory, at the limit of low press-

ures, no reaction could take ce. To solve this Perrin (4) sugg-

ested tha~ the cause of reaction wes in the action of r~diation upon 

the molecules. This theory received much support by LeWis (3), 

Trantz (5} and others but was abandoned when :Oe.niels (b) yroved 

radiation was of negligible effect in a conclusive experiment. 

This Lewis ecuation can eesily be solved since Z may be 

calculated by use of molecular diameters, end E can be deter.ndned 



from the variation of the specific reaction rate with temperature. 

Since the rete of unimolecular reaction is proportional to 

the concentration of the reacting gas, it was apparent that collis-

ions alone could not be the complete explanation. The constant of the 

Arrhenius eouetion was then related to the vibration frequency Y of 

one of the bonds of the reacting molecule. 

:\ -E/RT 
k = v e 

This alone is not a full expl~mation of the way that a molecule 

e_cruires its ctivEtion energy. Lindemann (7) explained the pecu:tt1.r-

i ties of uni1nolecular reactions by suggesting th"'t a reacting molecule 

ac-•uires its activBtion energy as a result of a collision, but that 

there is ~' time leg before the molecule decomposes. If the period of 

time between ectivr.:tion r·.nd collision is lare;e in comp8rison to the 

time between successive collisions, the reection is kinetically first 

order even though two molecules r;re involved in collision. The erl!E:..t-

ion :for this is 

collision 
norme.l molecules -~---:::::,.. 

-.;;:--· ActivPted molecules 
collision t 

products of reaction 

As the pressure is decreEsed, the rote is independent of pressure until 

nt very low pressures a ttcritical" pressure is reached where the rete 

fnlls off. .At this pressure the time between collisions of normal 

molecules is comparable to the time lag &nd so the stgtionery concentr-

ation of activated molecules is diminished by their removal by chemicE.l 

transformation. 

This theory WfJS elebor~=:ted by Hinsnelwood (8} who assumed that 

the rate of reaction WAS independent of the energy as long £S it exceed-



4 

ed the necessary activation energy. Rice nnd Ramsperger (9) treeted this 

theory me.thel•Etically snd suggested thst the energy must collect in a 

single bond for e reaction to take plr,_ce. Thus the activetion energy is 

a measure of the bond strengths. 

Kessel (10) later modified this by stettng thet the rete was not 

independent of the amount of enerc~ in excess of E, but e function of this 

amount. Kassel here treated rr.athemetically the relation between the rate 

of reaction Rnd the number of' cw?nte which must be located in a particuler 

bond to react, 

-xahv/kT 
koe = .P.e 

where A is a measure of the frequency with which the energy of the mole-

cule is redistributed em.ong the verious oscillators, V, the frequency 

of the oscillators (here assumed eouc,l) and k, the Bol tzmann constant. 

Chein Mechanisms 

The chain cheory of chemical ret-Jctions arose from two principal 

sources; the investigetion of the hydrogen-chlorine reaction by Boden-

stein in 1913 and from a paper by Christiansen ~~nd Kramers in 1923. 

Bodenstein (11, 12, 13) in ron investigation of the photochemicel 

reaction between hydrogen ~md chlorine showed that the Einstein l8w 

was not even appro.ximl':tely obeyed. The rete of reaction was many times 

greater than calculeted. To explain this he suggested thst the absorp-

tion of the light ouanta by the chlorine molecule resulted in an ectiv-

ated molecule, which reacted with hydrogen producing two molecules of 

hydrogen chloride, one of 'Which wes activr,ted. This ectiv!':":lied molecule 

of hydrogen chloride would then activate enother chlorine molecule, thus 

continuing the chain, 1. e. 
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z 3f' 

Cl2 t ll2--;> IICl + ECl 

lic;t t split 

a chsir::. accordir..g to 

+h-0-~ 2Cl 

Cl f H2 --7 ~ICl + II 

'l~1e otl,er hpprcac tc the chain theor;r •;as Christiunsa dr::.d 

to ctpply the cht~in 

v;as one i:t: which 

the enerGY of <:tctivation, and "::be r'eC:tt liberated ;·Jere h'.:tncied on fro!n 'the 

products t::: fresh m.olecules of ren:•ction. s 

advanced by Chri s th:·nsen ( L) in 1928 b.nd Semenoff ( 17) in 1932 • 

.Altr.ou.3r: tte energy chain theory is accepted today with so111e 

reservations, the re<Jl in.pulse tCJ a ch&in mech3ni.:.::rr ·.ias :he E.icc free 

radical theory. .!.'he thennal reactions were easily expl5.ined on the 

basis of atoms a;J.d rHdical Chdin carriers. 

?aneth and I.i:cfeditz (12) in 1929 a~d .Paneth and Laut!:>Ch (19) in 

1930 found that they could produce, by pyrolytic reactions, c 

radicsls thut could te detected by tteir coffi;:,inution with mirrorf; of 

mercur~' or telluriur::. ..it"' tilis proof of free rudical existance, a!ld 

with further work done by hirr·sslf and co-v:orkers, F. o. ce (::::0, 

fc~ulated free radical l'lleChf,nisms for ::nbny reactioPs. .i.i.ice and Iierz-

feld (22} YJitlJ. arbitrary assu.."r.ption of &cti v&tion enerr;ies showed that 
propagation of rudicu1 c':lains srwulci be possible. 

idee postulated thst the primary step in the decamp-
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osition was a unimoleculer reaction and consisted of a split into free 

redicels. On the basis of the cctivation energies required f'or the 

:possible methods of this splitting, the most probable breFk can be 

deten:nined. 'rhe activation energies deternined then for these re~wtions 

should be a >neasure of the strength of the ruptured bonds. 

'l'he strengths of c nur:;ber of bonds C(llculr.,ted by Pauling (23) from 

the experimental Vfllues of heats of combustion and fornl?tion of the gas-

eous molecules Bre ea follows: (values given by h~ckel {24) are also 

presented) 

Pauling ID1ckel 

C-H (Hydrocarbons) 100 K.cal. 101 K.cal. 

0 - c {Hydrocarbons) 82.5 K. cal. 71 K.cal. 

c l5 c (Hydrocarbons) 145 K. cal. 125 K.c£1. 

c.;c (Hydrocarbons) 200 K. cal. lb6 K. cal. 

As the strength of the C - H bond is considerably stronger than 

that of the C - C bond, one can conclude that the prinmry bre~k would 

be r., C - C bond end not s C - H or P double or triple bond. But substi t-

ution !>nd structure also have a msrked effect on the bond strengths. 

