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Part.! 

Various compounds were invest18ated to determine 

their pro knock activity bY' adding them to the air intake 

of, or to the gasoline used by and ~thY'l ;0 B Knock Testing 

JSngine. The best compound tested was arsenic tr1 ohloride 

which requires ;.8 parts per million of air by volume to 

cause a decrease of ten octane units in a leaded gasoline. 

It was found that the best knook 1nducer elements were 

in order of effeotiveness: arsenic, antimony and phosphorous. 

Mercury, vanadium and ehromiwm were also found to be effeotive. 

Among the radicals the halogens were most effective. the order 

being bromine, chlorine, iodine and fluorine. Bff'ectiveness 

of halogens appeared to be enhanced by the presence of' a 

nitre and methyl groups. 

Alements of the type 

Br 
/"Br- C - As 

1 ""- Br 
Br 

were predioted to be exceedingly effective. 
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Dynamic Sorption at Ammonia and Butane on Charcoal 

The dynamic sorption of butane and amnonia on char­

coal was studied using an apparatus which followed the sorption 

by weight as a function of time and IB rmi tted measurement of 

temperature rise and analys is of the effluent gas stream over 

a wide range of sorbate concentrations and f lowrates. The 

data were applied to the theories of Danby et a1 and of 

M.ecklenberg and were found to be essent ially in good agreement. 
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INTRODUCTION 

It has been established that many ohemical substances, 

when introduoed into the air intake of, or dissolved in the 

gasoline oonsumed by, an interal oombustion engine will 

cause the engine to knook notioeably, deorease power out­

put, and possibly result in damage to various engine parte 

( l, 2, ~). It is the purpose of these investigations to 

obtain quantitative data on the pro-knook aotivity of 

various substances, with a view. toward examining the prao­

ticability ot their uae as a weapon in chemical warfare to 

render enemy automotive equipment inaotive. It the air 

oould be polluted wi th a suffioient oonoentration of a pro­

knook oompound, it is possible that aeroplanes, tanks, or 

other automotive eqUipment could be rendered inactive by 

passing through an area so treated, since knook of suffioient 

intenSity will cause stoppage ot the engine or meohanical 

failure ot the engine parts. 

Since engine performanoe depends upon the nature of the 

oombustion of the hydrooarbon tuel in the oylinder, a brief 

review of the chemical and »hysioal .speats of oombustion i. 
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essential for an understanding of the aotion of pro-knook 


oompounds. 
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I OXIDATION OF HYDROCARBONS (4 ~ 10) 

From a simple oonsideration of a reaotion suoh 8a, 

caBS • 50S • 3COS + 4BSO 

it seemed obvious that it oould not ooour in one step, so 

that several intermediate reactions were expeoted. 

Under suitable oonditions of temperature and pressUre, 
,

all hydrooarbons have been found to oombine slowly with oxygen 

without the formation of a flame and with no appreCiable riae 

in temperature. Analysis Of the produots oondensed at variou8 

stages of suoh 8 reaotion has shown the presence of various 

aloohols. aldehydes, aoid8, oxides, peroxide., oarbon mon­

oxide, oarbon dioxide, and water (4). At higher temperatures 

where infla~tion might ooour, free oarbon and hy4~ogen and 

lower hydrooarbons have been isolated. as well as the above. 

Kinetic studies a180 indioated great complexity involved 

in the reaotion. There was an induotion periOd during whioh 

no appreCiable reaution ooourred. as indioated by pressure 

ohange or oxygen oonsumption. The reaction rate was depen­

dent on a high power of the hydrooarbon oonoentration. While 

the oxygen oonoentration had little effeot. This pointed very 

definitely to a ohain meDhanism, propagated by oollisions of 

ohain oarriers with fuel moleoules. Temperature ooeffioients 

of the re••tiona indioated highly oomplex ohains; even the 

oharaoter of the oombustion was altered at different temper­

atures. The ohain carrier8 were thought to be very reaotive 

sinoe they were found to be short lived. SUrfaoe was noted 

to pla)" a prominent part in initiating ohains and Dad a pro­
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found influenoe on the reaction rate. The nature and rate of 

the hydrocarbon oxidation have been tound to be greatly in­

fluenoed by oatalysts; both aao.lerators and inhibi tora being 

efteott7e in very low ooncentrations. 

Theories of Oxidation. 

To aocount for the analytioal results and the kinetic 

evidenoe. several theories of hydrooarbon ox1dat10n have been 

formulated. fhere are two ma1n ones, however; the hydroxy­

lation th80ry and the perox1dation theory_ The former waa 

built up entirely from analyt10al results, while the latter 

took into aooount the kinetio eVidenoe as well. ConSiderable 

oontroversy waged over the merits ot the two theories, espeoial­

ly in so tar as the initial aot of the oxidation was oonoerned. 

1. The Hydroxylation Theory (4. 10. 11) - Thia was first pro­

posed by Armstrong (la) to aooount tor the production of 

aldehydes in the slow oxidation of methane by Bone and Wheeler 

(la). In short. oxidation was assumed to ooour by sucoessive 

hydroxylations ot the hydrooarbon moleoul •• a~ alcohol being 

first formed. tollowed by unstable d1 - and tri- hydroxy 

compounds. The di- hydroxy moleoule deoomposed to give water 

plus an aldehyde, whioh was then oxidized to the correspond1ng 

ac1d. This in turn deoomposed to water and oarbon monoZ1de Or 

a lower aldehyde, or 1n the oase of formaldehyde to a d1­

hydroxy a01d wh10h deoomposed to oarbon d10xide and water. 

For methane the soheme suggeste4 was: 
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CH, -.. CHa0R' ...,. CRa (OH) a 

HO,. HO, 
H20 .. lI :C:O -+ /0:0 -+ RO/C:O

" a A ....,""'-__ 

cO2 .t JIaO cO2 " RaO 

Seoondary reaotions, depending on the temperature, pressure 

and oonoentration of the reaotants would give rise to lower 

hydrooarbons, peroxides, tree oarbon and hydrogen. The in­

duotion period WaS explained as the time neoessary to form a 

def'ini te amount of aldehyde whioh remained oonstant through­

out the subsequent reaotion period. 

For slow eombustion reaotiona the theory agreed very well 

w1 th the analytiaal results, anA at least qualitatively tor 

explosions. However there was some doubt aa to the initial aot; 

• termol.oular ool11sion was neoessary whioh i8 very improbable. 

Aloohol. were only isolated under high pressures, while the 

theory predicted them first. The effeot of oatalysts was also 

hard to explain since aloohol and aldehydes atteoted the re­

aotion only slightly while s.ome peroxides had tremendouslY' 

greater effeot•.whioh is the reverse of what was expeated 

from the theory_ 

2. Peroxidat1on !heor, ( 10, 11) - This theory was first 


formulated by Baoh (14) and Engler ani Wilde (15). A direct 


a&dition 	of a moleoule at oxygen to the hydrocarbon to form a 

peroxide was postulated, followed by decomposition 01' the 

peroxide on collision with a 8e~~ tuel molecule or by itself. 
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~ ohain mechanism was easy to postulate, usinc the 'eoompos-: 

1t1on products Of the pero.ides 8S 08rriers, which would 

aocount tor all the analytioal produots obtained experiment­

ally_ For methene the soheme was: 

or 

tollowed by oxidation and deaomposit10n ot the ,aldehyde. 

Methyl aloohol was tormed by: 

CH4 (02) +.CH4 -+ 2Cli4 (02) CR, -+ 2CHa0H 

However the pero.ides were ditfioult to isolate and it was 

hal'd to prove that they were formed initially. 1'1118 theory 

requil'ed only a ~~imoleoular oollision in the initial aot, 

whioh was ter more likely than a termoleoular oollision. The 

induotion period was explained by deaotivation at:the·w.lls. 

Peroxides. are f'ar more ettestive as oatalyst8 than aloohols 

or aldehydes whioh led to the oonolusion that peroxides were 

more :rur.damentally related to the ohain oarrier than aloohol. 

or aldehydes. 

3. Othel' The.or.i.es - Several other theories. as well as m04­

1fioat10ns of the above two have been postUlated,: 

(a) Horrish {6l - proposed a meohanism USing oxygen atoma as 

the ohain carriers. These atoms were laid to be formed from 

formaldehyde whioh was formed itself by a wall reaotion. The 

8cheme for metha ne W8 s: 

CH4 .. 0 ~ CH! of H20 

CH! .. 02-t HCHO .. 0 

http:The.or.i.es
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fhe tormalde~de was formed: 


CH, '" 02 S1.lr:t'ace. RCRO i ~O 


°
HORa".. 02 -;. (HaCOz) ~ ReOOH, 

Chains were terminated aooording to: 

°of . CH, of X -+ CHIOR of X' or 

o .. surfaoe ~ tOa 

where X was an inert gaa molecule. ~e analytioal data waa 

aooounted for, but the ooncentration of oxygen atoms likely 

to be present was consi4ered insufficient to carry the reaction 

(16). Methyl alcohol was said to be formed by • termoleoulal' 

oollision with an inert gas molecule whioh was unlikely a8 the 

presence of an inert gas deareased the reaotion rat. ra ther 

than increasing it. The induction period was explained .s the 

time necessary to build up the formfl'ldehyde concentration by 

the wall reaotion. The reaotion CR, .. 0 explained the experi­

mentally determined faot that the ratio of hydrocarbon to 

oxygen ooncentrations of 2:1 was the most reactive. 

(b) Lewi. (17, 16) - assumed the primary atep~:in paraffin ox­

idation to be the decomposition to the corresponding ethylene, 

with the liberation of hydrogen, oxygen would then add to the 

double bond. The scheme was thought unlikel~ 8inoe olefin 

oxidations d~red greatly in charaoter to that Of the par­

affins (19. 20. 21). 

(c) Ubbelohde (lO)~ did not p08tulate the initial atep but 

indicated that hydrooarbon oxidation would follow a similar 

mechanism to that tor aldehydes sineethe product., rates, eta. 
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were similar. Here the R - \'. 0 radical was 8aid to be the 

ohain carrier. 

Experimental Oxidation Data (4. 10. 22. 23) ­

With a knowledge ot the theories ot hydrocarbon oombus­

tion. the experimental result. of the oxidations of particular 

hydrooarbona are more readily interpreted. For the slow co~ 

bustion ot the ,arattins in either air or oxygen, the reaction 

produot. were predicted by 'ither the h7droxylation or the 

peroxidation theory. All, trom methane to hexane, showed in­

duction periods during whioh little or no reaction ooourred. 

The rate wss tound to be dependent largely on the hydrocarbon 

concentration. the reaction 'eing retarded by eXCeasoxygen or 

diluents. Pressure and temperature rises decreased the length 

of the induction period and increased the rate of reaotion. 

For equal reaotion rates a muoh lower temperature was required 

as the series Was ascended. Feroxides were isolated ~ith" 

~ltlle :d'i,f..f'j,titUl~ty· trom the high.r members; th.s. appeared 

to oocur at about the same stage ot the reaction as aldehydes 

and alcohola. The optimum oonoentration tDr maximum reaotion 

velooity was found to be two to one of hydrooarbon to oxygen 

tor methane and ethane. deoreasing to one to one tor hexane. 

The higher paraffins also showed Qonsiderable chemilumines­

oence dur1ng slow Qombustion. In explosive oombustion all 

but methane y1elded free carbon and hydrogen and lower hydro­

aarbons. This was related to the deoomposltion ot alcohol. 
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and aldehyd •• whi~h showed the same produots at similar te~ 

peratures. 

Unsaturated hydrocarbons were found to aot quite difterent­

ly in slow oxidation. The pr1mary step was know with a greater 

degree ot oertainty. At room temperature amylene, in the 

liquid state, added a moleoule of oxygen to the double bond, 

OHZ(C~)2CI!. CI!S .. 02 ..... CHa(CI!S)20H - CR2 ... II 
0- 0 

It was assumed .that the lower members would aot similarly. 

ainoe a pressure drop was observed at first in a oonstant 

volume reaotion. No chemiluminesoenoe was observed and the ad­

d1tion of aldehydes did not afte.t the rate. Acetylenes and 

ole:tins were assumed to sot similarly s1nae glyoxal ws. 1s01at­

ed. The two to one rate ot hydrocarbon to oxygen was found to 

be th.e moat reaot1ve for unsaturated hydrooarbons also. 

Effeot ot Cataly.ts 

It has already been indicated that the addition of small 

amounts of reaotion intermediates inorea.e. the rate of ox­

1datioD appreoiably. .Aloohol. have been found to affeot the 

rate only slightly, aldehydes more 80, and certain organic per­

oxides have produoed a very great inorease in the reaction rate 

(10). Carbon <1io.x1de, helium. argon and nitrogen all have 

shown a retarding effeot on oombustion. Rougaly. their aotiv­

ity seemed to depend upon their thermal ospaoity and thermal 

http:Cataly.ts
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conductivity. Several halide compounds have also been found 

to retard the oxidat10n: carbon tetra~chlor1de. the chlor 

methane. and ethanes, several bromide. aDd iodide8 and phoa. 

phorous oxyohloride (11). Thes. latter have been assumed to 

take part in the oombust1on reaction itself and act by 1nhibi. 

ting ohains. Lead tetra-ethyl and iron carbonyl have shown a 

similar effect, but it 1s doubtful whether they take part in 

the reaotion or not. It has been attempted to justify their 

aotion on purely thermal grounds on the one hand and by partio­

ipation in reaotion chains on the other. Neither has been 

proven satisfaotorily and it ha. appeared probable that both 

play a part. 
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11 PHYSICAL ASPEC~S OF COMBUSTION (24 - 28) 

A great deal ot the disoussion of the oxidation of hydro­

oarbons had to do with slow combustion, but mention was made 

of an explosive form of cumbustion which possessed different 
. 

oharaoteristios than the slow oxIdation. In fact three modes 

of oombustion have been noted: slOW oxidation, inflammatIon, 

and detonation. Slow oxidation occurred without the appear­

ance of a flame, and the reaction took a measurable time to go 

to completIon. At higher temperatures the Oxidation auto­

aocelerated and reaction took pl••e very rapidly and with the 

emission ot a considerable amount ot light. This was called 

inflammationJa still more rapid oxidation was called detona­

tion. In this case the reaoti-on was almost instantaneous over 

a large portion of the oharge and was extremely violent. 

Inflammation has been noted to oocur in two way. depend­

ing on the pressure. In the higher pressure region, a rise ot 

temperature was found to increase the reaotion rate to suoh an 

extent that the heat of reaotion oould no longer b, dissipated. 

A rapid temperature rise ensued and the reaotion auto-aooel­

erated;'J,ight .as Omitted trom fragments ot moleoules present 

in the tlames. In the low pressure ration limits tor inflam­

mation have been observed. In this region when the tempera­

ture was inoreased the equilibrium between formation and 

termination of reaotion ohains was disturbed. The result waa 

an auto-aooeleration of the reaction due to branching ot the 

ohains. the temperature rOse and light was .mttted. The lower 

pressure limit resulted trom deaotivation of chain carriers at 

the walls. the upper limit trom deaotivation ot the ohain 
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oarriers in the gas phase. 

There have been found, also, upper and lower limits of 

oomposition of the mixture, for eaoh hydrooarbon, only with­

in whioh ignition would ooour under given oonditions of te~ 

perature and pressure. This range of oomposition narrowed in 

paSSing up the paraffin homologous series, e.g. for methane 

in air the limits are 5 - 15%. for hexane 1 - 4% (24). End0­

thermic oompounds like aoetylene have been found to have very 

wide inflammation limits (3 - 5~). The presence ot diluents 

was found to narrow the upper limit oonsiderably. An increase 

at temperature also aaused widening of the limits. The effect 

of pressure was found to depend on the mole of ignition 

(whether spark or hot surfaoe). Generallr an inoreaae of 

pressure widened the limits although optimum pressures have 

been reported. The ignition limits (pressure), inflammation 

limi ts (oomposi tion) and the ignition temperature have all 

been found to depend on: the mode ot ignition, the shape and 

size of the vessel. and the de,ree ot turbulence. The latter 

raised the ignition temperature b~t widened the composition 

limi ts. 

With the higher hydrocarbons, a ohemiluminesoenoe oocurred 

for some time before the aotual ignition point was reaohe4. 

These were oalled "0001 flames", and aldehydes were present 

when this oocurred. 

The aotual speed of propagation of tlames was found to 

depend mainly on the experimental conditions. Here again the 
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nature and ooncentration of the mixture, the sha»e ani size of 

the vessel and the degree of turbulence were the most important 

factors influenoing the spee~. Pressure and temperature had 

little effect. For all the hydroea~bons the flame temper.t~es 

were in the Yioin1ty of 190000. The unsat~.t.s showed alight­

ly higher temper.tures than the paraffins but were .1 thin 50°0 

01' them. 11th air m1atures the flame speeds were from 60 -260 

ems. per 8eo. and with oxygen mixtures trom 1000 - 4000 oma. 

per seo., unsaturates haY1ng slightly greater speNs. 

Due to oompression waves before the flame and other 

pressure differenoes in the Tessel the flame waa sometimes " 

notioed to take up a vibratory form of motion, with a result­

Ing inere••• in the average rate of burning. Both the uniform 

and vibratory forms 01' %18W8S were far below the velooity 01' 

sound, so that the eompreesion wave corresponded to a low 

pressure gradient. !he flame speeds and temperature depended, 

inge.eral. on the freedom offered tor the expansion of the 

burnt products. 

Detonation.;, the m08t violent form of combustion Was sai4 

to occur when anaeoelerating flame catches up with th~ orest 

of the compression wawe being propagated ahead 01' it. A 

sudden inoret:\'. of rate and pressure was noted. The sudden 

enerQ release 1n the reaotion aativated a large portion ot· 

the oharge to sudden rea~tion. Another possib111t7 for the 

ooourrence of a detonation was said to be the refleotion ot a 

oompression wave from the walla into the path of the flame or 

vice versa. The ohange from ord1nary inflammation to detonat10n 
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has been reported as occurring at onoe. or by a series of in­

creases in flame velocity. Detonation waves are reported to 

travel muoh faster than sound, the reason being that the wavw 

is propagated by a muoh greater pressure gradient between 

suooessive layers. They have been 8a14 to be propagated uni­

tormly at a rate at about 12000 teet per seoond. In ordinary 

flames burning ooours by oonduotion of heat from layer to 

layer whereas in a detonation 1 t is mainly by adi8 batio oom­

pression. the flame beooming a oompression wave. As is the 

oaS8 with inflammations, limits ot oomposit1on have been 

found within whioh, but not outside of whioh, detonation 

would ooour. Similarly tactors whioh influenoed intlammations 

have also been found to have a similar effeot on the pro­

pagation of detonation waves. 