There is probably only a small difference in strength between the primary, 

secondery ~md tertiary C - H bonds in scturated hydroc!Sirbons (25) but the 

presence of e double or triple bond in the molecule has e pronounced 

effect upon the edjacent bonds. 'rhe bonds in the alphe position to the 

double bond ere much stronger then normel, where[:S those in the beta 

position are.mu9h weaker (21,26); e. g., for propylene end 1- butane 

H 
H 

H 
l:l I H 

H ~··-- c. C: c H - c c. C: 6 . . 
H H I H H 

H 

H H 
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------ weak bonds -- normal bonds • strong bonds 

Rice ssurnes thet a beta C- H bond in en olefin is "lt least 

6 K.oa.l less th,::;n thAt of a prime.ry 0- H bond in e p;:reffin hydrocarbon, 

And th"1t, on the other h~mcl, the strength of the bond holding the alpha 

hydrogen atom is incree<3ed by approximately the same amount. The alpha 

C - C bond strength is increased in a corresponding r1:1tio. Fr<Jm these 

assumptions we see that in eny reaction between a free radics.l 8nd an 

olefinic molecule, the beta hydrogen etoms will be ~ttacked almost ex­

clusively, unless of course association takes ple.ce • 

.A typical Rice mechanism for e se.turated hydrocsrbon is shown by 

the following decomposition of propene. The primary reactions wauld be 

follovied by the secondBry reect;ions 

C3Hs + CH3CH2 ~ C2H6 t CH3CH20H2 

C;,fig + CH3CH2 ~ C2H6 + CH3CHCH3 

C :j[ 8 + R ------""" RH -CH3Cli 20H 2 

~ RH - C2H4 - CH3 

C~t R ~RH- CH3CHCH3 

where R = CIS or H 

or 

This mechanism Pssumes th~t reactions s1 Pnd s2 have activation 

energies less than P1 • The main products of the reaction ere governed 

by the chain mechanism .1\:j. e.nd A2 and consist therefore of methane and 

ethylene in enual amounts, and of hydrogen and propylene, also in equal 

emounts. Since there are six primElry end two secondery hydrogen atoms 

(which ''re tv;ice as reactive as the primary) the ratio of A1 to A2 

would be as 6:4, and the quantitative result would be 
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6 C3fls ---"'? 6 CH4 + 6C2H4 

Rice and Hersfeld (27) devised a mechAnism to exple.in why the 

experiment~;! :;ctivetion energy is less than th~,t rer.uired for f: C - C 

split and >'Jhy, 1:'1 though the reec1iion is e series of com:ylex steps, the 

overall mechanism is first order. By ::uaking suitable choice of activ-

ation energies of the individual steps, they were able to the overall 

ectivation energy to egree with the experimentel value. For molecules 

that contain only one kind of hydrogen atom (and which therefore have 

only one chain cycle) the only import8nt re~ctions are those involving 

the prime.ry rupture of the molecu~e, the two reactions of the chain 

cycle, '·nd the final collision of the chain carriers to produce one or 

more molecules. These may be represented as 

( 3} R2 -7 R1 + ~ 

(4) R1 + R2 ~ I\114 

E (K. cal) 

80 

15 

38 

8 

A molecule M1 decomposes into e redicsl R1 and a smaller molecule. 

Radical Rl then takes off < hydrogen atom from another reactant molecule 

M1 formin~ the molecule R1H and radical R2 which in turn decomposes into 

~ and M3• The chain process (3) 8nd {4) is finally terminAted by collis­

ion of R1 end R2 forming M4• 

setting up the rete ec:uetions we have 

dRl 
dt = 
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Solvinl,:t for R]_end R2 we 

1. e., it follows a unimolacular law. The overall rate of reaction 

is determined by two ff.:Ctors, the rete of primary reac1;ion (k11\~1 } E-nd 

rates gives the length of the chflin. .~:'\lso 

E overall = 1/2 ( 

below the strength of the C - C bond. 

If the chain termim-: ting step hed been 

then the rBte would be proportiom-11 to the 1. 5 power of the concentr[1.t-

ion of f.:l.J.. If the chein had te:rn:.in2ted by 

then the r~te woula be proportional to the 6.5 power of the concentrat-

ion of 1,~r Thus it is necessary to t~ssume that 

is >rmch faster thc.n the vt..:er two possible recoii1binations to predict a 

first order rate. 
'I'he Rice mechanism for propylene decomposition is as follows: 

s 2 

C3H6 ~ CE3 - + Cl~ • C H -

l I I 
C~16 + - CH3 -- CH4 +- CH2CHCII2 

I I I 
-G3H6 + Cl~ • CH- 7 C2H4 + CH2cncn

2 
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The chief geseous products are thus rJethene and ethylene. There 

is no chein reection beceuse the allyl group siwply regenerates itself 

and forms propylene when either of the end cerbon e toms takes s hydrogen 

etom from e propylene molecule, or if the middle cArbon ::>dds a hydrogen 

1:1tom.It either isomerizes to propylene or finally forms propane r>ccording 

to 

I I I I I I I I 
33 C3f!6 + CH2,_;HCH2 ~ CH2CH2CH2 .,. CH2CITCH2 

34 
6H I I 

, I I 
G3H6 + 2 CH2CH2 ~ CH3CH2 CH2 + Cii2 CHG'H2 

I I ' I 

35 C3f!6 t CH3 Ch2CH2 ~ C3Hs ~ CH2CriCH2 

Er:,ch Bllyl redicd thr:t becones nropene is rephced by three other allyl 

r~=:,dicnls. Tnese eventually combine with eech other tu form diallyl which 

sutseq:nntl;,, decomposes to form liruid ;Jroducts. The overall decompos-

ition should be 

'l'he amount of prope.ne forned vvould be SID!'lll. 

Support fur the free rPdics.l theory w0 s imrredi[cte with severc.l 

chain decoraposi tions being induced by the introduction of free r~dicals 

(28, 29, 30). 

3te.velc;~~ l'!nd Hinshelwood (31) and others (32, 33) obtained further 

evidence for this mechPnism with the discovery thet l<:rge mnounts of add-

ed nitric oxide CBtelyzed reactions, Rnd smAll amounts acted as an inhib-

i tor. 'rhey assume thf:tt r:nximurn inhibition corresponds to complete suppress-

ion of the choins. On this b>sis they calculeted the chain lengths of 

I!lost reections,in whicb inhibition wes found,to be from two to fifteen 

·which is too small to f:igree with the Rice-Herzfeld mechanism but is 

direct evidence for the presence of chains. Recent work (34, 35) indic-
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ates that there mHy be a few long ch~ins r~:.ther than ~; large number of 

short ones. 

The Rice-Herzfeld theor-y has received much support but the specific 

mechanisms for e number oi' reections do not 2gree wi tr.. those originally 

suggested. It appears thrc t the t.i:1eory is in p1lrt correct but that its 

present form is too broed end incomplete. 