In a detonation the reaotion has been found to be prao­

tiaally oomplete and instantaneous in the flame fron" while 

in normal inflammations the reaotion has been noted to ocour 

behind the flame I'ront :for a short time. .Many detonatiOns 

were noted not to travel linearly, but helioally near the 

walls of the reaotion tube. These are oalled apin detonation 

waves. Doubt has been expressed whether it "'8sthe head ot 

the detonation wave only that w.s propagated helioally or 

whether 1 t was the whole body of the ga s. 
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III KNOCK 

Combustion in Internal Combustion Engines (27) 

The oomQustion phenomena observed in internal oombustion 
1s 

engines~similar to that in laboratory equipment when the 

oonditions of operation are oonsidered. The mixture is 

spar~ ignited. although it is alao heatet by the walls of tee 

oylinder. The oombustion ooours at fairly high pressure, 

with a oonsiderable degree of turbulenoe in the mixture. Near 

the end of the oompression stroke the fuel-air mixture ia 

spark ignited. A. flame travels through the oompressed gas, aa 

in normal inflammation. The reaotion is ~airly oompiete in a 

narrow flame front. The pressure is inoreased greatly due to 

formation and heating of the produots and the energy is util ­

ized on the 'expansion. or power stroke. FOr maximum power it 

is desirable to bave a high compression ratiO so the pressure 

at the time ot ignition will be high. The flame speeds are 

of the order at 2.5 - 250 teet per seoond. In normal oombus­

tion very little reaotion ooours before the llame. As in 

s1mple explosions the pressure inoreases to its maximum value 

of about 1000 lba. per square inoh in 0.001 seo. without pul­

sation or vibration, when the engine i,s operating normally. 

Knook in Internal Combustion Engines (27.29) 

Under certain oircumstanoes the oharaoter of oombustion 

in an I. C. engine may change aooompanied by a ltnoaking sound. 

It results in loss of power and e.f.fiaienoy and may result in 

damage to the engi ne through meabaIliaa1 :fa ilure of some of the 
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parts. This 1s espeoial1y so 1n high duty a1rara,t engines 

where gumm1ng, p1tt1ng and seizure oaour ~ 

EXam1nat10n of the nature of th1s type of oombust10n has 

,hown that 1t is an abnormally rap1d explos10n of a oertain 

port1on of the oharge whioh is the last to burn, resulting in 

the format1on of p~'8sure waves in the gas. The port1on of 

the oharge underg01ng knook1ng combustion may be as high as 

three quarters ot the whole aharge. The flaml and other 

oharaoterist1as of the oombustion preoeding knook has been 

found to be qu1te regular and identioal with that in the entire 

absence of knook. Howeve.%' thetlamebegin&Lto vibrate and 

suddenly acoelerates. The ig~tion ot the unburnt mixture a­

head of the flame sometimes preoedes or is synohronou8 with 

this accelerat1on. A re-illumination or after-glow tlashes 

baak and forth from the flame front with the speed of sound 

through the burnt produats and the pressure pulse or shook waft 

aooompanies this aft.r-glow (24). The velooity of the pressure 

.,ve is about 900 metres per seaond t the pressure rise 1s about 

10000 pounds per square inoh in 0.001 of a seoond. It 1s these 

pressure waves whioh on refleation from the aylinder walls SIt 

up a state of resonant vibration whiah gives the audible sound 

aSSOCiated with knock. The knooking part ot the oharge, im­

mediately before the onset of knook is in a highly sensitized 

state due to part1al oombustion at the temperatures oaused by 

oompression and oonduotion from the walls. Knook would thus 

be inoreased by any factors whioh tend to inorease the tem­
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perature o£ the oharge or the length of the time of heating 

prior to ignition. ~hese are oalled the temperature and time 

faotors. Knooking tuels have a thin fiame front and pro­

nounoed re-illumination when the shook wave is refleoted from 

the walls. With a non ~nooking fuel taere is a oontinuous 

zone of oombustion extending baok from the flame front. 

MUltiple ~nook ~y ocour when the shook wave or refleotion 

trom the walls separates the unburnt mixture into two regions 

whioh may not knook at the same instant. 

Theories of Knook (11. 27. 29) 

Brom what has been said previously. ~nook and detonation 

might appear to be identioal or at least very similar. The 

evidenoe seems to indioate that knook is not a true 4euonation, 

but is a type of oombustion intermediate between inflammation 

and detonation. It is similar in tha tit is a violent and 

almost instantaneous reaotion of a presens1tized fuel-air 

mixture. However it is neither as violent nor as rapid as a 

t~u. detonation. The flame velooity in knooking oombustion ia 

about 1000 teet per seoond, and the pressure developed is only 

about 10,000 pounds per square inoh in 0.001 of a seoond. while 

the velooity of a true detonation is as high a8 10,010 teet per 

seoond and the pressure developed is muoh higher than for a 

knooking explosion. It is also unlikely, trom oonditions of 

the mixture, temperature, pressure and vessel shape and size, 

that a true detonation oould ocour in an engine oylinder. 



( 18) 

Explanations of the knooking sound and its relation to 

flame oonditions were offered by a number of investigators. 

M1~ely and Boyd (30) attributed the knocking sound to impact 

between the piston and the oylinder walls, and later (31) to 

the iapact of a high velooity, high pressure wave against the 

cylinder walla. The pressure and velocity of the explosion 

wave in knooking oombustion ••• far greater than in normal oo~ 

bustion due to the exoeedingly high pressure differential be­

tween suooessive layers. A long oylinder would thus have 

greater tendency to knook, whioh is found to be true. Egerton 

and Gates (32,33) aooount for the knooking sound by oompres­

sion waves set up by enhanced vibratory combustion near the 

oylinder walls. Mauell and Wheeler (34) reported a vi bra tory 

combustion during knocking whioh started a shook wave through 

the fuel causing it to detonate. 

This did not explain the origin of knook, that is the 

chemioal reaotions \,hioh preoede and aocompany a knocking ex­

plosion and how thy differ from those in normal oombustion. 

Several theories have been advanced to explain the origin of 

knock, and muoh oontroversy arose beoause of the variety of 

oonditions under whioh the various investigatbra~operated. 

Rioardo (35) attributed the knook to the spontaneous ignition 

of the last part of the oharge to burn. Expansion of the nor­

mal burning oharge oompressed the unburned protion before it, 

heating it, until, when this heat could no longer be dissi­

pated, the remainder of the charge ignited spontaneously be­

fore the flame reaohed tie From this, the knocking tendenoy 
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of a fuel should be a fUnotion ot its ignition temperature, 

whioh ia certainly not always tiue. FOr example, Tizard and 

Pys (36) pointed out that oarbon 4isultid. has a lower ignition 

temperature than heptane but has le8S tendel'lOY to knook. 

Withrow and Boyd (3f) howlver showed by pictures ot the e.­
plosion that spontaDlous ignition did ooour in maJ1 oases betore 

the tlame reaohed the part of the oharge involved in tke knook. 

In spite of this oontroversy there appears to bl, in many oases, 

a sort ot parallelism between ignition temperatures and knook 

tendenoy of tuels. It has been suggested, also, that the 

initial temperature ot slow oxidation waa rele ted to knook: ten­

denoy. Callendar (3S) proposed a nuolear theory whioh ditters 

radioally trom a~ other theory ot knook. Re suggested that 

when a tuel was atomaed in the air the drops, as they~eqpOJl­

ated, left a residu. or liquid nuoleus oonsisting largely Of 

the less volatile conati tuents suoh as the higher paraffins. 

These drops would serve as fooi of ignition sinoe they have a 

lower ignition temperature than the vaporized mixture. When 

peroxides were shown to have considerable knooking effect. 

Callenlar (39) suggested that the peroxides were formed and 

accumulated in the nuclear drops, and aoted as a primer, oaus­

ing simultaneous ignition of the whole drop. Egerton and Gates 

(40,41) however slowed that knocking could and did take plaoe 

in the gas phase. They believed that peroxides oatallse the 

knocking reaction but would not act as primers. In support ot 

the liquid phase origin of the knook Moreau. Du:Craisse and 
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Chaux (42) showed that the higher boiling hydrooarbons form 

peroxides muoh more readily than the lower members. However 

it is unlikely that liquid nuolei play a part in Oxidation. 

The formation and aooumulation of peroxides is believed by 

many authorities to be the origin of knook. Egerton & Gat•• 

(40, 41) Salmoni (43) Dumanoi8 (44) Hoberti (45) and Prettre 

(46} support the idea in some form. Unsaturated hydrocarbons 

form peroxides more ea.ily than saturates yet their knocking 

tendency is muoh less. Mondain, Monvall and Quanqu1n (47) 

did not _elieye that the peroxides themselves caused knook but 

rather highly oxygtnated frasments of moleoules. Peroxides 

whioh are readily split do promote knooking. while those 

similar to the ones formed by ethylenes do not appreoiably 

(48, 49). ~is is in agreement with the suggestion that per­

oxide fragmen's are sctive t and is similar to results obtained 

in reaotion between hydrogen and oxygen (50). 

Rioe (51) noted the relation between knook ratings of 

heptane isomers and the number of moleoules of lower hydro­

oarbons pro4uoed during their thermal deoomposition. ~is. he 

argued, showed tba' knoo" was due to thermal decompo81 tion 

before oxidation. Steele (52) attributed the knook to free hy­

drogen liberated during thermal deoompos1tion before combustion. 

Free hydrogen and lower hydrooarbons reaot very rapidly with 

oxygen and their Ia._a of flame propagat~onare about ten times 

that of gaaoltne-air mixtures. The thermal de.ompos1tion h~. 

been suggested to occur by absorption of radiation (53). 

Ionization and emission of ele.trons ~n the burnill8 oharge whioh 
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sensitize the unburned portion has a&so been suggested aa a 

possible oause of Itnook (54) • 

Moat observers however agree that knook is ca_sed bl aome 

sort of preaensitization of the last part )ot the oharge, ex­

plainable by • ohain reaotion mechanism. Beatty and Edgar (55) 

point out that under the oonditions necessary for a knooking 

oombustion the m1xtJre ia in a orit10al state of composition. 

The end gas is undergoing slow oxidation, in whioh the number 

of chains formed equals the number deactivated. When the tem­

perature and time faotors (p.24) are suoh that knooking oan 

take place ohain branohing ooours, inoreasing the number ot 

aotive products in the end gas, so thAlt when the flame reaohe. 

this region there is almost instantaneous reaotion throughout. 

In a detonation the probability of ohain branohing 1s unity so 

that the ohains multiply in a geometrio progression. Here it 

is supposed that every oollision leads to aotivation of a re­

aotant moleoule, so that the rate of reaot60n is proportionll 

to the speed of moving of ohain oarriers and the flame and 

pressure wave sweep through simultaneousl,. In knooking oom­

bustion the oollision" efficienoy is less than for a detonation. 

Out of all this no really satisfactory explanation of the 

origin of Itnook has yet been advanoed. The knooking sound ia 

likely due to pressure wave impaots arising from sudden re­

action of the last part of tae charge whioh has been presensi­

t1sed. This presensitization probably is the acoumulation ot 

aotive ohain oarriers, highly oxygenated moleoular fragments, 

of extensive branohing of reaotion ohains. Whether the sudden 
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reaotion occurs before or after the flame reaohes the presensi­

tized gases is still a little doubtful. Radiation. ionization. 

and thermal decomposition of the fuel may be oontributory 

faotors to the Knock although this too is doubtful. 

Measurement of Knook 

The higher the oompression ratio in an I.C. engine the 

greater is the power developed from a given amount of fuel. 

It is thus high~y desirable that such an erigine should operate 

at as high a compression ratio as possible. But. however, the 

tendenoy for knock to set in inoreases .with the oompression 

ratio which mOre than offsets the power gain from the increased 

oompression ratio. Also under similar conditions the intenSity 

ot knock of various fuels differs. but the relative audibility 

of knook is not suffioiently sensitive for comparision of fuels. 

Ricardo (56) determined the highest oompression ratio at 

which an engine could be operated without audible knock. This 

was oalled the highest useful compression ratio. Several other 

methods using the audibility of knock have been suggested: Ca) 

the spark advanoe determined at various knook intensities.(57); 

(b) determination of I.R.P. at various rates oZ fuel flow at 

the ~ttle setting for inCipient knook (58); (0) power de­

veloped at throttle opening for incipient knock. at constant 

mixture ratiO. speed and spark (59), In some cases an audio­

meter was used to measure the audibility Of the It:noclt: (60, 61). 

Tamperatures of the oylinders have also been measured directly 

(62) and oompared with standard referenoe faels of known It:noolt: 

rating. Rate of pressure rise in bombs (63), ignition tem­
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peraturea (64) t .... the time to rupture a diaphiagm of known 

thickness (65) have all been suggested. 

In 1928 the Cooperative Fael Research Committee standard­

ized the methods, using a bounoing pin ind1cator (66). A steel 

pin rests on a thin steel diaghragm in direot oontaot with the 

oompustion chamber. When knock oocurs the pin is driven upwards. 

olosing a pair of contaots, thus oausing current to flow in an 

eleotric oirouit oontaining a hot wire element. A tharmooouple 

plaoed near the hot wire element is oonneoted to a millivolt­

meter, the reaiing of whioh varies with the temperature of the 

element and henoe with the !tnook intenSity! The millivoltmete. 

is known as a knookmeter. This merely gives a comparison of 

the knock of a given fael with that of referenoe fuels of stan­

dard knook rating. 

A soale for measuring relative knock rating of fuels has 

been established. The primary standard t~elst upon which this 

soale i. based are iso ootane, a h~drooarbon of high anti knook 

value and normal heptane, a hydrocarbon of low anti knock value. 

Iso octane is assigned an ·octane rating" of 100 and normal 

heptsne O. The octane rating of any fuel is the parcentage or 
i&o ootane t!l~.n@}ixture of N. heptene and iso octane (67) whioh 

matohes the knocking oharaoteristios of that fuel. SeoOndary 

standards are generally used oomprised of a mixture of two 

straight run hydrocarbons. one ot high the other ot low o.tan. 

rating. whiah have been oarefully calibrated against 1so octane 

and nor~l heptane. 

The Ethyl 30 - ~ KnOCK testing engine 1s a one cylinder 

mailto:t!l~.n@}ixture
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valve in head, variable aompressioh engine, fitted with a 

bouncing pin indicator and thermal element knooKmeter. A 

oonstant speed s,nohronous motor is used for starting the 

engine and for absorbing the power at oonstant speed when the 

engine 1sdrnnnimg. The engine is operated at 900 rpm, engine 

temperature 345°F, spark advance 15 degrees, shim thiokness 

0.375 inohes and at a oompression pressure of 130-133 pounds 

per square inoh at full throttle. The oompression ratio is 

maintained oonstant and the throttle set to give almost full 

~noo~eter scale defleotion for any desired differenoe of ootane 

numbers. The air to fuel ratio which gives maximum knock is 

used. Knookmeter readings are determined for the fuel being 

tested and are bracketed by those of referenoe fuels of slight­

ly lower and slightly higher octane rating. The octane rating 

of the test fuel is then determined by linear interpolation. 

The 30B Engiae is now considered obsolete and has been 

replaoed by a variable compress10n engine designed by the 

Cooperative FUel Researoh Committee. The principle upon whioh 

it operates is essentially the same as for the 30B type. 

The specifioations oalled for by the Amerioan Sooiety for Test­

ing l~terials (68) are as follows: speed 900 rpm; spark al ­

vance is automatically oontrolled by the oompression ratio; the 

oompression pressure. at 5.3:1 compression ratio. 1s sei at 114 

~ 2 ps1; the oompression ratio is determined by the test fuel. 

being adjusted to give a knoa~meter soale reading between 55-60 

divisions. Reterenae fuels are used within two ootane numbers 
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on either side. 

The aoourate determination of octane rating variesoon­

81derably with ohanges in oonditions. Henoe the speoifioations 

for testing are always rigidly fixed. T~e outstanding faotors 

are: oompression ratio (69). throttle opening (79). engine 

speed (71), spark timing (72). mixture temperature (71), Jacket 

temperature (71) and intake air temperature (71). KnooJtmeter 

readings must be taken at the air fuel ratio for maximum knook 

(72) • 

In road tests (73, 74) different me Ices of automobiles have 

different speeds, spark timing, mixture ratios and temperatUre 

so that laboratory data do not always oorrelate with road tests 

in any partioular oar. On the average. the present standard 

laboratory conditions agree qui te closely with road tests. 

Knocking Charaoteristics of Various FUels (75) 

. Oonsiderable woet has been done in an attempt to relate 

mOleoular struoture of ~u'£a to their knook taa4enoy. The faot 

that different isomers have radioally different qualities as 

fuels show that struoture is important. For example. 1 hexane 

and oyclohexane, and normal hept,ne and 2, 2. 3 trimethyl butane; 

the latter two are extremes in knock tendenoy. Far normal or 

straight ohain paraffin hydrooarbons thereappeara to be a 

steady increase in blOCK, tendenoy, ftthinoreas. in length ot. the 

1a.Jdrocarbo~v ob.ain. l'his·· effect of inorease in lengl1l alao 

occurs in the csse of branohed hydrooarbons where t~e longest 
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straight chain is considered. Successive additions of methyl 

groups to a oarbon atom ohain results in a regularly deoreased 

tendenoy to knook. Among paraffin isomers the more compaot the 

moleoular struoture, the less is the tendenay to knook. The 

actutl number of oarban atoms in a paraffin hydrooarbon has no 

signifioanoe due to these effeots of ohain lengthening and chain 

branohing. Olefines in general show better anti k:noolt quali ties 

than the oorresponding paraffins. The same effeots of ohain 

lengthening and branching are obvious here. The position of the 

double bond is impDrtant, the nearer it is to the oentre of ta. 

moleoule the less the tendency to knook. The lengt;h of the un­

broken ohain has the same effeot as ohain length in paraffins. 

Cyolio hydrooarbons are superior in anti knock qualities to the 

oorresponding normal paraffins. The presenoe of an unbranohed 

side chain causes an increase in knocking tendency, the effect 

being proportioned,. to the length of the side chain. Branohing 

of the side chain on cyclohexane causes a great decrease in 

knocking tendency; some branched side chain compounds being 

superior in this regard to cyo~ohexane itself. The relative 

positions of two or more side ohains has apparently little 

effeot. A double bond in the ring as in oyolohexenes has the 

same properities relative to cyclohexane as in ethylen10 double 

bond has to straight chain hydrooarbons. Aromatio hydrooarbons 

are superior in knock: tendenoy to the aliphatic compounds. The 

presenoe ot a straight side ohain on a benzene ring decreases 

the knock tendenoy up to a length ot 3 carbon atoms and in­

oreases it thereafter. Methyl groups added to the ring improve 
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the anti ~nOOK value. Para positioned side ohains are superior 

to mets and ortho. 

rhe greater part of the work on molecular struature and 

~nook tendenoy has been done in dilute solution of a standard 

hydrooarbon. due to the diffiault. in obtaining suffioient of 

the pure hydrooarbons for engine tests. However work that has 

been done on pure hydrooarbons agrees well with the dilu*e 

solution effects. 
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IV ANTI KNOCK CO~~OUNDS 

Mldgely and Boyd (76, 77, 78) seeking to improve quality 

of gasolines disoovered a large number of oompounds whioh, 

when added to motor :fuels in small quantities resulted in a 

large inorease in their Knoclt rating. These are oalled anti 

itnook oompounds. Since then a great deal of work has been 

done in an effort to find more effeotive anti knooks. Often 

inoludedun4er this 0·las8 of oompounds are the 80 oalled "non 

knook fuels' These are fuels in themselves of high knoclt rat ­

ing. When added to poorer quality :fuels, the knook rating of 

the blend is increased. Large quantities of these (from 10 ­

60%) have to be added to a low quality gasoline to raise its 

Itnooit rating. Among these non knocking tuels are: .. batflZene, 

terpenes (79), aloohol, Iso - octane, and oraolted gasolines. 