The two nmin methods of investigFting further the elementary 

reactions of the hydrocerbons are by photochemical end atomic reactions. 

With hydroc8rbons the photochemical reaction is usu~~ly e photo­

sensitized reaction rsther than photodecomposition since they are trens­

P"'rent down to the extreme ultra-violet. The photosensitizetion is done 

either with hydrogen present 'lio produce "'· known concentration of hydro­

gen atoms which reAct, or the excited vapor can trensfer its energy by 

direct collision with the hydrocRrbon molecule. Mercury photosensitiz­

ation {35, 3?) is the most common, using the Hg (63p1) level. Other 

metels have been used, hov1ever, as sensi tizers to vt:ry the energy 

av~ilable in the sensitizing atom. Cadmium (38,39} using the 53P1 

e.nd the 5lpl lines, and zinc ( 40) using the 43Pl and the 41Pl lines 

h~ve been used. 

Jungers rnd Teylor (41) used the sodium D- doublet but they 

found thet although ethylene quenc:ted the redisdon, no reaction occurr-

ed. 

The other m.ain method is the production of the ective species by 

an electrical discherge. Either the hydrocarbon ges is itself subjected 

to the discherge, which results in almost every possible Btom or redical 

being produced, thus me.king it impossible to obtein much inforrnntion 

t.bout specific chemical re~ctions; or the prod.uct.jrrom a discharge are 

mixed with rnother substonce. Hydrogen, oxygen, nitrogen f'nd other gases 
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have been used to produce e. toms which '"re then removed and mixed with 

the reecting substance. 

In this investigution the latter method wss employed, using hydro­

gen atoms, as produced by tb.e \iood-Bonhoeffer nethod, es the active 

species. .Jood (42) showed thht hydrogen E.toms could be pumped out of 

a hydrogen dischr:rge tube for considerable dist<once before they recombined. 

Bonhoeffer (20, 21) modified \·Jood's apparatus :md mode extensive invest­

igations with atomic hyU.rogen. In this type of E~pparstus a pressure of 

t~bout 0.1 to 1 mm. is used with a very high rate of flow, about 3 meters 

per second. 
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Methene 

'!'he re?.ction (1) 

vrs investigeted first by Bonhoeffer rnd Harteck (44} end hter by von 

/Prtenberg ' nd Schul tze ( 45) nnd Chadwell ':"!Hi 'l'i tani { 46) who found tb.;"t 

meth,ne V;P s very inert. 

Geib and Hurteck (47) investigated the reaction up to 183°C but 

~:ot no epp·:rent re"·ct;ion end concluded thnt tne ectivstion energy w:;s 

at ler:;st 17 K. eel. They ruled out the suggestion th~::t rrdicals were 

formed but thf)t t!.1e refction 

tlH:-t other re"\ctions could not occur on the grounds 

th,.·t it wcs unlikely thttt no other secondary reections of the methyl 

rg_dic11l could occur, snd also th2t tha H atoGlS concentr~tion wL~S not 

altered by the presence of methane. This lAtter argm:,ent could be 

e:x:pl~'<ined by essuming thr,t; the ECtivfltion energy of the reverse 

re!'!ction 

was low And thrctt the u atom concentration w~1s rnaint!"ined in this 

wey. Estinntions of the activation energy range between 8 to 23 K. 

cal (48, 49), but it is probebly between 15 to 20 K.cals. 

i!'urther evidence thr·t recction (1) has e.n activction energy 

gre<1ter then 11 K·cal Vi<'JS obt10dned by Geib ::;nd Steecie {50) who 

investigPted the re!'lction of deuterium t= toms with ::nethsne up to 100°C 

using the 'Jood-Bonhoeffer !r:ethod. 'rhare 'N:ClS no detectable exchange. 

Their investigation indicated th~:t the reaction VJf:s probably 
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Steacie (51} further investig!~ted this regction up to 500°C end 

obt8ined an activation energy of 12.9 + - 2 K.cel. 

Farkes (52} in invest;ie;ating Lhe thermal exch~'nge reaction between 

, deutirium and methane <::t temperr.tures eround l000°K concluded thet the 

ther=ual reE,ction proceeds by ?n eto~nic ':techenism with an ~ctivation 

energy for the exchenge of about 11 to U' K .cals. 

LEter studies hr-ve given the value of tL.e 8Ctivntion en-=Jrgy for 

the exchange to be between 11.7 and 15.6 K,cals. (49, 53, 54, 55, 56), 

with the evidence _!)ointincs to nbout 15 K ,eels. There is a difference 

of opinion fS to whether the primary resction concurred is 

or 

The latter reaction seems more plausible. 

Gorin, Kauzman, Welter r·nd Eyring (57) celculGte for the reection 

an -lCtiv,ction energy of 37 K. cals. which would rule out this reaction 

in favour of 

for which they calcul2te an <·ctivation energy of 9.5 K·cals. 

From t~nis it appears methfl.ne is fairly stable in H atoms end does 

not reect until E~ temperature over l80°C is reached, 

The reverse reaction 

occurs to some extent eround 200°0 with en activation energ~- of between 

8 to 23 K.cals. 
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Ethane 

Bonhoeffer ~.nd harteck ( 44) and van Hartenberg and Schul tze 

( 45) first investigated the re~cction of hydrogen atoms And ethane. 

They reported ti1e ethane unchflD[~ed, though they lost ges which might 

have been methene. ChPdVJell and TitRni ( 46) reported methane and 

ethylene torrned in this reaction. Kemula {58) found methene in the 

reaction oi' eth~ne with hydrogen atoms produced by mercury photosensit-

ization. 

Steacie and Phillips {53) investigated the reaction of deuter­

ium etoms \Vi th eth<~ne using the Jood-Bonhoeffer techni~'ue <.md obtained 

e value of 6.3 K.cals. for the exchange reH.ction. They concluded the 

likely mechanism wes 

c2H6 + D _...:::;,. c2H5 4 H D 

c2H5 t D ~ c2H5D 

(1) 

(2) 

Trenner, Moriknwa and 'l'aylor (56) reinvestigated this reaction 

rnd obtained 10 - 20% ethane decomposition \iO methane which wes 50% 

deuterized. 'rhe;y stste thrt at room temperature ~he ma.in reaction is 

C#6 + D ··~ CH3D t CH3 

End that Hbove 100°C reAction (1) als.J occurs. 

7.2 K.cals. (3) 

Steacie {59) on reinvestigating the reaction also found methane 

at room temperature. 

The reaction of ethane with hydrogen atoms hPS been investigated 

nu::li tr: ti vely by photosensi tiZfltion with mercury by severF:l workers 

(58, 60). Steacie and Phillips (61) investigated this renction in a 

flow system 2nd found that hydrogen was consumed and methr,ne, propane 

end butane formed. 'l'he mechanism they suggest is in e ccordrmce with 

e~uetions (1) and (3). 



16 

The reverse reaction 

hes been investigated by Leennakers (62) and others (63, 64) and the opin-

ion is that this reaction uoes occur to sorr.e extent f t temperr:tures above 

160°0, with nctivation enert;y between 9 -" 15 K.cals. 

Propene 

Tay1or and llill (60) by lGercury photosensitization founci that pro-

pane 1·erccts somewh<::t faster with hydrogen · toms then does ethRne, but more 

slowly than butane. 

Trenner, l>:iorikawt> end Teylor (56) made two runs with propene e.nd 

deuterium atoms produced by the :;ood-Bonhoeffer method and f'ound tuat 

the products were methr::ne and ethsne whict v.ere highly deuterized end 

propene wllich was not deuterizeu. 

ste~cie And Parlee (65) investigated the rePction of hydrogen ctoms 

snd propFne using the tiood-Bonhoetter method. They found ::r..ethane almost 

exclusively t lovJer temperatures, ·-t 100°0 ethene stBrted to form while 

rt 250°0 there W•',s more ethane than r;;ethsne. .1\t some higher temperG.tures 

some ethylene wes nlsu forJJ.ad. 'I'i:1ey obtained ·· value of 10 ± 2 K. 01>ls. 

tor the octivation energy o1' the prirn!lry step. 

That tue primrry step is 

WP.s established definitely by Stencie snd .Jew<r (66) who found only 

hydrogen '.nd hexane ES products of Lhe ret•cLLm of l1ydrogen atoms 

produced by mercury photosensitizetion with propane. 
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by the mercury photosensitizFtion and by the dischPrge tube methods. 

Geib &nd Harteck { 69) found tb t hydrogen Bton;s 'nd ethylene formed ethene 

rt liouid eir tempereture which indicates a very low E.ctiv!lition energy 

(less th6n 5 K.cals.) 

The reaction wus first studied by mercury photosensitization by 'roy-

lor ~md Marshall { 70) who found that there WES A steady drop in pressure, 

presill!lably owing to the for.Jlction O.l ::~F.ne. 'L'he rate v,as high, suggest-

in~ chein reaction. 

Olsen rnd Meyers (71) using the same method found the initiel 

slope of the pressure curve showed th8t the initiBl rete wes proportion-

c.l to the souere of the hydrogen atom pressure Pnd so the reection wes 

not simply 

In a later paper (72) they reported the )roducts ?S follows: witha high 

ini tiel concentration of ethylene, !-<rdrogen 39 ems. and ethylene 25 ems., 

the reletive 9l.G.ou.nts o.f: proclucts were m.etlume .018, ethane 1, propPne .64 

<:nd butane • 42; vfi th ~:> lower concentration of ethylene, hydrogen 40 ems. 

1::md ethylene 2 CIJls., the products 'IA:ere l!tethe.ne • 22, ethane 1, propane 

.04 end butane .0008. 'l'he 1uechanisn for the primr~ry processes is 

'3f 
Hg +H 2 -?"'2H+Hg 

and 

'l'he lest of these is impossible since the 0 = C bond strength is 

above 112 K. cals. 'I'he main secondary reactions they postulate are 

and at higher ethylene concentretions 
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CH2 ,._ C2H4 + 2H _____.,. C3fls 

* CzH4 + C2H:x: t yH --"? C 4H lO 

Later ·thoug11, Ste\.f:rt ::;nd Olsen (?3) point out th::;t the ~>bove 

~·nalysis C!'lnnot be tBken too seriously since second£ry cher:Jical reactions 

mny occur in the ion stream of the mass spectograph used for analysis. 

Bates end 'l'aylor ( 74) in a mercury photosensitized system of ethylene 

~md h;y-clrogen found th~t polymerization accompanied the ethene formntion. 

')he mechanism advenced was 

and 

The work of 1;. l:I. Johns (75) showed that free ethyl groups liber-

Fted in ethylene form high boiliNg hydrocs.rbons. 

This latter reaction is sugeested as the mechanism for the polymeriz-

etion. 

Taylor nnd Hill (37, 60) in f, more thoroue:h investigation found 

the.t when hydrogen Wf:iS in l~tre;e excess the product 11ms mainly ethane; 

but with relf'ti vely more ethylene higher hydrocarbons were fonued. They 

concluded thet the main step was 

Jungers and Taylor ('76) ins similar investigation with c2H4 

end C2D4 found that when the hydrogen WE'.S in a large excess, the products 

·were JYJB.inly butP,ne which disagreed wi t!1 Te;>rlor e.nd Hill. They suggest 

this difference vves due to the deposit of polymer in Taylor end Hill's 

apperctus. Jungers ::nd Taylor found that when the hydrogen-tJthyle~:3 :--::::.iJ 
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wc.s greater than three, the r"'te of reaction was independent of the 

ethylene concentration, indicPting the prLuary process v.res 

3 
H2 + Bg( P1) ......,.. HgH 4 R 

'rhe next step is 

or ~ Hg ( 1s } + 2li ( 1) 
0 

(2) 

Since little ethane is formed, the reactions 

H --t c
2
n

5 
,__,.. C

2
H

6 
( 3) 

and H2 t C2H5 ~ C2H6 -+ H (4) 

do not appenr to occur. 'l'he Pbsence of ( 4) is explained on the high Act-

ivtction energy re~1uired for it, ,. . .,nd of ( 3) is apperently due to re? et ion 

(2} remuvin~::> all the B eto;rrs. Butene formntion is explained by 

Moore end Teylor {77) obtained results similar to J"ungers and Taylor. 

The other products found 2re expl8ined by reection (4} increasing 

et higher temperatures rnd also 

and 

For the ree.ction 

C 4H9 --7" CH3 t C3H6 

C4H9 ~ C2H4 + C2H5 

c2n5 ---7> c2B 4 t H 

Eawn (78} calculF.tes the activation energy to be e.pproxirnately 49 

K. c8ls. 

Propylene 

Moore end Taylor (77) nade a single run on the mercury photosenJ>it-

izad hydrogenation of propylene. They obtAined es products 2% methane, 

1% ethane, 26% propane, 5% butene, 2% pentnne end 64% hexane. This 



step is 

ra~i0~l ~jaL fo~ t~e ethyl radical. 

::ol::isis of 

th·3 Sctrr'e conditi::..;ns ~:u:c_ o:.Jtoins:d rosu_.l.~s si::niltir to those rr-,1~crted f:n~ 



Tne experiments were c·'rried on-e in :_ .:ood-I3onhoeffer pe 

'I'h8 dr<:.~~~er! fro cy.lin6.er ;, w~:.s admitted to the apparst1ls 

n "~ ete,n. It was pr,ssed over plc: tini zed asbestos in h qw:n-tz 

•• ;-y i" nuri ties present were tEken out hy the silics. gel tr:,~p C, ;_n,mersed 

ir. liquid <.lir. I'he hydro/Zel: ·,v~::.s then p<::.ssed over Wht'!r in the tr>.p 3. 