It is diffioult to deoide whether the effeot obtained in a 

blend of a non Itnooking tuel with a knooking tuel is merely the 

sum of the partial etfects at the two, or whether the non­

Itnoolting fuel .lao aots as an inhibitor at the Itnock oaused by 

the other :fuel. There are some indications that non knooking 

fuels do ezert a slight anti Itnook: ef'fect (80). 

The true anti knock: oompounds suppress or greatly deorease 

the knooking, tar out of' proportion to the amount added. • 

large number ot organo-metallio oompounds and many nitrogen 

oompounds are particularly effeotive. There tollows a list of 

the more impomtant oompounds classified aocording to their 

ohemioal struotures. 

1. 	 Nltroien Compounds. 

These are true ant1 knock compounds, the better of these 



(29 ) 


shows measurable effe.t at a concentration as low as 0.1%. an 

amount which can hardly be considered to modify the bul~ con­

oentration of the fuel. The anti-knook effeot 1s not due to 

the presence of nitrogen alone, since some n1trogen oompounds 

(nitro, n1tr1tes, and nitrates) aotually promote ~nooking. 

The effectiven••• apparently depends upon a speoial type of 

lin~age between the nitrogen and the organic ratiosls (81). 

In this class, amines show the greatest effect. Table I 

shows the relative effeotiveness of several amines. Values 

are the reoiprocal of the number of moles giving the same 

anti-~nock effect as one mole of aniline. 

The presenoe of an aromatic linkage to the nitrogen 

greatly increase. the ant1-knook effeat. Side ohains on the 

aromatiC ring also inoreases the effeotiveness. " Seoondary 

amines are 1n general better than primary or tertiary. 

TA:sLE I (Sl) 

Comparison of Anti-Knook Aotivity of Several Amines 

(NUmbers are reoiprooale of the moles giving the same ettect 

as one mol at aniline.) 

Ammonia •••••••• 0.9 Toluidene ••••••••• 1.22 
Ethyl ami ne •••• o. ~O ~xylidene •••••••• 1.4 
Diethyl amine •• 0.50 --.------~-~~~~---------Tr1ethyl amine • 0.16 Monomethyl aniline•• l.4 
Triphenyl amine. 0.09 Monoethy1 aniline • 1.02 
Aniline •••••••• 1.0 Dimethyl aniline •• 0.21 
D1phenyl amine ••1.5 D1ethyl aniline ••• 0.24 

Amides (82), imine. (83), oarbamides f84) and clanogen 

oompounds t85 t 86) haye been shown to have anti-knook pro­

perties. but to a much lesser extent than the amines. 

2. Other Group Five Elements. 

(a) Phospho.ous and arsenic (84). Some of the.e oompounds 
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are known to te oxidation inhibitors, but there is very little 

mention of anti-knook properties. 

(b) Antimo~ «84, 87). Triy,alent antimony acts a8 an 

anti-knook oompound, while pentavalent antImony is a pro-knook. 

Antimony triphenyl and trIohloride are effeotive anti-knooks. 

(0) Bismuth (84. 88. 89. 90). Some bismuth oompounds 

are rather good anti-knooks, e.g. bismuth trimethyl, t~t.thyl 

aDd triphenyl. 

3. Halogens. 

Although halogens, particularly the lighter onea, are 

generally oonsidered to possess pro-knock tendenoies, ssvetal 

balogen COil-POUndS are anti-knooks. Carbon tetra-ohloride (91). 

ammonium halldes (91), alkyl halIdes, partioularly iodides 

(81, 84, 92), ohloro, bromo and iodo naphthalene (91), iodine 

(84, 93) and phenyl halides have all been reported as beIng 

anti-knook oompounds. Iodine oompounds are stated to be the 

best, bromine next. and chlorine the least effective (82). 

4. Sulphur. Selenium, Tellurium. 

Several sulphur oompounds suoh as inorganio sulfide. 

(B4), organio sulphur oompounds and sulphur ltself are anti­

knocks. Selenium compounds have a muoh greater anti-knock 

tendency than sulphur and tellurium more tlan selenium. 
s 

SeleJlt.um 41eth;11(84, 88, 90) is quite gOOd anti-knock and 

selenium diphenyl (84, 88) ia fair. Tellurium liethyl (88) 

is a strong knock inhibitor and the d1phenyl (88) slightly 

less so. 

5. Other Non-metals. 

http:SeleJlt.um


(31) 


(a) Boron (84). Has slight anti-knook effeat. 

(b) Sili.on (84, 91). Silioon tetraeth)l is a fair anti ­

knock. 

6. Metals. 

A great mapy metal compounds, both their salts and 

organo-metallio oompounds, have anti-Knook properties. Here 

the action is identified more olosely with the element itsel~ 

rather than with the type of linkages (88). There has been 

muoh disoussion as to whether unoombined metals have or have 

not anti-knook effect. without a definite conclusion having 

been reached. The mo.t effective anti-knock oompounds known 

belong to this type. 

The lighter metals have been found not to have very 

great effect. Among the potassium compounds, the gallate (92), 

oxalate (84), oitrate (84). ethylate (94), and 10dide (95) are 

effective. However potassium vapar aoting in the oxid. form is 

more effeotive than tetra ethyl lead. Barium carbide (96) 

has also been repo*ted as having anti-knook: properties. 

However. it is mainly the heavy metallic elements 

that possess greatest anti-knook activity. Lead compounds have 

received the greatest attention and it appears that tetravalent 

lead almost always has anti-knock power. while bivalent lead 

oompounds are ineffeotive (84). Lead tetramethyl (90) is quite 

good, lead tetraethyl (84, 88, 90) is the best anti-knook Known 

and has f'ounc1 wide practioal applioation, lead tetrapropyl (84). 

dimethyl d1ethyl (9'. 98) and ma~ others have all been studied 

and found effeotive in varying degrees. 

Iron, cobalt and niokel are also very effeotive. The 
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ca~bonyls are next to tetraethyl lead in activity (84, 88, 90. 

99, lOO, 101). Iron aoetyl aoetone (90) is also .rteotive. 

Chromium phenyl (100) has a slight effect, as has moly­

bdenum oarbon)l (99). 

Tin tetramethyl, tetraethyl and tetraphenyl (84) are 

fairly good. and some of the stannio halldes have also 

been repo*ted as anti-knook (S4, SS. 90, 98, 10!). 

Eompounda of aino (91), cadmium (88), mercury (103, 104). 

oerium (83, 84), thallium (105), vanadium (84) and titanium (88) 

have also been used as anti-knook agents. 

The following tables show the relative effectiveness 

of a number of anti-knock oompoundat 

TABLE .2 (81, 106, 107) 

Relative Effeotiveness ot 
,­

Different Compounds ot the Same Element 

(Number is recip»ocal of the number of mols giving 

the same effect as one mole of aniline) 

Elements It&l CompouDd Ph.Illl ComRound 

Iodine 1.09 0.88 
Selenium 6.9 5.2 
Tellurium 26.8 2.2.0 

TABLE 3 (lOa) 

Relative Anti-Knook Eife.tiveness 

(Reciproaal of tbe number of mols giving the same 

effect as one mol of aniline) 

Lead tatraethyl 118 :ai smuth trimetbyl 23.8 
Lead tatraphaDll 70 Bismuth trietby1 23.8 
Lead diphenyl dimethyl 115 Bismuth t~iphenyl 21.4 
Lea4 diphenyl 'lethyl 109 Stannio chloride 4.1 
Lead diathyl chloride 79 stannic 10d1de 15.1 
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Lead 	 thioaaetata 10 MOllophenyl arsine 1.6 
Cadmium dimethyl . 1.24 !1!:r1phenyl arsine 1.6 
Titanium tetrachloride 3.2 

In all cases where the element is the determining 

faotor rather than the linkage. the ohange trom ethyl to 

phenyl causes at most a 20% decrease in activity (88). !he 

efteotlveaeas varies with.. position in the periodic table, 

inoreaaing down the groups. 

7. 	 Aromatic Compounds. 

In general aromatic oompounds posaeas anti-knook 

aetivi ty; this aotivi t7 decreases w1 th hydrocarbon aide chains 

but increases with hydroxyl or amine groups {lOg}. PheDJl 

ohlol'ide (91). 10dide (84. 93). sulphide (84) mtri.u (80). 

monophenyl and triphenyl arsines (88), diphenyl oxide (84), 

dihydroxy benzene (84, 90), phenol (lOO), cresol (84) and 

quinone (llO, 84) have been reported to possess anti-knook 

properties. 

8. 	 Ketone. and Eater•• 

In general these do not show very great pro- or 

anti-knook activity_ Some ketones (lOg) particularly higher 

ones are eftective. Methyl and ethyl esters, and salts ot 

bori-o. silioio and aoetic acids (91). show some etfect. Some 

of the naphthen10 a01d esters (111). terrocyanio aOidsesters 

(112), the esters of palmitic. oleio. myristio, and laurio 

aoids (84), and potaSSium ~llate, oxalate and 01trate (84) 

are anti-knooks. 

9. 	 Inorgan1 0 Salts. 

Carbonates 01' lead,oopper, ca loium arur SOdium; n1 trates 
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of lead and copper (ll3), hydroxy oompounds (109) and wa ter 

(84) deoreaae knooking. 

Another t,:pe:;. of anti-knook aotion haa been suggested. 

that of coating the inside of the explosion ohamber of the 

oylinder w1 th autlstanoes whioh would suppress k:nooking. Car­

bonates of lead, copper, oaloiua, magnesium, sodium or pataa­

sium, mixed with an inert material such as s11ioa have been 

patented (113). The oxides of vanadium, cobalt and rare earth 

metals espeoially cerium have also teen suggested (114). The 

efficiency of suoh oompounds is low and give rise to ~ny 

meohanical diffioulties such as fouling. 

Some compounds, actually not anti-knocks, are added to 

gasoline in small amounts to preserve the anti-detomnt 

properties of the oracked stock. Aniline, hydroquinone. 

mapthalene and anthr~cene (115) have all been found to prevent 

10S8 of anti-knock properties of a £Uel in atorage. Any anti­

oxidant is effective in thLa regard. 
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11 l?RO-IlNOCK COMPOUNllS 

Little was known of the action of pro-knock compounds on 

fuels unti~ the last two years. Previously these compounds 

were discovered in the search for anti-knock compounds, or 

were suspected of being mntermediate compounds in the com­

bustion of fuels. As in the case of anti-knock compounds 

knocking fuels may be considered in this classification. They 

are merely fuels of a low octane rating. Ethers and aldehydes 

(84) belong to this class and the addition of a relatively 

large quantity of these to a fuel will increase its knock 

tendenoy. 

It has been known for some time that organic peroxides 

{83} were very powerful knock-induoers. These are, of course, 

believed to be intermediates in certain modes of combustion 

of hydrocarbons. Ozone (116) has a pro-knock effect com­

parable in magnitude with the anti-knook effeot of lead tetra­

ethyl. Hydrogen peroBide (83) dimethyl, diethyl, and ethyl­

hydrogen peroxides (83, 29) are among the most powerful; 

ethylidene, acetyl, benzoyl, cetyl end diaoeto perox1des (84, 

117, IlS) only slightly less so. Methyl and ethyl ketone 

peroxides and olefine peroxides are not effective (83, 84, 118, 

119). Several organic nitrogen compounds, especially the 

highly oxidi zed ones t clre quite powerful pro-knocks. The 

aliphatic nitrites (84, 110, 119, 120) are among the best of 

the nitrogen compounds, while the corresponding nitrates (93) 

nitro compounds and the oxides of nitrogen (80, 83, 84, 119, 

120) are much less effective although several have a pro­
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nounced effect. The halogens too. have in .InS D3" oases pro­

nounced knook induoing oharaoteristios. Bromine and ohlorine 

(83, 84, l04) and several organio hallides have been reported 

as pro-knocks. Chlorine and chlorine oompounds have been 

stated to have greater aotivity than bromine and the oorrespon­

ding bromine oompounds. Iodine oompounds are considered to 

have more anti-knock:: than prl.knock tendenoy. 

In reoent years a concentrated study of pro-knook 

aotivity as a war weapon has veen ~de. A preliminary study 

of some 197 oompounds by t~e author (1) was made using a 1933 

ohevrolet engine. Both qualitative and semi quantitative 

determination of pro-knook activity were made, using audi­

bili ty of' knook as the cri teria of effectiveness. Chloropiorin 

was f'ound to oause slight knook at a oonoentration of 3 parts 

per million of air and serious knook at 21 parts per million 

o. air. Iso amyl nitrite, t-butyl nitrite, n butyl nitrite, 

bromopicrin, ethyl nitrate, t butyl nitrate, aceto acetic ester, 

and thionyl ohloride Were effeotive in conDent*ation ranging 

from 4 parts per million for n butyl nitrite to 400 parts per 

million for thioD3"l chloride. Other oompounds which showed 

knooking at higher oonoentration were methylene ohloride. 

butyraldehyde, isopropyl ether, ethyl tert. amylehher, dletbyl 

ether. nitro methane and nitro propane. The effeotiveness of 

nittt••s, nitrates, nitr~ compounds and halogens was noted. 

Sugden (2) in a report on pro-knook aotivity lists oarbon 

disult1de and ohlorine as oausing oonsiderable knooking. 

staoey and Wasson ( 121 ) in an extended study of anti­
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and pro-lcnook: oompounds, found the follow1ng to be powerful 

k:nook: induoers: Nitrites (ethyl, isopropyl and amyl). alde­

hydes (benzaldehyde, and heptaldehyde). methyl nonyl ketone, 

oetyl alcohol, steario aOid, cobalt oleate, petrolatum, th10 

oarbani11de, n1tro 1so-siopropyl-p-toluidine. allyl iso oyanate 

and the ohtooyanate, am~l ether, methyl sulphate, several 

organic metallic compounds (mercury diphenyl, tin tetraphenyl, 

silicon tetraphenyl, zinc diethyl, lead tr1phenyl 10dide, amyl 

mercuric 10dide, and phenyl merouric 10dide, cobalt oleate), 

oadmium bromide and ammonia gas. They concluded that nigrogen 

when present as an organ1c nitrate or nitrite showed pro-knook: 

propert1es, but when present in the amine form show either 

anti-knook: properties or ao effeot. Iod1ne is found to exhibit 

both pro and ant1-knook act!v! ty. 

Lapeyrouse and Lebo (122) list the octane blending im­

provement (C. B. I. ) of some 300 compounds. Here O. B. I. 

equals C - A where C is the octane member of a blend of X 1~ 
X 

the base stock, A is the octane member of' the base stook, ,and X 

is the proportion (fractional part) of the blending agent. 

Compounds showing a high negative O. B. I •.are: 

o - p - ditolyl - , phenylene diamine - 300 

Allyl lsoayanate - 200 

A11phat10 hydroxy amines - 1000 

Zino salt of the diketone C5H,02 • -9 940 

Ferrio salt of the diketone 05H702 - 940 

The ootane blending improvement of ohloropiorin would •• -16'00. 


M1dgely and Henne (34) have reported pro-knook inyest1­
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gations by the National De~enoe Researoh Committee, done on 

c. F. R. ~nook testing engines. The effect of pro knock on 

both leaded and unleaded fuels was tested. Among the more 

effeotive were ( on the basis of a twelve ootane drop): 

Sulphur trioxide 

Nit.ogen ohloride 

Butyl d1ohlorophosphine 

Sulphur ohloride 

1 ohloro 1 nitro propane 

1, 1, d1chloro 1 nitro ethane 

Phosphorous sulphochloride 

Phosphorous tri bromide 

Phosphorous tri chloride 

Phosphorous oxychloride 

:Chlorop1Qrin 

Chiollyl chloride 

_.sul~yl ohloride 

Sulphur tri oxide causes the 12 octane 4ro». on ~ lead­

ed :ruel (5.i6 ml tetra etb71 lead per gallon), at 11 parts 

per million of the a1r oonsumed by the engine; in unleaded 

fuels muoh higher oonoentrations of pro knook are required. 

It appeared that some compounds aoted by neutralizing the 

lead suoh as phosphorous oxyohloride wih1e others suoh as 

isoamy1 nitrite had approximately equal effeot in leaded and 

unleade4 fuels. Sulphur tri-oxide oounteraots lead, but in 

unleaded tuel also has pro knook value. The pro knook aotiv­

ity also varied with the base stook: of the gasoline. .A number. 
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of these compounds duplicate inveatigationa reported herein) 

mention will be made of these in the discussion. 

While not in the olass of pro-knooks, several compounds 

in minute quantities have other detrtmental effeats on the 

operation of automotive equipment. Sugdenls report {2} states 

'hat phosphorous tr1 chloride. phosphorous oxychloride, and 

oarbon tetra chloride caused an engine to stop by gummed pistons, 

or fouled spark: plugs. At the !hbmaa and Roohwalt laboratories 

(123) several res4lns were tound to render gasoline unuaeable 

in Delao Lite engines. Bara dura 10 P, a commercial oil 

soluble phenolic resin at 10 grams per gallon will effectively 

gum the piston of an engine after about one gallon of doped 

fuel has passed through each cylinder. Paradura 367, super 

bechacite 1001, santo resin, chinawood oil. phosphorous tri 

chloride. PN012 and metal napthenate8 are somewhat les8 effeo­

tive. 
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VI THEORIES OF Al\1TI AND PR~KNOCK ACTION. 
The facts to be aooounted for by any anti-knook theory 

are that (a) anti and pro-knook oompounds show oonsiCerable 

effect in very minute quantities. Cb) Compounds having similar 

anti-knook properties have widely different ohemioal oompo.1tion 

and struoture. (0) The ohange from normal to knocking oom­

bustion is abrupt rather than oontinuous. (d) Anti-knook effeot 

at large quanti ties ot non knook fuels. 

Naturally the theories aooounting for anti-knook aotion 

will be olosely related to one or another of the theories for 

the cause of knock. 

Where the walla were assumed to initiate knocking oom­

bustion the aotion of anti-knocks was to deposit on the sharp 

edge. and paints in the oylinder inoreasing their radius of 

ourvat~e and thus making them less oapable of initiating oom­

bustion ahead of the flame (124). ~his however fails to tate 

aocount of ei ther the action at the organic amines aa anti­

knocks or of pro-knooks. In a4dit.on, knooking is found to 

reoommenoe as aoon as gasoline free from lead is used. This 

should not be so aince lead and ita oxides should oontinue to 

cling to the walls. Soul (125) reduoed knooking by coating 

the walls ot the ohamber with carbonat.s or oxides at lead. 

cerium and other elements. 

Corresponding to the radiation and ionization theories at 

knook, anti-knook aotion was explained, by absorption of 

radiation Or eleotrons (126, l27)thus redueing the rate at 
the 

whioh oombustion aoo,lerated. The heavier elements in lower 

right hand corner of the periodic table would be the most 

http:a4dit.on
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effective, and hence would be the best anti-knook materials. 

¥iendt and Grimm found that ion reoombination above a pool of 

benzene was facilitated by tetra ethyl lead, but others (128) 

have found differently. However ionization or absorption ot 

radiation is not generally aooepted as oausing knOOk so this 

explanation of the action of anti-knooks is unlikely. 

]urthermore pro-knooks should thus inorease ionization which 

has not been observed. ~o explanation of aotion of amines is 

advanced. 