This we.ter vr;pour ~·i&S add.ed to :ooison the Whlls of the dischS~rge tube ~~nd 

reBction vessel thus mini.rnizi:nr: f-;e recorrtbina.tion of r.tomic hydrogen • 

. illy tendency to bFild up press<lre gre<>ter than "itmosDheric wc:s 

counterL·cted by me~ms of' 8 mercur:; blov:-off V<J.lve et the base of tl-Je 

rr:ano!lleter tube M1 • Small fluctuctions in the pressure were smoothed 

out by the h:.Jllast bulb v1. l'he purified hydrogen et atmospheric press­

ure diffused through the ct.libr~:.tt.ed flowrr:eter into the discharge tube. 

The propylene 'Jsed 'N!:!.S !:JrepAred by the dehydration of isopropyl 

elcohol with phosphoric t:cid according to the method of Ashdown, .Harris 

and P .. rrnstrone; (80). 'l'he d.i-isopropyl ether formed E:t the sgme time wo.s 

removed by repeated d:i stUL, tion of the propylene bet1r:een two trsps. 

Impurities could not be detected in tt'3 fin&l materi::d hy the ,_melyticeJ. 

methods employed in t!l is s t'Hiy. 

The Dropylene w;:.s distill-sd int:J tl1e storage volu,.'ne v2 v;hich h.<:td 

been thoroughly evacutited bAforeh::~nd. In mf::.king a run, some propylene 

V!C.S expanded into V3 t 11I'OU;;f1 the scr~:~tClled stODCOCk J::. ?rope tbe::-eit 
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vessel fr~~ below. sui t;c..ble &djus"!J•~;ent of the valve I';, any desired 

pressure head could be maintai::-:ed. '" · u:J.d ~,hus tne o. rop:vlene flrT: COlJ.ld - ; ,_ ;J 3 J - ... 

be E~ltered at will. iCno~dng tl!A vobr:Je ·Yt 

and the pressure before "'nu &tter ~etc': r<nl, 

during t•ie run could be calculated. 

l'hG hydroge:cl e toms were formed in the voltgge disch~rge tube 

D. This consist+~<L of pyr;;:x. tube, 2.5 0m. in dia~neter, to which were 

S•3t''led side tubes containirl.~; uluminiu.m. el.::::ctrodes E. The leeds to 

the electrodes were he<"VY 

tl{':rbtly SB':iled thic10Nsl1ed cepillary t1Jbi ng. ;, 5000 ohm 

resist~nce ~~s connected in series with the discher~e una 2500 vol 1 s 

lLc; C1H'r"A.nt 't!e1S supplied by :;;,. trrcnsformer oper-

atinB on 220 volts ~ L rheostot. 

:min.imum, tl:e )cJtl.s t Jf the oi sr~:'':.::C!'G tube 1NcS S9f~led directly to the reec i.on 

C~l'?mber 1'?.. ~he :!)yre:x: rec.e~ion clh.,mber· H hf.d a di!'l.meter 1f 7 cm. e:nd a 

1 of' 24_ cr1. ... '- ·,;c;.s surrotm,Jed oy :, cl ose-fl tting electric furnace r. 

':2v•o tubes <=Jntered the rescUon vessel fro;n l,elow, one of tr'ese,T, wc~s u 

thermocouple "'Tell, t.he other served us t:1e inlet fc·£· tile propyl::ne. 

:;:'he products of the reaction I'Jere 'wrrped :>ut thrc:u."';' 

s imrnersed in liqnid eir. 'I'his removed e:ll the nro:;Jylene, c:.s -~Je s 

1-mtane, nrop~:::.ne, ethylene, s.nd most of the ethsne tilc.t mi be present. 

T'le renr:inder nsssed ttJrow;h the diffusion pump P end through the silica 

~Jt liquid 1:1.ir temperfcture ::.nd l'!hich would 

remove 11ny etrwne, bll the ::,ethsne :.nd some hydrogen. Unabsorbed hydrogen 

D:Jssed out Lhe 
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The diff11Sion pum:; }? ;,~d B ,,ot•mU<-:1 s;)eed ui' 20 ll tres per second. 

It was bEcked by t;he hyve::: 11.unp nd ,;c:intfdned L v~'cuun1 cJf 0.35 :rrm. under 

opere ting conditions. l'he di '~ueter c;f !O.ll tub in;_,?; in thA ~)1J.Ir9i :c ncl 

tra~::;Jr:, sy tBr: ':'::~s ubm1t 2 c:. r:nd ~:Jll sto:pcocks were of corres"?oncdng· 

bore. 

v:or'-d ng tem?ert: t·n·e vms ne•"'sured wi tb the ,.;re de ctiffusion gauge ? • This 

•vns of' the USll:-:!l ·r;~ pe (81} u.nd C0'1sist'3d of a caPillary tube with ~· very 

snE.ll orifica sitm: ted in the ref c t.ion vessel, 21nd i:cD arr~onp:er;;ent of stop-

cocJ.;:s by n:ec.ns of whic:~ the inside or outsiue of the ori nee could be 

connected to s Pirnni gauge at will. 

The instrument is bssed on the different rates of ditfusion of •\toms 

nd molecules tiw sm.Pll orifice w~10se diameter is sm,,ll reh;tive 

of hydrosen. J,ton;s diffusing througrt the orifice 

recombine on the walls of the CE.oillery tube to form T;:olecules. '.:hus the 

pressure inside the orif'ice is oue to nolecular hyd:yooge'1 alone. Eence 3 

pressure grddient is set up between the inside Bnu outside of tr1e orifice. 

~his pressure gradient could be measured on the Pircmi geuge. '.Lhus, know-

ing P1 the pressure inside, :~md P2 the pressure outside, the percentage H 

atoms is given by 

100 (Pl - P2l 
p (1 - 0.5 2) 

The etom concentration d.eterminations could not be made during: a 

run since the presence of prop, ... lene molecules W)uld interfere with the 

e.bove relation. Consequently measurements were mEde under the sa.ln<:l 

conditions as the run, but with no propylene present. .rhe difference 

in pressure due to the absence of propylene wus very smflll since the 
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The Pirani gr:urse was first cslibrated age.inst the ~dcLeod gnuge before 

it was used. The ge.uge was kept immersed in ice Wc'oter. ',:i th the dis­

Ch'3rge operatin,g;, the inside of' the orifice WG s connected to the f!rmge snd 

the re si stence due to the uressure wAs me11sured by means of ·~, ,.;:"e.-Jtstone 

Bridge arran,zement. Switching over to tlle outside, e similHr series of 

reedings was taken. I'his wr::,s repe«ted sever:"l times, Pl tern:.: ting bet1.veen 

the inside and Ghe outside. Fron: the :rte~Jsured resist,c,nce, in each c~3se, 

the corresponding f)ressure in rmn. could be obtained from the calibration 

curve. 'fue percent z,tora concentre tion YI'.:!S determined by substituting these 

values for P]_and £2 in the above equetion. 