The action of anti-knooks has been explained by their 

destruotion of peroxides or highly oxygenated fragments in a 

varie'7 of ways. W~ny assume the deoomposition of lead tetra 

ethyl to metallio lead, the lead forming an oxide or peroxide 

by reaction With organio peroxides present. (129, 130). Som. 

however believe (131, 132) that the lead must first be oxidized, 

the oxide then reacting with the organio peroxide, itself for~ 

ing • peroxide. The properties of a good anti-knook would 

thus be a metal which is oxidized, yet oapable of oxidation 

to a higher oxide and whioh 18 d1spersed throughout the oharge 

so as to be almost vapor. The metal peroxide subsequently re­

generates the metal itself. Organio amines aot similarly, but 

are not nearly' so effeotive sinoe, onoe oxidized t they are less 

readily regenerated. Pro-knocks would facilitate the formation 

of peroxides. Most effeotive anti-knooks would be metals whioh 

readily form peroxides, potassium, sodium, manganese and lead. 

Callendar proposed a theory of anti-knook aotion based 

on his liquid droplet theory of knook (133). Anti-knooks, it 
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oonoentrated in the liquid droplets, either in their original 

form or as a oolloidal metal deposit on the surface wou~d 

prevent these foci from igniting spontaneously ahead of the 

flame. by arresting peroxide fDrmation. This would explain 

the action of anti-knocks in suoh small quantities. However 

the droplet theory of knock is oonsidered very doubtful. 

A n~ber of theories have been advanoed in which the a~ti­

knock aetually aaoelerates aombustt.on. Multiple spark plugs 

are known to deorease knock, so that fine incandescent lead 

partioles in the oylinder would act as multiple miniature spark 

plugs, whioh would cause evener and mor. uniform reaction (134. 

135). Ch!iroll, lfack and Boord (136) and Lewis (:ta '1) however 

attributed the multiple ignition centres, not to inoandesoent 

lead particles, but to the heat of reaotion liberated where a 

lead particle oxidized, which initiated slow combustion uni­

formly throughout the oylinder. The action of organic amines 

would be that their hea t of oxidation aated similarly. Clarlt 

Brugman and Thee (135) suggested that anti-knock: compounds 

o.talyaed an .1~erDative mode ot combustion whioh did not lead 

to the formation of sabstanoes whioh cause knooking. 

£ great many attempts ...' been made to relate anti-knook 

a.tion to the e~teot of the anti-knock: on the spontaneous 

ignition temperature of the fuel. Igerton and Gates (1!9) 

and others found that several anti-knooks raised thtignition 

temperature of the fuel. still others (126, 138, 139) oon­

oluded that no relation was poss1ble between anti-knook action 

and its etfect on ignitiontemperiturea. It is worth noting h 

that the effect or oatalysts on spontaneous ignition tempera­

http:aombustt.on
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ture$ depends to a great extent on the mode of ignition. The 

effect being muoh more marked when a hot wire was used rather 

than a spark. The hot wire would permit alow oombustion to 

ocour before aotual ignition. Sohaad and Boord (138) at­

tributed anti-Knock aotion to the inhibition of pre flame 

combustion. 

Many experiments have been oarried out to determine 

whether it is the anti-knook oompound itself, or the finely 

divided metal partioles whioh aause the anti-knook action. 

Finely divided metal 801s of lead and nickel in the gasoline 

were found to have little if any anti-knook effect (140, 141), 

but tine lead particles in the vapor were found to have an 

effeot equal to th~t of lead tetra etb1l (142). 

From all this no definite anti-knock meohanism may be 

formulated. These compounds appear to dearease the pre­

sensitlzation of the Knooking portion of the oharge, probably 

by deoreasing the number of the aotive ohain carriers formed, 

by an oxidation, re4uction meohanism. However it is possible 

that the different classes of anti-knook oompounds, 6.e. org~no 

metallios and organic amines ~y act by enti.ely different 

mechanisms. The aotion of pro-knooks appe••s to be by an in­

orease in number of aotive ohain aarriers, causing exoessive 

chain branching. 
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The 1nvestigation oonsisted tssentially or determining 

t~e ootane drop oaused by various oonoentrations of a oompound 

added to the air intake of, or 41sso1ved in the gasoline used 

in a knook testing engine. The ootane number of the gasoline 

itself was rirst determined and then the rating of the fuel 

with the pro-knook added. The ootane drop was determined by 

the difference of the above two readings. Several oonoeatra­

t10ns of pro-knook were used 10r eaoh oompound. 

For this, an Ethyl Knoot ,esting Engine Type 30B was 

available. Although this engine is oonsidered obselete for 

aoourate tuel testing, it was found to be quite satisfactory 

for these investigations where absolute octane ratings were 

not requited. Perhaps not as oonvenient for routine lab­

orator7 tests, this maohine is still quite satisfactory. Re­

sults obtained in ohecking the octane numbers of gasolines 

agreed olosely with those determined by the oompany whioh 

supplied the gasoline. Also data on pro-knook aotivity as de­

termined on this engine agreed olosely with that from other 

laboratories using the more modern Cooperative FUel Researoh 
,> 

Engine under Amerioan Sooiety for 'esting ~terials speoif­

ioations. 

The gasoline used for these determinations was an 80 
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o~t~ne leaded aviation ~uel of 72.6 ootane cracked base stook, 

as supplied to the R.O.A.F. by Ihell 011 Company. It was 

used ohiefly because 1t was the gasoline of the highest oatane 

number that oould oonveniently be used wi thout modifioation of 

the 30B Engines. A leaded gasoline was used sinoe these would 

be met in field applioations. Referenoe fuels were those speo­

ified and supplied by Standard Oil Development Company. 

The ohemisals used as pro-knooks came from a variety of 

souroes. M8~ were synthesised in these laboratories: in 
and 

partioular the nitrites, nitre brom methanes, and ohloro­

picrin. Others were supplied by various manufaoturers of 

fine ohemioals, the ohemioally pure oompounds being used. 

Sinae it was desired to express the oonoentrations of 

pro-knooks as parts by volume per million of air consumed by 

the engine, the air oonsumption of the engine was determined. 

For this a 200 oubio foot per minute gas meter was a ttaohed 

in series with a 45 gallon drum as ballast tank, tb the air 

inlet of the engine. One inch diameter rubver tubing and iron 

piping oonneotions were used. The resistanoe of the 

oalibration apparatus was always less than four inohes ot 

water, as measured by a simple U type water gauge. Measure­

ment of the rates of air oonsumption at various throttle open­

ings were made. The graph of air Donsumption in oubio feet 

per minute against throttle openi~ is given in figure 2. 

The oonditions ot operation of the engine were as tol10ws: 

At full throttle suffioient shims were inserted to give a oo~ 

pr.ssion pressure of 136 pounds per square inoh; the throttle 
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was set at 18 deErees, this partioular setting giving • 

oonveniently wide linear range of knookmeter readings for a 

ten ootane range. This setting was determined by taking knook­

meier readings over a ten octane range at various settings ot 

the throttle and knoo~eter rheostat. Engine speed was main­

tained constant at 900 rpm and a spark advanoe of 15 degrees 

was used. Spark plugs were th08e p2••or1bed, the spark gap 

being 0.026 inohes. The bounoing pin oontaots were maintained 

approximately .007 inohes apart, but were adjusted from time 

to time to maintain the wide knookmeter range at the 18 

degrees throttle setting. 

The standard method of determining the o.ttane rating of 

a gasoline requIres about two hours per determination and 

ratings are expressed to 0.1 of an octane number. However in 

this oase absolu~e octane ratings were not required, and 

aoouraoy to to.5 of an ootane number was suffioient. Henoe 

a more rapid method was determined whioh was quite satisfaotory 

for these investigations. ~e average time fora determin­

ation was recluoed 1;0 less than 'en minutes. 

The method oonsisted essentially in 081i brating the 

knootmeter soale. However a simple oalibration of ootane num­

ber against knookmeter read1ng was not .8t1stlotory Since, 

under oonstant engine oonditions. the knookmeter .reading is 

not always consistent for a single ootane rating. However 

for two fuels of different octane ratings, the difference in 

the knookmeter defleotlons tor the fuels WS$ oonstant to 

w1 thin one s081e division. For example tor two fuels of 
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oatane numbers 70 and SO respeotively the tnookmeter read­

ings, ta~en alternately might be SO, 50; 7S. 48; 82. 53. 

The differenoe in knockmeter reading is 30 1 for the ten ootane 

range. A range such as this waS readily obtained by suit­

able a4~.stment of bouncing pin contaots, throttle and knook­

meter rheostat as stated previously. A typioal oalibration 
, 

1s shown figure (1). The detailed prooedure of a determination 

was: 

(1) The 80 octane fuel used in these tests was stand­

8rdized by the usus 1 A.S. T.M. method using standard referenoe 

fuels (only for new orders of gasoline). 

(2) The knockmeter reading for this ~el WaS then 

determined • 

. (3) A knookmeter oalibration graph was established 

using standard referenoe tuels over the desired range. 

(4) The knockmeter readings tor several t••ta u8ing 

an adulterant were taken. Before and after eaoh of these 

the knock:meter reading tor the SO oatane fuel was checked. 

The octane change tor eaoh of these was then readily de­

termined from the graph. 

{5} ~rom time to time the calibration graph was oheok. 

ed u8ing a standard referenoe fuel. The position of the ourve 

might have changed very slightly over a period of time. The 

newly dete~*tn.4 position would then be used as the 

oalibration graph for the next few deteeminations. 

All readings were taken at the air-tuel ratio whioh re­

sulted in maximu..rn knook. 
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Fig. I, T~plcal CalibrationCurve 
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Si~oe gaseous, liqui4 and solid oompoun~s were used. 

various teohniques were require. to admit theit vapours into 

the air inlet of the engine. 

The liquid oompounds were generally handled by bub­

bling a small atr stream through the oompound•• This air 

atream then joined the air ts leen into the ensine. In some 

cases the liquid had to be heated or oooled, and in all oases 

the small air stream had to be perfeotly dry. 

About five 00. of the liquid 'IIaa p1aaed in a pycnometer E 

(figure 3) whioh was then olosed with groun4 glass oaps and 

weighed. The pyanometer was then placed in the set up as 

shown. Air was taken from a oompressed air line and passed 

into a 45 gallon drum to smooth out minor pressure ohanges in 

the line. Part of the air from this drum, the amount oon­

trolled by adjusting outlet Kt was then passed through a long 

oaloium ohloride tube and over phosphorous pentoxide C to 

dry it well. The air flow was measured on a dibutyl phthalllate 

flowmeter D. The air was bubbled through the liquid in the 

pyonometer E and then into the air inlet of the engine, oarry­

ing the vapor of the liquid with it. If the oompound was too 

volatile, an ioe or lae-salt bath was placed around the 

pyonometer. If it were a high bOiling point oompound, the 

pyonometer was heated eleatrioally. In this latter oase. the 

inlet tube G was also eleotrioally heated throughout its 

lenit.;. to prevent oondensation of the vapOUl' there. The 

ooncentration of the vapour in the air entering the engine 
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was oontrolled by varying the air flow as measured on the 

flowmeter. 

The air .as blown through for ten minutes, and the knook­

meter readi~ at maximum knock air-tuel ratio was found 

during this time. A stop-watoh was used to time this interval. 

The pycnometer was then removed, caps put on, and reweighed. 

From the 10s8 in weight of the pycnometer and the air oonsUMp­

tion the oonoentration in number of parts of oo~poun4 8S 

vapour per million of air was de*ermined. 

At least five such determinations were made tor eaoh 

compound and the data thus obtained was plotted, octane drop 

vs. Gonoentration, on a semilog graph paper. The conoentration 

necessary to give a ten oatane drop was determined trom this 

curve. 

A siulilar technique was used for handling solids wi th 

an appreoiable vapour pressure. For these~ a horizontal 

type of pycnometer was used (figure 3). The dried air was 

passed above the compound and into the engine. If heating 

was required to increase the vapour pressure over the compound, 

the tube was plaoed in a heating ooil. 

Compounds which were gases at room temperature were 

haIdled in a different manner. They were added by their direot 

dilplacement by an iner; cempound from a SUitable burette 

attaohed to the inlet tube (f1gure 4). In most oases meroury 

was used as the displacing medium, but in caaes where the 

meroury reaoted with the gas. e.g. for ohlorine, conoentrated 

sulphur1a aoid WaB used; with still other gases, a high 
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boiling saturated para~fin hydrocarbon was used. 

The vessel containing the gas was attached to A (figure 

4), and t~. apparatus evacuated through E. Then the 

gas was admitted into the burette until the ~ressure was 

about atmospheric, and stopcook A was closed. Final ad~uatment 

of the pressure to atmos~heric was done by moving the level­

ling bulb D. stopoook F was then opened and varying tlows of 

the dis~laoing liquid were admitted into burette, the rate 

bei ng oontrolled by the sto~oook C. The rate was measured by 

noting with. stop-watch the time ~or 5 or more 00. to be dis­

plaoed. 

For gases that were better than about thirty parts per 

million tar a d*op of ten oatane, it was necessary 'to pre­

viously dilute them with dry air, and the mixture was dis­

plaoed from the burette. 

In solution work. tive cc. of the liqUid was diluted 

to 500 QC. with gasoline. A quantity of this stook so~ution 

was then taken and diluted to 200 cc. This fuel was then 

teated in the engine and the knoc~eter reading recorded. In­

creased tuantit1ea of the stook solution were diluted to 200 

co. and lenocmeter readings taleen until a ten or more ootane 

drop was noted. 

ihen solids .ere used in solution wo.t, a weighed 

quantity was 4issolved in 50000. o~ gasoline and this waa 

used as a stook solution from whioh oiher dilutions were made. 

The gasoline used in all this work was 80 ootane 

aviation fuel. This fuel _as made f~m a base stook of 73 

oatane plus lead tetraethyl. 
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RESUL!S 

!he concentration necessary for ten ootane drop ••s 

the point used to oompare the reJa,t1ve effeotiveness ot the 

oompounds tested. Those oompounds that were tested in sol­

ution were oalculated as parts per million of a1r by using 

the relationship that 1000 00. of gasoline, whioh was oon­

sumed in two hours, was equivalent to 3960 ou.io teet ot air 

whioh was oonsumed in the same time. The results are arranged 

as near as po~sible into 8roups of related compounds. The 

graph of ootane drop vs. oonoentration in parte of oompound 

as vapour per million ot air is also given in the aooompaDl­

ing figures. 

1. Butyl Nitrites. 

~. p.m. for 10 ootane drop 

m Butyl nitrite 82.5 
Isobutyl nitrite 107.0 
Sea. butyl nitrite 8S'.0 
Tert. butyl nitrite 95.5 

fhe oomplete graphs for these oompounds are shown in 

figure 5. Normal butyl nitrite has the lowest required 

oonoentration. Branohing of the ohain aeems to inorease the 

required amount. The isobutyl nitrite ourve seems to be 

displaoed more than the slight difterence in oonfiguration 



(57) 

of the ohann oould aooount for. Compaotness of the moleoule 

deoreases Icnooking tendeno1~ simler: to that disoussed 

under knooking charaoteristios of fUels, and properties of 

anti-knook Opd8. 

2. 	 Amyl Nitrites. 

TABLE 1) P. p.m. 

N Amyl nitrite 62.0 
Isoamyl nitrite 63.0 
Tert. a~l nitrite 92.0 
Nitrite of seo. butyl oarbinol 92.0 
Nitrite ot diethyl oarbinol 93.0 

Figure 6 shows these ourves. Again the normal is the 

best. Branohing at the end of the chain as in isoamyl 

n1 tri te does not appear to have much effeot. Branehing near 

the nitrite group has the greatest etfeet. There would appear 

to be an optimum branohing effeot above whioh inoreased br~noh­

ing has little or no effect. 

3. Hormal Paraffin Nitrites. 

TABLE 6 p~ 	p,m~ 

n Propyl nitrite 125.0 
n Bo.tyl nitrite 82.5 
n Amyl n1 tri te 62.0 
n Ootyl nitrite 45.0 

From table 6 and Figure 7, it is apparent that pro­

knook quality improves with ino~eased length of oarbon 

ohain, at least to the eight membered oarbon chain. Figure 8 

is the plot of number of oarbon atoms in the ohain vs. the 

conoentration for ten ootane drop. This ourve seems to be­

oome asymptotio to the 20 p.p.m. line and does so around the 

l6 membered o.Q.ain. 
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4. Bromine a Dd Ni tro SUbstituted M.ethanes. 

!l!ABLE 7 

Tetra nitr~ methane 88.0 
Bromonitro methane 21.15 
Monobromo trinitro methane 15.7 
.D1 bromodini tro methane 11.4 
Tribromonitro methane 8.2 
(Bromopicrin) 

The ourves for these are shown in figure 9. Tetra-

nitro methane 1s muoh better than nitro methane (a value fOr 

this obtained by extrapolating the curve of figure14. would 

be above 300 p.p.m.). Also monobromotrin1tro methane 1s 

better than monobromomononitro methane, giving some indication 

as to the effectiveness of the nitro radical. But the baomin. 

radioal has considerably more pro-ltnock: effe.t than the nitro 

group; the pro-knock effect of the nitrt groups can almost be 

neglected compared with the bromine. ]~gure 10 shows the 

concentration in.parts per million for ten oatane drop vs. 

number of bromine radioals. This curve would have a greater 

slope if the nitro groups were not present on the moleoule. 

5. Chloro-nitro Substituted Paraffins. 

TABLE 8 

B Ghloro-2 nitro propane

1 Chloro-l nitro ethane 

Tricllloro ni tro methane 

(Chloropicrin)
1,1 Dichloro-l nitro ethane 

These are shown in figure 11. It appears that the 

radioals are moat effe.tive when on the end oarbon atoms, 

for in ta'le 6, inoreased length of oarbon atom ohain oaused 
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inoreased pro-KnooK activity. w~ereas here the 1 ohloro-l 

nitro ethane is tar better than 2 chloro-2 nitro propane. 

1,1 diohloro-l n111.,0 ethane is better than triohloro nitro 

metbane whioh is rather surprising. Evidently the increased 

lengflh at ohain has a greater pro-Knook effect than the thtl'd 

ohlorine radioal. 

Bromine oompounds appear better than the oorresponding 

ohlorine oomp0tlnds. bromopiOl'in is nearly twll*e as powerful 

a pro-Knoole as ;ohloropiorin. 

6. Halogena aId Ha11des. 

fABLE 9 

Iodine 56 (app1'ox)
Chlorine 40.0 
Bromine 16.2 
llydrogen ohlo1'1de 30.0 
Iodine triohloride 10.8 

In the table 9 and figure l~. bromine again appears 

to be the best pro-knook among the halogens tested. ~. 

value tor io41ne is only apprOXimate due to oondensat1on of 

the iodine in the intalee p!pe. Halogen ha11des •••m to be 

a good grou' to investigate further. 

'1. Halogen SUbstituted Methane•• 

fABLE 10 
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Methyl ohloride 196 
Methylene ohloride 68.0 
Chloroform. 4••0 
Carbon tetrachloride 33.0 
Difluoro-dichloro methane (freon) 126 

Tlble 10 and figure l' shows the efteot of inoreased 

substituttoG of the hldrogens of'methane with ohlmrine. This 

is further shown 1n figure 14 where the relationship of number 

of ohlorine atoms on the methane base is plotted against the 

ooncentration required for ten ootane drop. 

Fluorine here has lea. pro-knock effect tAtn ohlorine. 

The two fluorine radicals on difluoro diohloro methane in­

crease its stability whioh mal explain the fact that it 1s not 

as effective as dlohloro methane alone. 

8. 	 Chlorethanea. 

T4BLE 11 

Ethyl chloride 156 
Ethylene dichlori4e 78.0 
l,l.2-Triohloroethane 56.0 
l,l,StB-Tetrachloroethane .0.0 
Pentaohl.oroethane 2'1.0 
Hexaohloroethane 16.4 

Figure 15, and figure 16, the ourve of number of 

chlorine atoms on an ethane stem vs. concentration in parts 

per million for ten ootane decrease. again show the eftect 

of substitution of the hydrogen of a paraffin with a ohlorine 

radioal. 

9. Oxychloride. (figure 17) 
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TABLE 12 

Th.1onyl ohloride 15.1 
SeleBaam oxychloride 8.3 
Phosphorous oxychloride 7.'1 

The oxychloride group appears to have a very great pro­

knook effeot. 

10. Arsenio, Antimo~ and Phosphorous Halides. 

Phosphorous tri:t"luoride 3••5 
Phosphorous triohlorid6 8.i 
Phosphorous pentaohloride 6.5 
.Arsenic trifluoride 11.0 
.Arsenio triohloride 5.8 
Antimony pentachloride 6.1 

The ootane drop-oonoentration ourves tor these are 

shown in figure 18. 

Tba ohlorine radical is again better than the fluorine 

radioal. p»obably due partly to the increased stability of 

the :tluori"e.~ .l:reetq.o trioh.loride :Ls the best pro-knook 

yet investigated. Inoreased halogen substitution again in­

oreases the pro-knook: aotivity, a.f. phosphorous triahloride 

and phosphorous pentaahloride. 

11. nscellaneous (Good Pro-Knoak Aotivity) (Figure 19). 

!ABLE 1& 
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Methylene bromide 
Oxalyl chloride 
Sili'con tetrachloride 

48.3 
45.1 
23.0 

Sulphur chloride 10.6 

The bromine radical is here shown to be better than 

the ohlorine radical since metbylene chlori~e required 68.0 

p.p.m. 

Silioon tetraohloride is better than carbon tetra­

chloride whioh required 33.0 p.p.m. Here again this may be 

due to the decre,sed stability and ease of hyd~ollsts ot 

silicon tetrachloride. or it may be tbat silicon is a better 

pro-k:nook: than oarbon. 

12. Miscellaneous (Poor pro-knook: Activitr) (Figure 20). 

TABLE 15 

Sulphur hexafluoride 195 
n Butyl th10nitrite 130 
Boron tritluoride 115 
Cyanogen bromide 113 
Ethyl sulphite 100 
Trichloretbyl nitrite 76.0 

n Butyl thionitrite is not as good as n butyl nitrite 

(82.5 p.p.m.). Triohlor.etiLyl nit:rite is better than ethyl 

nitrite. A value for ethyl nitrite obtained by extrapolation 

of figure 4 is about 220 p.p.m. Ethyl aulfite is better tban 

the nitrite or the chloride and so a longer ohained sulfite 

might be quite an effeotive oompound. 



( 75) 




( 76) 



(77) 


13. CompouDda with No Pro-Knoa~ efteat. 

TABLE 16 

Nitrous Oxide no efreot 
C;yanogen no efteot at 600 p.p.m. 
n Butyl borate no etfeat 
Aaa~ol no effect 
Nitrous oxide no efteat 
Triphenylohlo~methane 
(only slightl;y soluble) no effeat at 0.076% 
Butyl'aldehycle no erteat 

!fable 1'1 presenta the result of wort done in solution. 

~e results are pr••entet in parts per thouaaDd b;y volume ot 

gasoline and in terms of parts of vapour per million of air 

oonsumed, using the relation atated in the first paragraph 

of this seotion. 

In this solution wor~ a gasoline leaded to 80.6 oatane 

from a 73 ootane base stoa~ was used. This leaded gasoline 

reaated in many aase. with the oompound added before the 

"doped" gasoline had entered the engine. This was parti ­

aularly notioeable with the ohlorides whiah aaused a preaipita­

t10n of the l.ad. As the lead doe. not precipitate out im­

mediately in most oasea but may require as lons as twelve hours. 

the octane deore,se would depend on the time between preparing 

the stook solution and using it. The results are ot use in 

determining the effect of sabotaging gasolinea. when suffiaient 

time has been allowed. but if any reaation ooaurs between the 

gasoline and the adultrant outside the engine, they are not of 

v_lue in determining the eftect of use in an air barrage. It 
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would appear that the effect ot adding the oompound in the air 

stream and in the gasoline is about the same it no reaotion 

ocours. 

Some metal naphthsnate8 of unknown moleoular weight 

TABLE 1'1 

Results of Solution Work 

F.p.t. F.p.m 
ot when 

.I.dultrsnt iuel Remarlta P.p.m••'41.4 
by 'oalau- to. ai:' 

volume la ted stze.m 
~" ; ". I' 

.. ~~ 

Chloropiorin 0.6 causes taint 01oudines8 12.0 15.0 
Bromopiorin 0.'1 ,.1nt oloudiness 13.0 8.2 
Dibromo dinitro methane 0.7 No visible ohange 15.0 11.4 
1,1 dioh10ro-l. 

ni iro .thane 0.'1 No viai bie ohange 12.0 12.4 
Trinitl'o bromo methane 0.9 No visible ohange 17.0 15.'1 
Silioon tetrachloride 0.9 Slignt 0010rle88 ppt. 16.0 23QO 
Phosphorous oxyohloride 1.2 Browniah ppt. 26.5 '1.'1 
Seleniumoxyohloride 1.5 Brownish-yellow ppt. 43.5 8.3 
l-ohloro-l-nitro ethane 1.6 No visible effect a6.0 28.8 
Fentaohlorethane 1.6 No visible etteot 27.0 
carbon tetraohloride 1.9 No visibleefieot 40.0 33.0 
fetraohlol'oethylene 2.1 No visible efteot 41.5 
Tetrachloroethane 2.1 No visible eftect 40.5 
I-Chloro-8-nitro 

propane 2.3 No visible effeot 41.0 91.4 
1.2 Diohloroetbylene 2.4 No visible etteot 63.0 
Chlor0 f'orm 2.5 No visible atteot 62.5 40.0 
Tert-butyl ohlorlde 2.5 No visible etfect 45.5 
Diobloromethane 2.9 No visible etfeot 68.5 
1,1 t I-tr1ohloroetha na 3.1 No visible etteot 6'1.0 55.0 
Tetranitro methane 3.5 Greenish oolour 58.5 98.0 
n-Butyl n1trite 3.8 Greenish oolour 67.0 82.6 
NItrotorm 4.8 Greenish oolour; part

did not dissolve 101. 
Isoamyl n1 tri te 5.0 Greenish oolour '14.5 63.0 
n Ootyl nitrite 5.8 No visible e~feot 62.5 45.0 
Monoohloroethane 5.8 No visible effeot 156 
Ethyl sulphite 9.2 No visible effeat 143 100. 

caloulated usiEB an aRproximate density. 


were investigated in solution. The res-q,lt..s-ere..ahown in 
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table 18. They were found to gum up the piston rings and 

valves very badly and to oause a heavy formation of carbon 

in the oylinder, neeessitat1ae frequent overhauling of the 

engine. 

TABLE 18 

Metal Naphtb.nates Investigated in Solution 

Metal 
Naphtru.D4 t. 

Cobalt 
Z1nc 
Copper
Manganese
Chromiu.m 
Iron 
Mercury
Lead 
Magnes1um
Potassium 
Vanadium 
Nioltel 

ootane decrea.e 
caused by 

adding 0.3 gram 
per 100 0.0. 

1.5 
0.8 
2.3 
1.8 
412 
3.0 

16.0 
0.8 
1.2 
insoluble 

10.0 
3.3 

Ootane deorease 
adding 0.03 gram 

per 100 a.c. 

1 • .15 
0.0 
0.8 
1.2 
1.1 
0.0 
2.5 
0.3 
0.0 

in gasoline
1.8 
2.0 

ootane deare.se 

addins 


0.003 gram per

10000. 


1.0 
0.0 
0.4 
0.8 
0.8 
0.0 
0.0 
0.0 
0.0 

1.1 
0.3 

http:deare.se
http:Naphtru.D4
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DISCUSSION 

Tae beat oompounds for in4~a1ng tDDQ~. on the basis of 

a ten ootane drop from an 80.~ ootane l ••ded aviation gaso­

line have been found to be: 

Compound Parts per mil110n 
ot air tor 10 

structural formula 

oet!ne drop. 

Diohloro methyl arsine 3.8 

Caoodyl ~hlor~de 
(143) 

Lewisite 

Arsenic tri-brom1de 
(143) 

Arsenic tri chloride 5.8 

Antimony penta chloride 6.1 

Phospho.ous penta ohloride 6.5 

,Cl
Phosphorous oxy ohloride 7.8 o • P-Cl

, Cl 
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Phosphorous tri chloride 8.5 

Inspeotion of the chemioal formulae of these oompounds 

indioates that compuunds of arsenio, antimony and phosphorous 

are highly effeotive as pro-knooks. espeoially if halogens 

are also present in the molecule. It is possible that a 

oonsideration of the elements constituting, and the proper­

ties of, the effective pro-knock compound would lea4 to a 

prediction ot types of cliemical compounds which would be the 

most etfective for induoing knock. The most effective elements 

appear to be in groups Vt VI, and VII of Mendaleetts periodio 

table. The members of group Vt when present in the molecule 

as an eleotro positive element appear to oaUS8 greatest pro­

knook effeot. Arsenic 1s partioularly effeotive in this 

respeot. The halogens also exert a powerful pro-knook action, 

V elements as are also thel1lvel.ements. other groups have 

bromine being the most effeotive. Group VI elements suoh as 

oxygen anA sujlphur are somewhat less effeotive than the.f group 
g;rou.p 

little or no pro-knook aotivity. 

In oonsidering the groups themselves, in many oases the 

pro-knook activity shows an optimum moleoular weight in 

going down the group. With the halogens bromine is the most 

effeotive. chlorine and fluorine deoreasingly so. Iodine is 

also less effective than bromine. This is true not only for 

the elements tJ:J.emselves bp.t is obvious in most ot their com­

pounds: bromopiorin is more effeotive than ohloro and fluoro 

pior1ns,arsenio tri brQmide is more effeotive than the tri­
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ohloride or the tri fluoride·. In group V the aotivi ty in­

creases. as indioated by their halides. from nitrogen to 

arsenio and decreases with antimony and still more with 

bismuth. In group IV silioon tetra ohloride i8 more effeo­

tive than oarbon tetra Chloride. From the study Of the 

napthenates it is possible that meroury and vanadium might 

be rather effeotive. Among other radioals which are effective 

the nitrites whioh are much less effeotive than the corres­

ponding ha11des but are more effeotive than nitrates or nitro 

oompounds. Ethyl sulfite appears to be more effeotive than 

ethyl nitrite from extrapolation of the graph in figure 8. 

Thia nitrites are much less effective than the corresponding 

nitrites. The thiooyanate radioal has much greater effect 

than the 1soth10oyanate although neither are very effective. 

Butyl borate had no effect. Oxychlorides are also very 

effective and are the same orier as the chloride itself. 

The successive substitution of a halogen for a hydrogen 

as in metfuane and ethane causes increase in the pro-knook: 

aotivit1_ The substitution of a nitro grouR for one of the 

halogens increases its ef'fect1veness conSiderably as in 

. chloro and .romo picrins although tetra nitro methane itselt 

1. s much less effective than carbon. tetra chloride. Sub­

stitution of a methyl group for one of the halogens as in the 

choro arsines result in increased pro-knock: a.tivit1. 

Among the ohlorides and nitrites, inoreased length of 


the hydrocarbon chain increases the effectiveness of the 


compound. However this effect is more pronounced with the 
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nitrites than with the chlorides as shown below. 

Conoentration for 10 ootane dro~ (P.~.m 

Nitrite Chloride 

Methyl 300 x 195 

Ethyl 200 x 156 

Heptyl 49 x 88 

'( Xli extrapola ted or interpola ted values. 

Branohing the hydrooarbon chain deoreases the effectiveness 

of the butyl and amyl nitrites. This oorresponds to the 

observations of the knooking oharaoteristios of fuels whioh 

also inorease with ohain length and deorease with ohain branoh­

ing and the inoreased compactness of the moleoule. Aromatio 

oompounAs are not yery effective pro-knooks whioh oorresponds 

also with the knook tendenoy of aromatio fuels. 

On the basiS of this evidenoe it seems that a oompound 

of the formf 

Br 
/ 

C ­
\ 

Br 

might be exceedingly effeotive as a pro-knock. 'oompound 

such as this oombines the pro-knook effeotiveness of several 

of the best oompounds studied. It oontains arsenio t several 

bromine atoms, a methyl group and a nitro group_ It would 

probably be a solid (if at all stable) and might have to be 
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modified unless it is possible to use solids dispersed as a 

smok:e. Synthesis of, and tests with oompounds of this type 

are projeoted for the near future. 

Although suffioient data are not available to postulate 

a mechanism of pro-knock. activity some generalizations may 

be made in addition to the disoussion of the effectiveness 

of elements as related to their position in the periodio table. 

Work: on both leaded and unleaded fuels has indioated that some 

oompounds such as phosphorous oxychloride appear to aot 

entirely by counteraoting the tetra-ethyl lead (3). 'i th 

others suoh as iso-amyl nitrite similar effects are observed 

in both leaded and unleaded gasolines. MaDW however appear 

to aot bo*h by oounteraoting the tetra-ethyl lead and on the 

fuel itself. For most of the oompounls studied here some 

effect was shown on the tuel itself sinoe the base stook was 

only eight ootane lower than the leaded fuea. The effeot on 

the fuel itself appears to depend to a large extent on the 

nature of the base stook: i.e. whether cracked or straight run 

eto. 

Attempts to relate the relative pro-knook: effeotiveness 

of various oompounds to other properties of the moleoules, 

suoh as heats of formation and oombustion, were limited by 

insuffioient data of this nature. However a relation has been 

found between the eonoentration requi.ed tor a ten ootane drop 

and that required to give optimum reduction in the halt-

time value in the rate of oxidation of butane (144). 

http:requi.ed
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The results obtained in these investigations are in 

aocord with those of othere (8, 121, 122) both in the general 

variation with ohemioal structure and in the aotual values ot 

the results obtained where oomparisons are possible. 

Whether the use of pro-knooks as a weapon in ohemioal 

warfare is praotioal, oannot be stated. Estimates of the 

octane drop required to render an aeroplane engine inaotive 

vary, and no quantitative data is available. It is essential 

that this should be determined betore any real estimate of the 

value of pro-~nooks in military taotios oan be made. It 

field trials demonstrate that the aotion of a pro-knock can 

in faat, hinder the operation of military motorized equipment, 

at least of oertain types, it would seem perfeotly justifiable 

to seek still further for oompounds of increased pro-knoak 

aotivity. 
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INTRODUCTION 


The 1ntroduct10n of the serv1ce resp1rator as a defence 

aga1nst tox10 gases, stimulated the study of the dynam1c sorp­

t10n of gases by charcoal. Early work was done empirically to 

estimate the protective power of the respirator. MOre recently 

the attempts have been made to predict the protect1ve power 

from the physical constants of the gas and charcoal and the ex­

perimental conditions. From these previous investigations a 

number of theories of dynamic sorption have been postulated. 

An apparatus has been designed in this laboratory (1) 

to follow continuously the amount of sorption, the temperature 

rise at various pOints in the charcoal bed, and to collect 

samples ot the sorbate passing out ot the charcoal beds. This 

apparatus permits a correlation of temperature rise and other 

sorption data at various rates ot air flow, moisture contents of 

air and charcoal, concentrations of the sorbete to be studied, 

and at various depths of the charcoal bed. 

It is the purpose of this 1nvestigation to obtain data 

using this apparatus on the sorption of butane and ammonia on 

charcoal, which has been found difficult by other methods (2), 

and to correlate this data with that of other investigators in 

the light of the various theories of dynamic sorption which have 

been proposed. 
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I Static SorptioB in Gaseous Systems 

At any gas-solid interface the oonoentration of gas 

has been found to be highest in the immediate vicinity of the 

solid surface. The gas is said to be adsorbed by the solid. 

Many workers prefer to use the word sorption rather than ad­

sorption and use the term adsorption to refer to a particular 

type of sorption. This phenomenon has been noticed and inves­

tigated for a long time and 8 considerable amount of data is 

available for various sorbents and sorbates (3,4). The first 

quantitative relation between the amount of gas taken up by the 

solid and the experimental conditions was that with the pressure 

of the gas in equilibrium with the solid. The classical isother.m 

x.kP 

was a modified nenry!s law expression for solid solution, for 

sorption, of the tor.m: 
. lln 

(l) 

where x is the amount sorbed, P is the pressure of sorbate. k and 

n are constants. This relation was found to agree with ex­

perimental values at lower pressures, but not at higher pressures. 

The best relation yet postulated was that derived by Langmuir (3), 

considering a unimoleoular layer of sorbete on the solid: 

x = aP (ii)
1 {. bP 

where a and b are constants of the sorbate and sorbent. The 

amount ot adsorption was also tound to vary with temperature. 

Sorption has been investigated trom temperatures a few degrees 

above abs~lute zero to very high temperatures. At lower tem­

peratures the amount of gas taken up by any sorbent was greater 
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than at higher temperature. Titoff (6) and Miss Homtray (7) 

tound a linear relation between the logarithm of the amount 

sorbed and the temperature. The temperature ooeffioient is 

quite high; a few degrees differenoe in temperature makes a 

large differenoe in the amount of sorption. In taot it is 

tho~ght that for some sorbates a different meohanism of sorption 

predominates over different temperature ranges. Different gases 

under similar oonditions have been found to sorb in greatly 

different amounts on the same solid (8). The amount of sorpt1on 

has been found to be in the order of the oondensib1lit1es or 

boiling points of the sorbates. It has also been related to the 

van der Waals oonstant "a" of the sorbate. The order of sorbab­

i11ty of various gases remains muoh the same from one sorbent to 

another (9), but the magnitudes of the sorption vary from almost 

infin1tesimal amounts to quite large amounts. Activated Charcoal 

has been found to be one of the better sorbents tor most materials. 

The nature of the surface of the sorbent 1s important in deter­

min1ng its sorption capacity. Charooal, for example, may be 

aotivated by heating to a high temperature or by soaking in a 

solution suoh as zino ohloride. Studies of the rate of sorption 

have indicated that it ooours very repidly at first, then de­

oreases rather sharply to approach the equilibrium value whioh 

may take months or years to reach (3,4). Heat is always evolved 

on sorption. The heat of sorption for additional inorements in 

the pressure of the sorbete deoreases steadily. Lamb and 

Coolidge (10) have given a relation: 

b q =ax
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Attempts have been made to relate the heat ot sorption to the 

lateat heat of vaporization of the sorbate, and to the relative 

reactivities ot the sorbates (10,11). The heat of sorption is 

nearly always greater than the latent heat of vaporization, and 

for any partioular family of oompounds, i.e. the paraffins there 

is a relation between the reaotivity and the heat ot sorption. 