It w•:•S necess<:try to correct for e.n accompanying therr.1El effect by 

making e. series of bl~::.:nk measurements with the disch'1rge off, st each 

oper<!ting temperature. 

The procedure of :.::. typicel run w'"s '3.8 follows. The apparatus wes 

first evacuated and the reaction vessel was brought to the desired temper­

&~ure by adjusting the current throue~ the furnBce F. The platinized 

e.sbestos in B wes :1e~ted to 500° C and liquid air was put around trap c1 • 

The hydrogen tank >lies opened slightly :.:.nd hydrogen admitted to the 

discharge tube. 

The discl1are wss "Gurned on and the discharge current allowed to 

settle dmm for 8bout five rninutes while the hydrogen was pumped through 

the app&ratus. TrAps c3 and c4 were then immersed in liquid air, c.nd the 

pressures and tenperc ture of the propylene in the storage volumes were 

observed. The propylene flow 'ivr:<s then turned on end the time noted. The 

flow was kept constant by maintaining a certain definite pressure heed in 

v3 • This wes accomplished by exp•nding gas from v3 through the scretched 
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stopcock N so th~"t the right arm of the absolute manometer was kept 

reasonably constant. 'lne flow ratio of hydrogen to propylene wes about 

tio5:l, except in the lsst run when the flow was in tne r~,tio of 18:1. 

About 350 e.c. of propylene we:re,llowed to flow throug:.1 the '3.ppfiratus 

during a run, which lc.sted about 75 mnutes. The prc;yl e:1r:c flow was shut 

off ~1nd the pressures and tempere.ture in the storege volumes no tea. 

The flow of hydrogen was B.llowed to continue for ebuut f'ive minutes to 

flush out all oroducts. It was then cut off, and the stopcock on the 

traps c3 and c4 were closed. 

'rhe proaucts were removed from the apparatus to s gD.s holder through 

0 by means of a Toepler pump. The products from both traps were combined. 

1'ne silic~::~ gel trap was he!::.teu to 70° C while the products 'Nere being 

removed. 

~rhe products were anBlyseci in e. low temperature fractional distill­

ation apparatus of the Podbielniek type. The propane-propylene fraction 

was analysed on a Eurrell gas analysis f:'<pp:::,retus. Other :erections were 

also tested for unsEturation but none was f:ound. The presence of acetylene 

in the eth8ne frsction was qualitatively tested for using a silver nitrate 

solution. 



'l'!::ble l shows the exnerir~ent<:;l condi \,ions nfl the results of the 
of 

F.n'"lysis of tie nroducts. The nercent decornposi tior"/ nropylene is given 

nnd the mol 9ercent of the orodtlcts. In roll the runs there wr-:s less thc:!l 

0.5',){ "04'' hydrocnrbon formed. In run 11, only a trr:ce of "03" hydro-

c~rbon WrJS found. 

'rhe percent reaction in the last six runs wus much greF>ter th~-:n 

it was in the first four runs. This w~s prob'".'bly due to n increcsed 

f1tOT!1 concentretion in the lest runs. Since the atom concentr!ltion w21s 

determined only for these l!'!St runs, ".11 the celcul~tions of collision 

yields "r:.d r.ctiv<:tion energies v;ere ·1'·de usin;;: the percent deC·'1''100Si tions 

found fro~ runs 5 to 10 inclusive. 

In trJble 2 the "!)roducts rre expressed "!S mols ner mol of propylene 

deco:n~osed which "!1Fkes the results indenendAnt of the percent decomposition. 

Here it is possible to corrrw,re ,11 tlJe r,Jns .since it is nrobable th•t the 

relAtive prooortions of the nrocl,lcts vrould not be l?reF:tly '"ff'3cted by the 

SI'1J 11 ch,'nge in atom concentrto tion necess"lry to ,.,ccou:::Jt for the chr.nge in 

the percent decom~osi t;ion. 

Tsble 3 nres?~:ts ':r:e ~ver~.pe val'lBS of the products expressed "!S 

mol ner mol of oropylene decom:::.vsed for er'.Ch ture. 



Thble 1 

~peril':lent!:d Conditions <md Reflc ti:)n Products 

?ress. of ell runs - 0.'35 mm. of 

l ! -~ I I l' 
n i Temp- I Propylene ! Hydro~en I tom 1

1 

;t regction rroduc ts i 
'Jo. 1 erature 1 . :now 1 . Fl::>w Concen- 1 of' ~:ol percent j l 

, I ·Jc 1 :.1ols / s~c. 1 L~ol3 / sec. tration C3-~6 , 
1 

1\ x 10-r, i x lo-5 Perc'::n. t c:r4 j c 2TI0 I c 3::8 1 c3~:6 I' 

I ·--1-- I 1 I 

I 
l I 1- 1 l I I 1 ;e-t 30 

1 

i!_~O ____ ; 1.9f ·-+------+--'4~-rl_. _12 • .ti.Jcl.·'t· 57.7-r 
1

,10 I 30 4.50 L 1.9Ei 14.0 -t 41.1 117.4 I'-'·' I lS.l 47.0. I ;- r- . -- . --- - r- l - ... ----r-----r 
1 1 r 1 . I :2 ' lOO t' 4.50 ; l.9C i 31.1 13.3 I 19.1 I 7.9 I 59.7 I' . ~---- . r-- - --- I ! ---T-.···---

8
1 - r: 1 ~ i' I ~'""' I ~ ~ . ' ""' ]·_,() ! 4.~10 J..':Jv 1 .J, .9 fl·~.::> lP.? 9.U-+ :,7.7 --· - -------,---r- ---- 1 

lOO I 4.50 =t l.9G 1:.:: I 4l.•i 0·0 I =~4.5 10.·3 ; 48.7 - -~----~----~ T-~ . , "" i , -0 1. 9G , -r- ,. , . 1 : n . o I 12. s ; 7. 9 I 62. e 