In mixtures of gases one or other has, in general, been found 

to be sorbed preferentially to a greater or less extent, and the 

presenoe of one gas sorbed on charcoal lowers the sorption of a 

seoond (4). 
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11 Mechanisms ot Sorption 

The manner in whioh a solid such as oharcoa1 takes 

up a sorbate is probably by one or more ot several mechanisms. 

A tew of the more common meohanisms are: 

1. 	Adsorption (proper) (3,4) - The sorbate is held at the 

surface of the sorbent by residual valenoe bonds. There 

appears to be two different types of adsorption: van der 

Wa.1 t s adsorption in whioh gas molecules are held by the 

electrostatio foroes of attraotion between mo1eoules of the 

sorbate and the sorbent; and chemisorption where there are 

aotual chemical bonds formed between the surface atoms of 

the sorbent and the sorbate molecules. Two main theories 

of adsorption have been postulated. Polanyi suggested an 

adsorption potential exerted by the sorbent whioh decreased 

with the distanoe from the sorbent. However, agreement with 

the experimental results is not good and even Po1anyi him­

selt has abandoned the theory. Langmuir postulated a 

unimo1eoular layer of sorbate on the surtaoe of the sorbent. 

From this he derived his isotherm, which agrees with experi­

mentally determined values very well. 

2. 	Capillary Condensation (3 oh. 16) - The vapor pressure ot a 

liquid in a oapillary is much less than on a flat surfaoe. 

Hence it has been postulated that sorbed vapors held by the 

oharooa1 are condensed to liquid drops in the capillary p()res 

and other surface irregularities of the sorbent. This un­

doubtedly does ooour and in some oeses may be the governing 

meohanism but in most oases it is merely an additional 

phenomenon. 
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3. 	Solut1on 1n Adsorbed Water - Actually th1s 1s not sorpt1on 

but 1n many cases charooals have been known to remove gases 

trom the1rsurround1ngs, bysolut1on of the gas 1n water 

adsorbed on the surface of the oharooal. 

4. 	Decompos1t1on by Water - Some gases l1ke phosgene are de­

composed by hydrolys1s 1n the water adsorbed on the surface 

of a sorbent. 

5. 	Decompos1t1on of the sorbate may be oatalysed by 1mpregnants 

1n the sorbent. The products of the decompos1t1on m1ght 

then be sorbed by one of the other mechan1sms. 

A study ot the exper1mental results has 1nd1oated that 

two or more of these meohan1sms may be operat1ng s1multaneously, 

one or other predom1nat1ng depending upon the cond1tions. Th1s 

1s certa1nly ind1cated by extremely large temperature ooeff1c1ents 

ot sorpt1on and by the nature ot the rate ot sorpt1on ourves tor 

many substanoes. 
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III Blnamic Sorption 

In dynamic sorption studies a mixture of the sorbate 

in an inert carrier, suoh as air, is passed over a oharcoal bed. 

The rate at which the gas is taken up depends upon the rate at 

which it is supplied. The governing rate tactor may be either 

the actual process of sorption or the diffusion from the air 

stream to the charcoal surface. Thus the presence ot the oarrier 

gas may interfere with the true adsorption velocity. However 

dynamic studies enable efficiency as well as c~pacity data to 

be studied. The sorption should increase linearly with time 

(the rate of supply) and should reaoh a point when the charooal 

ceases to be 100% efficient in removing the gas. The weight­

time curve will then slope off gradually to a horizontal straight 

line, at which time the charcoal is in equilibrium with the gas 

stream being passed over it. 

MOst dynamic stUdies to date have been carried out with 

oharcoal to estimate its protective power in removing toxic 

gases from air in service respirators. The time at whioh a 

given charcoal ceases to be 100% efficient in removing the toxic 

gas trom an air stream is used as an estimate ot the protective 

power of that charcoal under the given experimental conditions. 

This time is called the breakdown or servioe time. 

Theories ot Dynamio SorRt1on 

Out of all the work done on dynamic sorption, there 

are only two main treatments of the data and meohanism. Denby, 

Davoud, Everett, H1nshelwood and Lodge (12) in England, starting 
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trom purely theoretioal oonsiderations developed a theory from 

whioh equations oould be derived for the various measurable 

quantities. Meoklenberg (13,l4) assumed that the sorption 

took plaoe by oapillarY,oondensation and derived formulae on 

this basis for the quantities desired. 

1. The Theorl 01' Danbl et al 

This theory was first developed in a simple form for 

rough oomparisons and was followed by a more rigorous mathe­

matioal solution of a partial differential equat~on. 

In the simple theory, the oonoentration of the gas 

over the oharooal was assumed to deorease exponentially with 

length and to inorease exponentially with time, viz: 
_ k 1 kb! 

o = Goe -r- •. £ (1ii) 

where k is a measure of the rate of sorption, L the linear flow 

rate, b the rate of exhaustion of the oharooal,Co the initial 

ooncentration of the sorbate in .the gas stream. and C the oon­

oentration of the gas after passing through a length 1 of the 

oharooal, and tor a time T. From this is obtained an equation 

for the servioe time Tt : 

Tt = ~ [ ~ - AeJ (iv)
CoL 

where No is the number of active oentresper co. of charooal, 

A the total length 01' the charcoal bed, and ~the "oritical 

length". The critioal length was detined as the distanoe that 

a deteotable amount of gas travelled through the bed before 

being removed from the air. Above this length there would be 

a linear relation between the servioe time and the bed length. 

In the more detailed theory the fundamental equation 



for the reD10val of a gas in an absorbing oolumn: 

.}c (v)
Cli 

was used. where L is the linear flow rate t d~lthe rate of oon­

oentration ohange of gas in the air stream, with length, c\Y~t 
the rate ot oonoentration ohange with time, and ~~t, the rate 

ot sorption ot the gas by the oharooal with time. It was 

assumed that the rate of removal of the gas was proportional to 

the oonoentration of gas in the air stream, 0, and to the number 

of aotive oentres per oc. of oharooal, No. This gave: 

(vi) 

It is also assumed that eaoh aotive oentre was made up of N 

active oentres of unit aotivity, BJ. One centre of unit ao­

tivity was assumed to be destroyed eaoh time a moleoule of gas 

was sorbed by the oharooal. Substituting equation (v) in 

equation (vi), and Sllving, yielded equations tor oritical 

length and servioe time: 

o _ (vii) 

1 
T' • In (e kNo/L -1) -1n ~o/c' -1) (v111)

kOo
Rearranging these equations to the torms: 



(10) 

NoTt =- [ A ~Ae] 	 (ix) 
CoL 

- NoTt [~~ ~ ] (x)- Co L Lc 

1Tt =- [kNO -ln~J (xi) 
ctkCo L 

it 	was predicted that the servioe time would vary: 

(a) 	with the speoific properties of the charooal as 

with k and No 

(b) 	linearly with the oolumn length 

(c) 	with the reciprocal of the flow rate L 

(d) 	with the reoiprooal of the initial concentration 

00 when 00 is very small. 

The oritical length ~ should vary with the log of the initial 

oonoentration Co- For carbon tetra ohloride, nitrous fumes, 

arsine and hydrogen sulfide the service time relations agreed 

with those predioted. 

From the Simple theory the conoentration of the sorb~ 

ing gas should fall otf exponentially with the length of the 

charcoal bed. 

c =Co e -kl/L e KbT/L 	 (iii) 

At various times t 1 , t 2 , etc. the gradients would be as those 

shown in figure l.,.bere oonoentration is plotted against 

column length. A similar figure would be obtained tor the 

amount of sorption along the bed. From the more detailed theory 

the concentration ot the gas in the gas phase falls ott aocord­

ing, to the relation~ 
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and 	the gradients are shown in figure 2 for times to. tI, t2, 
, c 

t3' etc. It may be seen that the gradient changes shape from 

to to t4 and moves along the bed at oonstant rate and shape 

thereafte.r. The existenoe of the service time may be seen from 

these curves. If c t is the conoentration of gas required to 

give a test, when the first traoe of gases extending beyond 

the column length is detected, the time oorresponding to that 

gradient is the servioe time Tt. 

2. 	The Mecklenberg Theory 

Mecklenberg visualized a charooal bed atter a gas 

stream had been passing for some time as being divided into 

three parts: 

(a) 	A length next the front surfaoe saturated with gas. 

(b) A "workingft 	length in which the gas was being taken 

up, and 

(c) A length not yet reaohed by the gas. 

Mecklenberg concerned himself with the investigation of the 

working length. 

He assumed that the gas was being taken up by the 

oharooal by oondensation in the oapillaries of the oharooal. 

He further assumed that he was dealing with a "mathematical" 

charcoal whose capillaries were of uniform and oonstant oross 

section, and that the gas diffused out of the air stream and 
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into the oapillaries with a velooity similar to that given 

by Nernst for 8 heterogeneousreaotion: 

~o DF ( .)-_ 0_0 (xiii) 
~t 6 

in which c is the partial pressure of the gas in the air out­

side the oharooal capillaries, ot is the vapor pressure ot the 

toxic gas inside the capillaries, D is the diffusion ooeffioient 

of the gas in air, F is the outer surfaoe ot the oharooal grains 

per oc. exposed for the diffusion, 6 is the thiokness of the 

gas layer sorbed on the oharooal grains, and t is the time. 

Using this and the above assumptions he derived 

equations for the service time Tt and the dead length h: 

(xiv) 

00h = J... (kQ.,n-l [In Co-Ct _ l (xv) 
DJ' . -vr Ox-C' Co-C~ 

where k' is the maximum amount ot gas sorbed per cc. of char­

coal under the experimental conditions, ~ is the cross seotion 

of the charooal bed and L its length, V is the linear velooity 

of the air stream over the charooal, ~YiS a co~stant relating 

to the thickness' of the layer of gas adhering to the surfaoe of 

the oharcoal k~ is that portion of the cross section of cell 

not actually filled with charcoal, ex is the minimum de­

tectable concentration of the gas, andn is a constant. 

From equation (xv), Mecklenberg was able to predict 

that the dead length h was: 
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(a) 	inversely proportional to the square root of the cross 

section, ~, 

(b) 	directly proportional to the diameter of a single 

charooal grain a, 

(c) 	direotly proportional to the square root of the rate 

of flow of the air stream, V, and 

(d) 	directly proportional to the logarithm ot the 

initial concentration, Co. 

These were all confirmed by expertment by Mecklenberg himself 

and Engel (15). 

Shilow, Lepin, and Wosnessensky (10) determined the 

amount of chlorine sorbed by different sections ot a charcoal 

bed under different experime~tal conditions. They found that: 

00 X Tt = constant (xvi) 

where 00 is the initial concentration, and Tt the service 

ttme, for Chlorine concentrations from 0.66 to l.36~. Meck­

lenberg (14) applied their data to his equations for the 

service time as a function of 

(a) 	the diameter and length of the charcoal bed 

(b) 	 the velocity and initial concentration of the 

gas stream 

(c) 	the capaoity and specific surface of the charcoal, 

and, 

(d) 	 the vapor pressure of the sorbate in the capillaries 

of the charcoal. 

In each oase good agreement was obtained between the predicted 

and experimental values. 
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Dubinin , Pairshin, and Pupuirev (17) investigated 

the service time of short charcoal bed lengths, using chlorine 

and found that there was some proteotive aotion with bed 

lengths shorter than the "dead length". They concluded that 

the "dead length" was purely a mathematioal fiotion and that it 

had no physioal signifioance. 

Meoklenberg explained that, at the beginning~ of a 

run there would be no liquid in the capillaries of the ohar­

coal and in oonsequence the term C' in his equation would be 
. 

zero. This would ohange the conoentration term in his equation 

to: 

ln~ -1 (xvii) 
Cx 

As the gas is sorbed, ct would inoreas.e gradually to its 

maximum value Co- In the service time - bed length plot, this 

would cause the service time to deorease linearly as the bed 

length decreased until at some point it would ourve in toward 

the origin and cut the bed length axis at a much shorter 

distance than the extrapolation of the linear portion of the 

ourve. Mecklenberg ohecked this behavior using chloropicrin. 

ohilow, et al (16) construoted a series of gradients, 

at different times, along the charcoal bed, from their data on 

the sorption of ohlorine. A reproduction of their diagram 

is shown in figure (3). They found that those representing 

the early penetration of the charcoal bed by the gas such as 

OP, ~, and OR different in shape to those at later times as 

represented by OA, OB, OC etc., and were gradually built up to 
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this shape whioh remained oonstant as the gas penetrated 

further into the oharooal bed. They further noted that during 

this building up period the gradients deoreased from the point 

o whioh represented the initial oonoentration of the gas 

stream as it oame into oontaot with the surfaoe Of the oharooal 

bed. When the gradient was oompletely formed it moved at 

oonstant velooity through the bed. They also pOinted out that 

the areas O~J OQR, eto. inoreased up to the area OAB and 

thereafter remained oonstant. 

From equation (xv), Meoklenberg derived an expression 

for the falling ott ot the oonoentration of the gas in the air 

stream along the oharooal bed: 

n-l 
.5 

.j. 0' (xViii) 

where S is the distanoe along the bed. l~is is shown graphi­

oally in figure (4) by the ourve CDE. This equation predioted 

that the "taIling off" ourve would be ot the shape of that at 

the beginning of the bed, i.e. OP, or as shown in figure (4), 

ODE. The oharooal bed from the front surfaoe up to 00' would 

thus be oompletely saturated. 

Meoklenberg oonsidered the prooess ot the sorption 

of a gas by a oharooal bed as divided into two parts: 

(a) 	The building up of the sorption gradient or working 

length to its oonstant shape. This, he said, was 

the length of bed neoessary to reduoe the oonoentration 

ot the gas in the air stream from its initial value 

to the "threshold" oonoentration. He defined the 

threshold oonoentrat'ion as that required to give the 

ohemioal test used in determination of service time. 
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, 

(b) 	The movement of this gradient, once it is built up, 

through the charcoal bed with a constant linear 

velocity. 

He then considered the process in detail. Suppose 

the air stream entering the bed is divided into differential 

amounts, 1, 2, 3, etc., and the charcoal bed divided into 

differential layers a, b, c, etc. It the differential amount 

of air, 1, is considered: This amount of air enters the layer, 

a, of the charcoal bed and an instantaneous equilibrium is 

set up between the gas and the charcoal, as predioted by the 

sorption isotherm. This will remove a large part of the gas 

from the air stream. The air taen moves on to layer band 

the remaining gas comes to equilibrium between the air and 

charcoal, and some more gas is removed from the air. This 

process continues until at some layer Sl, the concentration 

of the gas has fallen below the threshold value. When the 

differential amount of air, 2, enters layer a, only a small 

amount of gas is taken up by the charcoal to set up a new 

equi~ibrium since layer, a, has a large amount of gas sorbed 

from the passage of 1. The second threshold value is reached 

at layer 52. As the process continues each particular layer 

of charcoal will take less and less gas from each successive 

differential amount of air that passes over it. Finally, at 

some time, t XJ when a differential amount otair, x, enters 

the bed, layer, a, beoomes saturated and the sorption 

gradient has reached its full length and extends through the 

bed to some layer Sx. The next differential amount ot air will 

saturate layer b and the gradient for this will extend one 
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layer past Sx. The gradient then moves through the bed with 

oonstant velocity. 

For the first differential amount of air the front 

trace of gas has moved through the oharcoal bed from the front 

surface to a point S, during the differential t~e interval. 

When the second differential amount of air enters the front 

trace of gas moves a distance 52 - 51, in an equal time in­

terval. By the time this gas reached Sl, its concentration 

has been considerably lowered in passing over the partially 

saturated charcoal in that section, so that the distance 

82 - Sl must be shorter than the length Sl_ Similarly the 

distanoe travelled by the front trace of gas for the third 

amount of air, S3 - Sa is less than Sa - Sl- Thus the tront 

trace of gas moves through the charcoal with a constantly 

decreasing velocity, reaching a oonstant minimum velocity when 

layer a becomes saturated. Shilow et a1 confirmed this 

behavior with chlorine at conoentrations of 2.13%. 

Until the sorption gradient is completely built 

up, the oonoentration of the gas at the front surfaoe of the 

charcoal is the initial ooncentration, 00' of the gas in the 

air stream. 'l'his conoentration falls off along the charooal 

bed as indioated. Thus the gradients in this region must 

extend from the point 0 in Shilow's diagram (figure 3)_ 

To explain the ohange in shape along the bed to the 

form EDA (figure 4) Mecklenberg pointed out that: 

(a) a "mathematical" charooal had been assumed whioh 
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possessed oapillaries of uniform and oonstant 

cross seotion, and 

(b) 	Nernst's diffusion law had been assumed to hold 

for the diffusion of the gas from the air stream 

to the oapillaries. 

In aotual fact the oharooal oapillaries are neither ot uniform 

nor oonstant oross seotion, but that there are some whioh are 

muoh smaller than the average and some whioh are larger. The 

smaller oapillaries result in the shortening of the bottom 

part of the gradient from DE to DiL.. The larger ones, whioh 

were assumed not to till as rapidly as the remainder, are not 

saturated as they should be if equation (xv1ii) were to hold. 

The result is that the curve is distorted toward the form EDA. 

In addition he assumed that ohlorine would be displaoed from 

the outer layers by the air stream, being resorbed further 

along the bed. This aots in the same direction as the effeot 

of the larger oapillaries and further distorts the ourves so 

that when oonstant conditions are reached the gradient 'IOuld 

have the form EDA rather than CDB. 

Effect of Experimental Conditions on Sorption Data 

From these theories of sorption the variation of 

sorption data such as service time, dead length, and sorption 

capacity with experimental condItIons has been predicted. It 

is interest1ng to summarize these predictions and to see how 

they have been verified by experiment. 
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1. The service time - This has been defined as the time. from 

admission of the gas stream to the charcoal, until a sensitive 

chemical test indicates that the sorbate is present in the gas 

stream which has passed through the bed. Its dependence on 

the experimental conditions, has been predioted, from the 

theories of Mecklenberg and Danby et al as follows: 

(a) Variation with bed length - A linear relation has been 

predioted by both theories. Mecklenberg further predioted 

that as the bed length was decreased the graph would curve in 

toward the origin and cut the bed length axis at a Shorter 

distance than the extrapolation of the linear portion. Many 

investigators have found this to be true: Shi10w et al (16) 

and Dubinin et 81 (17) tor ohlorine; Danby et al (12) for 

hydrogen sulfide, carbon tetra ohloride, nitrous fumes and 

arsine-~ Meck1enberg for chloropicrin (14); Syrkin and 

Kondraschow (18) tor vapors of carbon disulfidej pyridine, 

isobutyl alcohol and dimethyl ethyl carbinol; Izmailov and 

Siga10vskaya (19) for the vapors of benzine, n heptane, 

phenol, napthalene and carbon disulfide; and Ruff (20) for 

solutions of acetic acid and phenol in water. 

Dubinin (21) expressed the relation in a different 

form: 

(xix) 

where ~ is the ooefficient ot protective action and ~the 

proteotive time loss due to the very rapid penetration of the 

gas at the start of a run. 
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Shilow et al (16) deduoed the relation: 

h.= (xx) 

where h is the dead length,7' the initial loss of time of 

proteotive aotion and J the ooeffioient of' proteotive aotion. 

These latter two equations may be related with the 

help of figure (5). The ooeffioient of proteotive aotion is 

the slope of the linear portion of the servioe time - bed 

length relation and the proteotive time loss is the interoept 

of the extrapolate.d linear relation on the negative servioe 

time axis. 

(b) Variation with flow rate - Both theories predict a linear 

relation between the service time and the rec1procal of the 

flow rate. Danby et al postulate a critical flow rate above 

which there is an ~ediate breakdown of the oharooal bed. 

This latter however has not been verified experimentally, 

although good agreement has been found with the predicted linear 

relation. 

(c) Variation with the oross-seotion 01' the bed - The Meoklen­

berg equation (xiv) indioates a direot linear relation whioh 

has been verified by his experiments. 

(d) Variation with the physioal oonstants of the oharooal -

Danby et al prediot linear variation of the servioe time with 

the diameter of the oharooal grains and oonfirmed this, by 

experiments with arsine and carbon tetra ohloride. Meoklen­

berg pr~qi9ted and found similar results. 
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(e) Variation with initial concentration - Danby et al noted 

the difficulty of predicting the variation of service time with 

initial concentration from their theory, but stated that at 

low initial concentrations the service time should vary,as the 

reciprocal.of the initial concentration. They found this to 

be true for ars1ne, carbon tetra chloride and hydrogen sulfide. 

Shilow et al also predicted this and confirmed their prediction 

by experiment using. chlorine in concentrations from 0.66 - 1.36% 

2. The dead length 

ThiS, as has been previously mentioned, is a means ot 

measuring the residual activity of the charcoal at the .service 

time. Some investigators (12, 16) have attempted to give it 

a physical significance as previously mentioned while others 

(14, 21) have claimed that it is merely a mathematical fiction 

~n1~h enables the prediction of the service time - bed length 

plot over the linear portion. Mecklenberg has, however, shown 

that there is a dead leng~h, which is,however, different from 

its original interpretation as a length below which there is 

an immediate breakdown. Several relations are obvious from 

the theories, as well as from an equation developed by Allmand 

(22): 

h = (::o:i)(+)\ 
where ~ is a ooefficient peouliar to oharcoal and vapor IS 
the fraction of the entering concentration of. the vapor trans­

http:reciprocal.of
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mitted at the service time, V the volume of air flow per unit 

time, A the cross sectional area of the charcoal bed, d the 

average diameter of a charcoal granule, and Ko a constant 

equal to (liT)!. 

(a) Cell and charcoal constants - The dead length has been pre­

dicted to vary with the reciprocal of the cross-sectional area 

of the charcoal bed and directly with the diameter of the 

charcoal granules. Mecklenberg and Engel have confirmed these 

relations using chloropicrin. 

(b) Flow rate - Mecklenberg from equation (xv) predicted that: 

X V I-nh : const. (xx1i) 

where n is a constant which 1s usually about 0.5 so that the 

dead length would vary with the square root of the linear 

velocity. From equation (vii) of the ._11 treatment the 

dead length should vary linearly with the flow rate. Engel 

has confirmed its dependence on the square root of the flow 

rate. 

(c) Initial Ooncentration - Eoth theories from equations (vi1) 

and (xv) predict a linear relation between the dead length and 

the logarithm ot the initial concentration. This was confirmed 

by experiments on chloropicrin by Mecklenberg and on chlorine 

by Shilow et al. 

3. SOTRt1on Ca»acitx 

In static systems the sorption capacity of a given 

charaoal depends on the ..mo.leaular weight and boiling pOints of 
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the sorbing gas. Engel noted that this was true also tor 

dynamio systems. 

Not muoh attention has been devoted to the actual 

sorption oapacity of charcoals in oomparison to that given to 

the service time and the dead length. The volume aotivity ot 

a oharcoal has been used however as an indioation of its pro­

tective power. It is measured by sorbing carbon tetra chloride 

under the given experimental oonditions until it is detected 

in the effluent stream. 

The Volume Activity. Ino,rease in 18i5ht ot the oharooal x 100 

volume of charooal 


(xxiii) 

In the Danby et al treatment of the dynamio sorption 

o~ gases, the sorptive capaoity of the oharooal is expressed 

in terms of a oapaoity constant No. the number of aotive oentres 

eaoh ot which is capable of removing one moleoule of sorbate, 

and a rate oonstant k which determines the rate of removal of 

the sorbate from the gas stream. These are assumed by the 

theory to be independent of faotors suoh as initial conoentration, 

flow rate, etc. 

In Mecklenberg's service time equation: 

(xiv) 

k is the maximum amount of sorbate whioh the charooal is 

oapable of taking ~ under the experimental conditions. He 
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investigated its dependence on the initial concentration, and 

tound that it tollowed, tor chlorine, the Freundlich isotherm: 

k = (i) 

where a and bare oonstants a • 8.38 and b = 0.164. 

Rutt (20), tor liquids in aqueous solution also found 

that the a4sorption isotherm expressed the relation between 

the sorption capaoity and the initial conoentration. 

Syrkin and Kondraschow (18), trom purely kinetic oon­

siderations deduced a tormula tor the amount sorbed, cl by the 

entire charcoal bed at any time I •• 

A 
log = 0.434 KT (:xxiv) 

.l ~ 0 

where A is the maximum amount ot gas capable at being sorbed 

by the charcoal under the given conditions, and K is a oonstant 

which was tound to vary with temperature aooording to the 

relation: 
10 

K' "., .:',. 
r - .:!1.- !2!]. (xxv) 

KT2 
where '7 is the temperature coef.lioient. They tound that their 

tormulae held tor the vapors at carbon disulfide, pyridine, 

isobutyl aloohol, dimethyl ethyl carbinol over the temperature 

range 10 - 1000 e. 
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The experiments disoussed in this thesis were done 

to obtain numerioal data for the sorption of butane and am­

monia under various oonditions, and thus to test further the 

relations given by the theories of Danby and of Meohlenberg. 
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EXPERlMENTAL 

Apparatus 


The apparatus used in these investigations consisted 

essentially of a charcoal cell mounted on one arm of an analy­

tical balance, to permit the sorption to be followed by weignt 

as a function of time. Provision was made for measuring the 

mixture of air and sorbate admitted to the, and for sampling and 

analysis of the effluent gas stream from the cell. This type 

of apparatus was first described by Pearce (1) end was used here 

with m1nor mod1fications. 

A detailed discript10n ot the apparatus may be sim­

p11fied by cons1der1ng separately the following systems: air, 

sorbete, charcoal, the cell itself, the effluent gas stream and 

the. analysis. Figure 6 shows the apparatus diagrammatically. 

A detailed sketch of the cell 1s shown in figure 7 and the ana­

lyt1cal apparatus is shown 1n figure 8. 

Air was introduced from a compressor to a 4~ litre 

ballast volume Vl (figure 6). The ballast volume el1minated 

the small pressure variations which oocurred in the line. Since 

oarbon dioxide is appreciably sarbed by charcoal, it was re­

moved from the air stream with three soda lime tubes A oonnected 

in series. Water vapor was also removed, in four oalcium 

ohloride drying tubes B, and three sulfuric aoid bubblers C 

in series. This system could be used to obtain air of any 

desired humidity by adjusting the concentration of the acid in 
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the bubblers. The present study was confined to the use of 

dry air, hence concentrated sulfuric acid was used. The rate 

of air flow was measured with a rotary wet test meter D:. filled 

with butyl~halla~eJ inserted in the line between the ballast 

volume and the soda lime tubes. Setting of the flow rate was 

facilitated'by a calibrated capillary flowmeter Ml of the usual 

type. Butyl phthallate was used as the manometer fluid. Re­

gulation of flow was accomplished by a blow oft valve Kl, which 

consisted of a screw clamp on a short length ot rubber tubing, 

for rough adjustment, and a metal needle valve Nl tor tiner 

control. The air could be admitted to the cell, to the con­

ditioner or to a tume hood as deSired, by stopcooks 61 and 62 

and 63 • 

The sorbate was admitted directly trom the storage 

cylinder E. It was dried over tour calcium chloride drying 

tubes, F" in series. Atter passing through the 50 litre 

ballast volume V2. the sorbate. entered the air stream through 

the stopcook 84. Rough regulation ot the flow was obtained 

by a scratch on the stopcock while f1ner control was accomplished 

by adjusting the needle valve Na on the cylinder. The tlow 

rate was measured by the calibrated capillary flowmeter M2 

containing butyl phthallete as the manometer fluid. Stopcocks 

S5 and Se allowed the sorbete stream to be admitted to the 

air stream or diverted to a fume hood. The whole sorbate system 

could be evacuated through the stopcock 87_ 

The charcoal was oonditioned in a stream of dry, 

carbon-dioxide-tree air in the conditioner G. whioh was con­

structed trom a pyrex tube about a toot long and two inohes in 
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diameter. It was heated electrically, and insulated with 

asbestos. A slide wire rheostat, regulating the ourrent, per­

mitted the temperature to be oontrolled. The oonditioner was 

mounted above the oell and at a slope of about thirty degrees 

with the horizontal. The ground joint Jl allowed the oonditioner 

to be removed for refilling, which was done through the ground 

joint Ja. at the upper end. The. air stream for conditioning 

entered through the stopcock S9' and was released through the 

stopcook SlO, on the upper end. The oonditioner was oonneoted 

to the ground joint J l , by a short length of rubber tubing 

provided with a screw olamp K2. 

The charooal was allowed to fall into the oell from 

the conditioner, by opening the screw clamp Ea and gently 

tapping the oonditioner. Since the charcoal always dropped from 

a constant height, the packing of the granules in the cell was 

constant, as shown by the faot that reproducibility 01' the 

results was readily obtained. No moisture or oarbon dioxide 

could contaminate the conditioned oharcoal, sinoe it only oame 

into oontaot with dry, carbon-dioxide-free air, after being 

conditioned. 

ne charooal cell itself (figure 7) oonsisted of a 

piece of glass tubing 4 om. inside diameter and 21 om. long. 

A brass oap was fitted over the top and sealed to the glass 

with de Khotinsky cement. A seotion of thin brass tubing 1.5 

om. in diameter and 7 om. long was soldered through the centre 

of the cap and extended down into the cell. A brass ring 

about a quarter 01' an inoh Wide, with small prOjections on 

each side was sealed around the outside 01' the cell at the 
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bottom. A detaohable brass cap, similar to the one at the top 

was maohined to fit snugly around the brass ring, and oould be 

drawn against the bottom of the ring to form an air tight seat, 

by oblique slots operating over the projeotions on the ring. 

A length of brass tubing extended downward trom the oentre of 

the brass cap. 

The charooal was supported on a oiroular diso of metal 

gauze of the type generally used in respirators. To allow the 

air to flow treely out of the oell this gauze diso rested on a 

ring ot glass tubing about half an inoh in height. The cell 

was marked oft in oentimeters so that the depth of oharooal 

in the oell oould be Varied from one to five oentimeters. Two 

thermooouples Tl and T2, were inserted into the oell, through 

the bottom, the positions of the junotions being altered as 

desired. The thermocouple wires were oopper and oonstantan 

Band S gauge number 28. They were ooiled loosely outside the 

cell and oonnected to fixed binding posts, so as not to interfere 

with the weighing. Temperatures were measured on a Cambridge 

unipivot millivoltmeter with s thermal scale. 

The cell was suspended by a light ohain from one arm 

of an analytical balance adapted for this purpose. To allow the 

cell to move freely and to prevent escape ot any gases from the 

oell, the brass tubes dipped into oups oontaining butyl phth.llste. 

These oups were attaohed to the inlet line at the top by a ground 

joint 13 and to the outlet line at the bottom. The weight of 

the empty oell assembly was about 200 grams. 

Where·greater aocuracy was desired, and where 

equilibrium weights were suffio:1ent, a mod1fied cell was used 
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(figure 70). This was made from a piece of pyrex tubing 

fitted with ground joints at either end. The charcoal rested 

on a piece of gauze as in the previous 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 had the advantage that it could be 

readily removed, when suffioient time had been allowed for 

equilibrium, sealed with ground joint oaps, and weighed ao­

curately on an analytioal balanoe. 

The gas stream leaving the bottom of the cell (here­

after called the effluent stream) passed through one arm ot a 

T tube to the fume hood. A short length of glass tubing to 

oontain test papers oould be inserted in the exit line if 

desired_ To sample the effluent stream, evaouated pipettes 

were oonnected to the other arm of the T tube, to whioh a 

oapillary tube was attached, the bore of the oapillary being 

such that the bulbs filled at a rate less than the rate of 

gas exit from the cell. In this way only the effluent stream 

was drawn into the pipettes. 

The analysis of the effluent stream was oarried out 

in the apparatus shown diagrammatically in figure 8. The 

sample pipette H was supported at an angle of about 30 degrees 

and the gases were displaced from the bulb with mercury trom 

the reservoir L. 

For butane analysis, the gases trom the bulb, atter 

mixing with dry oarbon-d1oxide-tree air, were passed through 

a quartz tube ~ about three feet long and one-quarter inoh in 
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diameter. This quartz tube was heated tor about one toot ot 

its length in an eleotrio turnace P, to a temperature of 

10000 0. A rheostat and an ammeter were used to maintain the 

temperature. The carbon dioxide tormed during the combustion 

was absorbed in standard sodium hydroxide solution in the ab­

sorption tube R. For effioient absorption a sintered diso 

bubbler V, of the type shown in the tigure was used, and a tew 

drops ot butyl alcohol added to reduce the surtace tension ot 

the solution so that a tine foam was obtained. The oxygen 

stream purified by passing through soda-lime tube W, was re­

gulated to give about three inohes ot foam. Standard aoid 

was used to titrate the exoess sodium hydioxide, using phenol­

phthalein as indicator. 

For ammonia, the apparatus used was slightly different. 

The ,mmonia displaced from the bulb was absorbed directly in 

standard aoid after mixing with a dry oarbon-dioxide-tree air 

stream to obtain the necessary degree ot toaming in the absorb­

ing liquid. Standard sodium hydroxide was used to titrate the 

exoess aoid, using a solution of methyl red and brom cresol 

green as indioator. 

Procedu:re 

Details 01' the experimental procedure will be much 

clearer it the prooedure of a typical experiment is desoribed 

and the results recorded. 

The charcoal was dried in the conditioner (tigure 6) 

tor twelve hours at 1500 0 in a stream of dry carbon-dioX1Ie-tree 
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air, and allowed to come to equilibrium with air of the de­

sired moisture oontent at room temperature tor a fUrther 

twelve hours. 

Since the sorption is dependent on the temperature 

ot the oharcoal, it was important that room temperature be 

kept reasonably constant throughout anyone experiment and for 

all comparable experiments. Atmospher.D pressure appeared to 

have little effect on the amount of sorption. 

The cell was thDroughly flushed out using the dry 

carbon-dioxide-tree air. The air stream was then diverted 

through the stopcock 53, while the weight of the empty cell 

was determined. Care must be taken to have the cell swinging 

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, the blow ott 

valve Kl and the needle valve Nl - With the stream being diver­

ted through 83, the sorbete stream was then regulated-to the 

desired value, using the soratohed stopoook S4 and the needle 

valve Ha. At the beginning of the experiment the flow was 

set by adjustment of the scratohed stopoock and regulated there­

after by the needle valve, whioh was found to give finer 

control. The zero weight of the charcoal cell was next found 

with the air stream passing through the bed. The zero thermo­

couple readings were also taken. When oonditions were steady 

the sorbate was direoted into the air stream, a stop watch 
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started, and the initial reading on the rotary air meter 

taken. Thereatter, weight and temperature readings were 

taken at two minute intervals. Samples ot the ettluent stream 

were drawn at appropriate intervals (thetirst being taken 

shortly atter the beginning ot the run, the second immediately 

after the bottom thermocouple reading had reaohed its maximum 

value, and others at regular intervals until the end ot the 

experiment. The time between samples was determined by the 

sorbate and a1r tlow rates and the depth ot the charcoal bed). 

Care'was taken throughout' to prevent, as tar as possible, any 

variations in air or sorbete flow rete. Room temperature and 

atmospher1c pressure were read when conven1ent, ,as were the 

temperature and pressure ot the a1r stream on the ~et test 

meter. When the charooal was no longer adsorbing, as indicated 

by constant weight read1ngs for a per10d of at least f1fteen 

minutes, and the thermooouple readings -having returned to the1r 

original values, a final analys1s sample was taken on the 

effluent stream. The t1nal air meter read1ng and time were 

determined. Both the air and sorbate streams were diverted 

and the tinal static weight ot the oell, oharcoal and sorbate 

determined. The net weight ot ges sorbed as indicated by the 

differenoe between the initial and f1nal static weights and 

the zero and final weights with the air stream passing through 

the cell should cheok. This was nearly always found to be so. 

Oooasionally a sample ot the effluent gases was taken betore 

the maximum temperature was reached to see it any sorbate was 

passing through the oharcoal betore it was expected. 

For analysis,the bulbs were connected in the analy­
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tioal apparatus (fiBure 8) and the gases displaced as des­

oribed previously. About fi ve minutes was allowed for the 

displacement to ensure complete oombustion and absorption. 

!he peroent sorbate in the effluent gases was determined by 

titration of the exoess absorption solution. 

'the method of aDalysis outlined above was used in 

preferenoe to ignition by a hot wire. In this method, as 

ued by Pearoe tl). a measured quantity of s8IIlple was burned, 

the oarbon dioxide formed, fro zen Otlt by liquid air. and the 

remainder of the gas pumped off. The amount of oarbon dioxide 

formed from the combustion was determined by its pressure in 

a oalibrated volume. Oombustions by this method were found 

to be inoomplete, however. and reproducible results ootlld not 

be obtained despite the oonsiderable time spent in attempting 

to improve the technique. It seems likely that the aocuracy 

and reproduoibility of the alow combts tion method have been 

exaggerated. The method used in these investigations, however, 

resulted in complete combustion and readily reproducible results. 

(within l~ of eaoh other in duplicates). One part of oarbon 

dioxide in 10,000 parts of air was detectable. Several blanks 

were analysed to confirm this accuracy. 

In the desorption experiments, the ehareoal 

was allared to aome to equilibrium with a saturating 

stream ot air and sorbate of the desired proportions in the 

usual manner. When the desired desorption oonditions were 

steady, tbS desorbing stream was admitted to the oell. Weight 
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and temperature were followed as a funotion of ttme as in the 

sorption studies and sample bulbs were taken of the effluent 

gas at appropriate intervals. 

The aocuracy attained using this apparatus was about 

5%, as it is very difficult to obtain greater aocuraoy in 

studying colloidal systems. Weight readings were aocurate to 

about 0.005, of a gram. Variations in sorbate and air flow 

rate aooounted for the greater part of the experimental error. 

Moisture and oarbon dioxide determinations on the air stream 

showed that it contained undeteotable amounts of oarbon 

dioxide (less than 1:10,600) and less than 0.004% water. 

The materials used in these investigations were: 

(a) oharooal -	 Canadian SBT 95-96, silver impregnated 

(b) 	ammonia - anhydrous ammonia obtained from Canadian 

Industries Limited 

(0) butane -	 C.P. (99.5%) obtained from the Ohio 

Chemioal and Manufaoturing Company. 

Both the ammonia and butane were used without purifioation 

exoept for drying with oalcium ohloride. 
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Tlpical Data Sheet 

Run No. 54 6/2/42 

A1r: 2.6 (3.0 litres/min.) Butane: 30.0(24.0 oO/Min.) 

Room Temperature: 23°0 Atmospherio Pressure:759 mm.Hg. 