9 IL(" ., :::;on j··3 1 1 
9"' ,. I 1·1 ') I h'.,'"' r- • ·: 1._ -. :.,...t·. ~o.,> I •··' ,_,o.;: .. I 

~ 1?0 - i 4.00 : 1.90 10.1 I --~'"·" I 11.4 I 5:C,Q_I r 
1 

250 __ 4.50 _

1
__ 1. 9C 

1 
8.3 ~ __ :19.5 10.3 I 2>0.G 1 ll.l 51.0 

1 I 7 2_BQ_=t==.ro -+-·- 1.% i s.3 _ _c- 38.1 'lo.l '-'1·2110.5 I 52.2 

I ~1 l 54 1.1(\ I l. 96 14.0 __ !__ lOO loB. 3 I 34.7 r:·r::.ce I .l.·rnc:.£_ 

~'" 
~n 
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TAble 2 

R1m Temp- Reaction Products 
No. ercture 

oc 11o1 I mol 03H6 decomposed, 

CH4 C2E6 C3H8 "c t! 
4 

1 30 0.41 0,64 0.38 0,01 
10 30 0.47 0.64 0.33 0,01 

2 lOO 0.49 0.71 0.29 0.01 
3 lOO 0.52 0.66 0.32 0.01 
9 lOO 0.46 0.?1 0.31 0.01 
4 170 0.43 0.7::3 0,31 0.01 
5 170 0.39 0.70 0.34 o.o1 
8 170 0.42 0,68 0.34 0.01 
6 250 0.46 0.68 0.33 0.01 
7 ~50 0.47 o.c5 0.32 0.01 

11 54 1.4-3 0.76 trace trr-ce 

l's ole 3 

Temp- Percent Reaction Products 
ereture .Decomp- I 11101 cv:6 decon:Dosed 

of' osition v 
I'"T 
"'-~4 C3H8 "C4 

,, 

30 14.0 0.44 0.64 0.35 O.Ol 
..lUU 1:::.2 v.43 0.u9 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 

54 X lOO 1.43 0.76 trece trace 

x Slow propylene flow rete. 
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Calcubtion of Collision Yiel<is and Lcti VHtion Energies. 

'l'he total :t'low rate of g<.;s during a run could_ be calcula-ced from 

the flow re,tes of hydro€_"en s.nd propylene, E;nd knowir..£ the atom concentrhtion 

1he total flow rc-:te could be corrected for the hyurot:en atom form';:!tion. 

The reaction time {in seconds), for any run we_s calculated by 

dividing "the capacity of the reection vessel (920 c. c.) in mols nt each 

operating temperature, by the corrected flow rate (in mols / sec.) 

I'hen knowing the fraction of hydrogen atoms present, end tne total 

pressure, the p3rtisl ores sure (PH) of hydrogen atoms during the run 

was calculf: ted {in mm.,) Knowing _";.vogadro 's number, and the capeci ty of 

the reaction vessel, the number of 8 toms of hydrogen Jer c. c. (~~1 }, could 

be C?lculated in terms of a constant tirr:es PEJIT, T being the absolute temp-

ersture of the run. 

The number of collisions per second wi ti1 hydrogen atoms undergone 

by a :propylene molecule is ~iven by the relation (82,83): 

) 

1/2 

X RT 

where dH = dismeter in cm of the hydrogen atom (2.14 x l0-8 ). (83) 

-8 diameter in cm. of the prooylene molecule (4.10 x 10 ) 

= atomic weight of hydrogen, !v1c H 
3 6 

molecular weight of 

R - gas lew constant in ergsjmol'/0 c. (8.313 x 107). 

T - absolute tempergtv_re of the run. 

lit-:. number of hydrogen &tows per c. c. 

(84) 

fropyleno. 

T8king into account ell the constant V&lues in the above expression, 

end substituting tne proper values, it reduces to the following 
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8 3.10 X 10 • I T 1/2 

Mul dply..i.ng this velue by the rer,ction time gs.ve the number of 

collisions with hydrogen s toms under::tone by a nropylene molecule in the 

resction time. Dividing the percent decomposition by this, gave the collis-

jon yield for the run (the number of molecules of propylene decomposed oer 

collision of a propylene molecule with hydrogen otom). 

From the relstion 

-E/Rr 
collision yield = Ae 

the activ!'ltion energy E was calculeted, ssuming for the st&ric f~.ctor, A, 

r velue Gf •• 1 in this esse 

E : 2.303 X 1.987 X T X log 0.1 
collision yield 

The results of these celculecions sre shown in table 4. 



Table 4 

'remp. Total Flow Correct- Reaction Hydrogen 
<c ed for Pr~sence of ~ tirrle Atoms 

stol!ls {nol/sec x 10-'"') (sec.) Panial 
Pressure 

( rn..Ifco ) 

Over-811 reaction 

30 2.56 .668 .0404 
lOO 2.54 .54'7 .0352 
1?0 2.52 .465 .0290 
250 2.50 .393 .0238 

ZC ,. H X 
3'"6' 

et! 
fv 

J.cc:.ction l~eection 

.J:'ime 
X 105 

-±.81 .441 
3.09 .416 
2.01 .391 
1.33 .388 

Collision 
Yield 
X 10-? 

9.18 
1E.3 
19.5 
29.2 

K(K. C&l.) 
A =O.l 

7.0 
8.3 
9.6 

10.8 

c.N 
ro 
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DIS'JU.SSION 

Over the temperature r<mge, 35° to 250°0, the products of the re­

action do not seem to vary greatly. 'fhey depend upon the flowrate of 

the propylene to a great extent. At ordinary flowrates, 4.5 x lo-6 mo1s 

per second, the products consist of methane, ethane, propane, traces of 

c4 hydrocarbons, and unchanged propylene; at slow flowrates, they consist 

of methane and ethane only1 with traces of c3 hydrocarbon and c4 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. 'rhe activation energy reported f:::>r 

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 

For the reaction 

the activation energy has been variously taken as between 5 and 14 K.cals. 

{69,?8,86), but the more probable value is 5 K.cals. 

Thus the activation energy found in this investigation, 8.5 ± 1.5 

K.cal. appears much too hi~~. This energy is probably the activation 

energy of a secondary reaction which is the rate controlling reaction. 

The primary reaction appears unlilcely 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 0.01 would give an activatio~ energy of about 5 K.cals. 

Another factor might be that there was not sufficient hydrogen atoms 
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present to react with all the propylene, that is, that the hydrogen 

atoms were "cleaned up" as is postulated by Jungers a11d Taylor for 

ethylene (76), and therefore the percentage reacti0n should be lOO% in-

stead of 40% as was indicated. 'rhis would lower the calculated activat-

ion energy by about 2 K.ca:s. 

The increase in activation energy with temperature is probably only 

apparent. Sinii lar increases hRve been observed with other hydrogen atom 

reactions. The explanation for this increase here is likely due to the 

fact that even though the ten:perature was varied, the rate of the prim-

ary step was constant which would make the variation in the temperature 

be reflected in the activation energy. 

I,;echani sm of the Reaction 

:B'ror1 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 atom!'> with propyl~ne 

could be 

l(b) 

or 

l(c) 

Reactions l(a) and l(b) both have an activation energy of about 

5 K.cals., however, the results of !::oore and Taylor (77) and a comparison 

with the ethylene reaction indicates l(a) to be more likely. AJso>since 

no ethylene was found in the products. it is unlikely that dehydrogenation 

was the first step. Reaction l(c) i.s unl1kely to occur despite the 
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presence fo the weakened C - C bond because the enerf?'y requ:ired for this 

would be ;:n1Ch creater than. that required for the first two equations. 

Thus it seems likely that reaction l(a) is the primary reaction. 

Seccmdary reactions sucCi as the following might occur 

At high temperatures, 

can occur. 

H + C3H7 ---i C 2F.:5 t CH3 

2C3H7--+ Csf!g t C3H5 

H t C2H5 ----?2CH3 

2CfiH5 ---7C~6 t C?,H,~ 

H t CH3 ~ C:I4 

H + C z-'14 -----7C2P~ 

H2 t CH3 --7 CH4 + H 

~ + c2H5 ---7 C2H6 + H 

H 4 0~15 C2H6 

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 vrhich immediately complicates the issue beyond 

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 + C3H5~C3H7 

H + c3H? ~ C2H5 + OH3 

H + C 2H5 --7- 2CH3 

2CH3 -7C2H6 
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and 

These account for all the products. 

A mechanism based on the formation of complexes such as CII:3 - H - B 

as postulated by Gorin, Kauzrnann, Walter and Eyring (5?), and presented 

in the reactions of methyl radicals by H.A. Taylor et. al. (87,88), ex-

plains quite well the reaction products. 

' 
C:;H? + H2 :> C3H9 

C3H9 + C3H7~ 203Hg 

C2H5 + H2~-> C2H7 

C2H7 i C2H5 -lzC2116 

2CH3 --1 C2Hs 

CH:; t H2 ~CJ:J5 

CH5 ;. CH3 ~ 2CH4 

Other reactions are possible that would probably occur to a smaller extent, 

such as 

and 

0% t C2H5--) C3Hg 

2C~5---? C4Hlo 

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 

The reaction 



37 

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 propylene, a very 

reactive propyl radical is formed. Kistiachowsky et al (89) states that 

the hydrogenation of propylene 

frees 30 K.cal. of energy, 15 K.cal. 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, resctions 

that are only possible at hir:h temperatures for normal rAdicals. The 

following processes could occur, explaininB all the rroducts. 

and 

'If" 
H + C3H6 ~ C3H7 

C3H7i!tr + H ---7C2H5* 1 CH3'.1t' 

C2H5'lf + H2 -----7C2H6 + H 

CH3* + H2 ----;)CH4 + H 

2CH3* t m --7C2H6 

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 

only occurs when there are in~1fficient hydrogen atoms present. In the 

reaction of 

it seems unlikely that both radicals produced would be "active", but the 

one that was not active could undergo the normal reactions that have 
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been presented in the first :nechanisr: since ElY;; there would be sufi'ic­

ier.t hydrogen atoms with which they could rear;:t. 

Before such a mechanisre as this can be postulated, n1rther iL­

vestigation is necessary, but the possibility of such an "aC'tive" radical 

cannot be overlooked. 

The ~c:n~1usions that. :'lar be reached are that the ar)tivet-

ion energy 0f the hydrogen a ton: reactt o!l with propylene is low, and that 

th8 rate of the reaction is independent 0f temperature. The products 

of the reaction indlcate that a cornplicated mechanism is :::tecessary, or 

that complexes or "active" radic~ls are formed. Before anv finr::l cor;­

clusions ea:, be drawn, the further i r,vestigation of propylene at va:ry:tne: 

fl owrates, ~nn the investig,ati on of the r8action of hydroeen atoms with 

ethylene is necessary. 
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A 

The Pro-knock J.cti 'il'i ty of V<.:.rious Compounds 

Q,uenti ta tive d.E,.t!'i of ;;lle .rJro-knock effect! veness of V<:rious com-

pounds were obt"'ined in · n effort to determine wl:tetner such com9ounds 

might be used in nJili tery tectics to render ~cutomotive e ,uipment in-

::1ctive. 1'ec.tmiques were developed for the -uc,nti tative addition of 

g~seous,. li· uid, , nd solid compounds to the ··ir int:~,ke of an engine, 

t'.nd -che stendard knock testing proced.ure W<'.s adapted for testing pro-

knocks. The relotive pro-knock ac-r;ivi"ties of sever"il elements and 

r~:dicA-ls were clcssified l':nd the former related to their position in 

~Viendeleef 's perioliic te ble. Irolli Ghese data, compounds uf tne type 

,...Br 
As 

' Br 

were predicted to heve great pro-knock : ctivity. 'l'he best pro-knock 

found in this work w:= s dichloro-r:ethyl arsine which re uired 3.8 p. p m. 

to give n oct~;ne decresse of 10 in a le:oded fuel. 

B 

Dynamic Sorption of Ammonia and Butane on Ch,rcoal. 

The dyna.."D.ic sorption of c.:m:m.onia · nd of but:.me we:s studied using an 

epparatus 1NhiCLl folloned tL.e sorption by v;eight r- s r function of time, 

end perrr.J.tted the temperature rise · nd r;nalysis of effluent g::'<ses over a 

wide r"mge of sorbste concentrations ~::·nd flowr::tes. 

The dste obt<3ined were [.pplied to the theories of' Donby et ul t1nd 

of 1.ecklenberg · nd were found to be essent;ially in good agreement. 



c 

The Heaction of Hydrogen Atoms with Propylene. 

l'he re<JCtion of propylene with llyarogen ~toms w:'" s studied for the 

temperhture renge 30 to 250°C. The products obtbined were meth~:ne, eti:une, 

prope.ne, end traces of C4 hydroc:.rbons. About forty percent conversion 

was obte.ined. I'empers ture h· d little effect on either tne reletive pro­

portion of products or on the extent of conversion. ,:Jhen the flowr.:1te 

W'S reduced to one uarter of its origin!::cl value, propylene wes completely 

converted to methc,ne, ethene and t;reces of c3 and c4 hydroce,rbons. The 

activation energy of the over2ll reaction was 8.5 - 1.5 K. cal. calculsted 

for s steric fector of 0.1. 

There r. ppesrs to De a difference in the mechani sr:1 of the reaction 

of' unsaturr:.ted par~:,ffins ·.;nd s2 turr·ted pernffins. severel possible tlech­

'misrns E:re suggested but no definite conclusion car. be postulated wi tt 

the evidence e. t hand. 