He1ght of oharooa1 bed 4 om. 

We1ght of oharooal plus cell 31.38 gm. 

We1ght of cell 3.59 

We1ght of oharooa1 27.79 

F1nal we1ght 35.34 

Butane sorbed 3.96 gm. 

Air - Temperature: 23°0 Pressure: 3.70 in. Hg. 

Init1al meter reading 48.556 

Final meter read1ng 60.427 

11.871 ou. ft. Time: 114 m1n. 

Air rate. 11.871 x 28.3 x 273 x 853 =3.045 litres/minute
114 296 760 

.. T1me Weight T. ..!L w 
0 32.02 24.0 24.0 

2 32.11 27.0 24.0 0.09 

6 32.32 31.0 28.0 0.30 

10 32.53 32.0 29.5 0.51 

18 32.99 33.5 31.5 0.97 

34 33.93 30.5 34.0 1.91 

50 34.87 26.5 31.0 2.85 

70 35.71 23.5 26.0 

90 35.96 23.0 23.5 

110 35.98 23.0 23.0 3.96 
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Anl!llSis * 

Bulb-
'rime ot 
Sampling 

CC. 
RaSOi 

CC. 
N.OR 

CC. base 
neutralized 

by COg K 
'1> 
61r stream 

C4H10 in 

4 25 10.20 9.93 0.03 0.1045 0.003 

1 llQ 3.13 2.92 7.08 0.0935 0.660 

K =normality x 22.4 x 100 x If x 760 
1000 -r ffi T 

v • volume of sample bulb If =room temperature 

P =atmospheric pressure %=K x (CC. NeOR used) 

* These tables have been oonsiderably oondensed. 

x/m =3.96 x 22400 =54.9 CC./p.·
27.79 58 

Partial pressure =24.0 x 760 =5.70 mm. 11g.
3069 

Correoted height =27.79 =4.23 cm. ot oharooal. 
6.57 

B2!! - At the slow tlowrates for ammonia, sample bulbs re­

quired approximately six minutes to till oompletely. In 

oaloulations, the sample was oonsidered as having been taken 

three minutes after the bulb was opened to the effluent stream. 

For butane, much larger flow rates were possible, and a larger 

oapillary allowed the bulbs to till oompletely in two minutes. 

The sample was then considered to have been taken one minute 

after sampling was started. 

". 
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RESULTS 

A. Ammonia 

The weight inorease of the oharooal bed with time, 

the temperature rise with time and the analysis of the es­

caping gases were carried out using ammonia ooncentrations of 

0.05 - 100% and flowrates ot 0.16 - 3.2 cm. per seoond, and 

at column lengths ot 3,4 and 5 cm. ot oharcoal as previously 

desoribed. The service times, dead length, amount ot sorption, 

and escaping ooncentration were calculated. 

1. Amount ot Sorption 

The inorease in weight ot the charcoal bed as the 

ammonia-air mixture is passed over it is shown as a fUnotion 

of time for various concentrations, flowrates and column 

lengths, in figures 9 and 10. It is seen that the weight in­

creases linearly with time until the servioe time is reached. 

This rate depends on the ammonia flowrate (as figure 10 shows) 

and is independent of the air tlowrate (figure 9). After the 

service time is reached, the weight talls off gradually with 

time until a constant weight is reached, at which time the 

charcoal is in equilibrium with the ammonia-air stream being 
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passed over it. 

The equilibrium sorption weights are given in tables 

I and 11 for various conoentrations, flowrates and column 

lengths. The column length was determined using an average 

centimetre bed, which weighed 6.57 gm. This was the average 

weight of a centimetre bed length determined from the weights 

of all the beds used throughout the work. The oolumn lengths 

given in tables I and 11 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 weight sorbed is a linear 

tunction of column length at constant concentration. 

The variation of theequi11brium sorption, expressed 

as the volume sorbed per gram of charcoal, with the rates of 

-flow of the ammonia and air streams is shown in tables III and 

IV and in figures 13 and 14. It is seen that at oonstant 

ammonia t1ow, the efteot ot inareasing the air flowrate from 

zero is quite marked at tirst but the effect diminishes until 

the amount sorbed beoomes almost independent of the rate of 

the air t1ow. When plotted as the logarithm of the volume 

sorbed per gram of charcoal against the logarithm ot the air 

rate a straight line is obtained (tigure 15). The effect ot 

increased ammonia flow is to inorease the amount of sorption. 

A linear relation is obtained between the logarithm ot the 

volume sorbed and the logarithm ot the ammonia flowrate 

(figure 16). 

Variation ot the equilibrium sorption w1th partial 
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TABLE I 

We1B8t SPiRed (Grams) at f ariousA1r Bales lid ColYIR Len§ths 

(ammon1a rate =60 cc/min.) 

A1r Rate Column Length (eDIt) 
( cc/mind 5 4 3 

0 3.65 - 2.16 

100 1.67 1.34 1.00 

200 1.08 0.89 0.67 

300 0.92 0.76 0.59 

550 0.34 - .. 
2000 - 0.10 

TABLE 11 

W 

(a1r rate • 200 co/min.) 

Ammonia Rate Column Length (om.)
1eo/min.) 5 4 ; 

15 0.55 0.43 0.32 

42 0.92 0.79 0.59 

eo 1.08 0.89 0.67 

100 1.45 1.18 0.87 
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TABLE III 

VO*ume Sge)ei Eer Grim at Various Ai£ Bates and Oolumn Lenlths 

(ammonia rate. 60 oo/min.) 

Air Rate Column Length (cm.) 
( catmin,) 5 4 3 

. 0 145• - 146. 

100 69.0 68.8 69.2 

200 44.0 44.0 45.5 

300 36.2 38.2 38.2 

550 25.4 

2000 - 12.5 

TABLE IV 

(air rate =200 oo/min.) 

Ammoni8 Rate Oolumn Length (om. ) 

(oatmin.) 5 11 3 


13.2 19.8 

15 21.2 21.2 21.7 

42 38.9 39.4 38.6 

60 44.0 44.0 45.5 

100 59.4 59.4 58.2 
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pressure is given by the us ual isothem used in desoribing 

the amount of sorption of a: gas. In figure 11 the graph of 

the volume sorbed per graa (x/m> is plotted against the partial 

pressure. The data are given in table V. Over the range 

from ;0 mm. partial pressure of ammonia to 160 mm. the relation 

is approximately linear with no indioation of attaining a 

constant value of X/m at higher partial pressures. Below 

.50 mm. partial pressure the graph curves downward toward the 

origin as the p&rtial pressure is further deoreased. (see 

en.l&rged graph 1'la). The logar! thm of the equilibrium sorption 

plotted against the logari thm of the partial pressure gives a 

straight line (f18ure 18) for partial pressu.res between ,0 
and 160 mm. and a second straight line of lOlfer slope for 

partial pressures below this. Above .50 mm. the Lan8muir or 

Freundlich isotherms mal be applitrd. the equations being: 

o.2'18p 
1 f 0.GoO',"5p 

l.o6p 1/1.;1 

where x/m is in cc. per gram and P in mm. ot mercury. Others 

have found these isotherms to hold for dynamic systems of: 

chlorine (16) a<111e0118 solu.tions {20) and chloropicrin l14). 

The linear velocitl of the ammonia-air stream, at 

constant a_onia conee:a:tration was fou.nt to have no effect on 

the equilibrium amount of ammonia Borbed. fable T1 shows the 

data for four runs of this natu.re at to tal flo.rates from 

0.16 to 0.19 cm. per second. 
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TABLE V 


Ettect 01' Partial Pressure on Volume 01' tmeRnia Sorbed per Gram 


Air Rate Nli3 Bate 
(oc/mip,1 (co/miD.) 


0 60 


54 200 


150 97 


100 60 


200 100 


200 60 


200 
 '2 
100 20 


500 100 


300 eo 

550 60 


200 15 


2,000 60 


3,270 60 


3,270 17 


3,270 14.7 


3,270 13.2 


3,270 3.4 


3,290 1.6 

Part.Press.NH3
{mm. Red . 


760 


465 


300 


285 


254 


175 


134 


132 


132 


127 


75 


55 


22.1 

13.' 

3.9 

3.4 

3.1 

0.79 

0.37 

Volume Sorbed 
(co/e:Jll.) 

145. 

103. 

67.2 

69.0 

59.4 

44.8 

·38.9 

38.2 

38.2 

38.0 

2'1.5 

21.2 

12.5 

11.2 

4.1 

5.7 

5.6 

2.3 

1.1 
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The slopes of the linear portion of the weight­

time curves should give a measure ot the rate of sorption 

during this time. If all of the ammonia supplied is being 

sorbed <as should be the case} the slope would be equal to 

the ammonia flowrate it expressed in appropriate units. It 

was found, however, that the rate of sorption in cc. per 

minute was lower than the ammonia tlowrate (see table 7). 

A graph of this slope against the ammonia flowrate is shown 

in figure 19. Further discussion of this is postponed until 

the analytical results and desorption studies. 
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TABLE VI 

Effeot 
at .Constant Composition ' 

Cono. Flow rate ot Total 
Ammonia A1r,t.A:mmoni& Flow rate Amount Ammonia Sorbed 

% ( OC/!1lin.) ( om.jseo.) gms. cO/f!}!. 

16.7 120 0.16 0.g2 11.2 

16.7 242 0.32 o.ga 11.4 

16.5 360 0.48 0.92 11.2 

16.7 600 0.79 0.95 11.2 

TABLE VII 

NHs Rate Slope
( oo/miIl.) (co/m.in.) 

13 10.6 

15.7 13.8 

42 36.5 

60 51.5 

100 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 - 23 for various 

conditions. Figures 20, 21, 22 and 23 show the variation 

with column length, air flowrate, ammonia flowrate and total 

linear velooity respectively. It is seen that no ammonia 

appears in the effluent gases until the service time is 

reached, indioating complete sorption of the ammonia supplied 

in the entering airstream. After the service time, the con­

centration of ammonia in the escaping gases increases rapidly 

at first, but approaches a oonstant value when the .charcoal 

bed is saturated. In these graphs the concentration is ex­

pressed as 8 percent of the total flowrate of the ammonia­

air stream entering the charcoal bed. 

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. When expressed in the same units as 

the concentration of the ammonia in the escaping gases, it 

is a compl~entary curve to that of the analysis of the e~­

fluent stream, representing the percent of the total entering 

stream which is being removed by the charcoal at any time. 

It therefore is constant until the service time, and there­

after decreases, approaohing zero when the charcoal bed is 

saturated. 

It the esoaping oonoentration of ammonia in the 
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ettluent stream is related to time by plotting the logarithm 

of 1/0 against time as in figure 24 a ourve is obtained in 

oontrast to the prediotions of Danby et al who find a linear 

relation from their equation: 

A linear relation is obtained, however, between the logarithm 

ot llc and the reciprooal of the t1me{figure 25) if the 

time is measured from the service time. The data for figures 

24 and 25 are given in table VIII. 

It may be noted that the sorption as indicated by 

the oonstant differential amount sorbed does not oorrespond 

to the ammonia flowrate as measured by the analysis ot the 

escaping gases when the oharcoal is saturated (figures 20 -23). 

This was tound to be due to air displaoed from the charcoal 

by the ammonia, and will be discussed later under the de­

sorption studies whioh confirmed this behavior. 

The esoaping oonoentrations oaloulated trom the 

differential sorption ourves would not, then, represent the 

true oonoentration of ammonia in the effluent stream. How­

ever, the deviation is not appreciable sinoe curves of 

escaping oonoentration against time practically ooinoide. 

The apparent weight of ammonia on the charcoal is less than 

that actually sorbed by the weight ot the air displaced. 
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TABLE VIII 


T!me atter S.T. 
19,n. liT 

Ooncentration 
gt! log 1/0 

" .250 4.3 . 1.366 

10 .100 10.2 2.992 

14 .0712 12.0 2.921 

-19 .0526 13.5 2.8'10 

25 .0400 15 2.824 

30 .0333 lS.fi 2.807 

-40 .0250 16.3 2.788 

50 .0200 16.8 2.7'15 

60 .016'1 17.0 
...
2.770 

-80 .0125 17.4 2.760 



(64) 


ESCAPDTG CONCE TRATION 


-1.2 

o 
~ .1.0 
(!) 
o 
H 

~.8 

2. 
20 40 	 60 80 100 

!WE (min.) 
FIGURE 24. 

-1.4 

-1.2 

1.0 

,!.8 

0.0; 0.10 	 0.1; 0.10 0.2.5 
l/~nm (m1 .) 

FIGURE 2,. 



(55) 

3. Servioe Time Data 

The servioe time was determined in these in­

vestigations as the time when the oharooal oeased to be 

100% effioient in removing the ammonia from the air stream. 

This was the time at whioh the weight-time ourves first 

deviated from the linear relation. Se~vioe times oaloulated 

on this basis agreed within 2~ of those determined using 

a phenolphthalein test paper in the effluent gas line. The 

lieviation between the weight and the analytioal result§. 

would have no effeot on the servioe time Since, if the true 

weight of ammonia sorbed were plotted against time, the 

amount of ammonia taken up by the dharcoal when the graph 

deviates from the linear relation would be greater, but the 

time at whioh this ooours would be unohanged. 

The service times at various column lengths and 

rates ot air and ammonia tlow are given in tables IX and X 

and are shown graphioally as a function of these variables 

in figures 25 - 31. A straight line is obtained when 

servioe time is plotted against column length, (figures 26 

and 27) whioh if extrapolated outs the oolumn length axis 

at a positive length. This interoept is the ~ritical" 

or "dead" length mentioned in the introduotion. It was not 

possible to test the behavior at very short bed lengths 

sinoe ammonia is not appreoiably sorbed, so that it cannot 

be stated whether or not the graph curves in toward the 

origin at short column lengths, as found by Dubinin et a1 
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TABLE IX 

S!rv1o~ Times at Various; lAir Rftets, and C91umn~en§tlhs 

(ammonia rate. 60 oo/min.) 

Air Rate Column Length (om.) 
( oo/miBi 5 4 3 

0 45 2.8 

100 22.5 17.5 12.5 

200 16 12 8.5 

300 14 11 8 

TABLE X 

Servioe Times at Various Ammonia Rates·and Colp.!DR. Lensths 

(air rate = 200 oo/min.) 

NH3 Rate Oolumn Length (om.)
( oo/minJ ti 4 3 

15 30 23 1'1 

42 20.5 16 11.5 

60 16 12 8.5 

100 8 6 4 
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(17) and Mecklenberg (14). At various concentrations 

these extrapolated straight lines appear to converge to a 

point below the origin. No theoretical significance is 

attached to this fact however. The linear relation which 

was found to hold agrees with the theories of Danby et 81 

and Mecklenberg which give the equations: 

NoTt • 
CoL 

Tt kQ,-- VCo 

respectively. The slope ot these curves is the coefficient 

of protective action used by Shilow (16) and Dubinin (21) 

in their equations for the dead length and service time 

(equationsiX and xiv). 

Since the service time thus varies with column 

length i~ is important in discussing its variation with flow-

rate. concentration etc., that comparable runs be done at 

exactly equal column lengths. This is impractical so that 

a method of calculating "corrected" service times was devised. 

It consisted of linear interpolation of the service time­

column length graphs to the nearest integral column length 

i.e. to 3, 4 or 5 cm.IO.Ol cm. It is these corrected 

service times which have been plotted in figures 26 - 31 and 

recorded in tables IX and X. 

Figure 28 shows the effect on the service time of 

varying the rate of air flow at constant butane flowrate. 

http:cm.IO.Ol
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The service time using 00 cc. per minute of pure ammonia is 

quite high but decreases rapidly as an air stream is added 

and inoreased but reaohes an almost constant value as the air 

flowrate is increased above 300 cc. per minute. When the 

logarithm of the service time is plotted against the logarithm 

of the air flowrate as in figure (29) a straight line results. 

The service time decreases also as the ammonia flowrate is 

increased at constant air rate as in figure (50), but the 

logarithm of the service time decreases linearly with the 

ammonia flowrate (figure 31). ~rom the slopes of the loga­

rithmic curves it may be noted that the service time is much 

more dependent on the ammonia flowrate than on the air flow­

rate since the service time decreases exponentially with the 

ammonia rate but only with the 6.4 power of the air flowrate. 

At constant concentration of ammonia in the enter­

ing gas, the service time depends upon the reciprocal ot the 

flowrate as shown in table Xl and figure 32. Extrapolation 

of the straight line so obtained intercepts the flowrate 

axis, corresponding to a "critical" tlowrate above which 

there would presumably be immediate breakdown of the charcoal 

bed, at this particular ooncentration. Experimental proof 

of the existence ot this critical flowrate is, however, 

lacking. 

At oonstant flowrate the dependenoe of the service 

time on the initial conoentration of the ammonia in the 

entering stream was studied. The data are given in table XII. 
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A linear relation was found to hold (figure 33) between the 

service time and the reciprocal of the 'initial conoentration 

over the range of ammonia conoentrations ot 17 - 40%, but 

which fell off rapidly at lower concentrations. Danby et al 

pred1cted a linear relation should be ob~ained at low, but 

not at high concentrations from the formula: 

1 kNoX _ In Co]T' = 
[ L . otkOo 

where ln CO/Cl Was assumed negligible at low concentrations 

and No independent of Co. These assumptions seem therefore not 

to be completely justified. Shilow et al have found a linear 

relation for chlorine over the conoentrat1on range 0.66 to 

An illuminating way of showing this relation is to 

plot service time times initial concentration against the 

initial conoentration (figure 34). It is readily seen over 

what range ot concentration the relation: 

Co x T =constant 

holds. Arnell (2) has also noted the inorease of the 

product Co x T from zero until it reaohes a constant value. 
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TABLE XI 

Effect ot F10wrate 0a Service Time at Constant Composition 

(cross sect ion ot oe11 • 12.0 om.2 ) 

Air Rate NH3 Rat'e Flowrate Flowrate Servioe ' t 1m.e 
( cc/Ip1:o.) (oc/mi~ ( co/m1:o,) ( oo/seo,) min. 

100 20 120 0.16 42 

200 42 242 0.32 20.5 

300 60 360 0.48 14 

500 100 600 0.'19 6 

TABLE ;XII 

Ett.ot of C0f;\ce,ntration .,~14S,eivice gT1m.e 

(f10wrate = 250 oo/min.) 

Air Rate NH5 Rate Co Servioe'time l/Co( oc/miIlrl tco/mini % min. 

150 97 59.2 9 0.0254 

200 54 21.2 17 0.0470 

200 60 23.0 16 0.0435 

200 42 17.4 20.5 0.0576 

235 19.5 7.65 22 0.131 
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4. Critical lengths 

These are determined by the intercept of the 

extrapolated servioe time - column length curves. Roughl7 

this "oritioal" or "dead" length increases with inorease in 

the air tlowrate at oonstant ammonia rate, and with inoreased 

ammonia rate at oonstant air rate similar to the deorease ot 

the service time with these variables. The long extrapolation 

neoessary in the ourves shown in figures 26 and 27, makes 

oaloulation of numerioal values for the critioal length 

rather inaccurate. 
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5. T!mPeratire DaMa 

The temperature rise in the bottom ( Ta) and third 

from the bottom ( Tl ) centLmeter charcoal layers is shown as 

a function ot time for a number of typioal cases in figure 

34. The temperaturer1ses rapidly in both layers at first to 

a maximum value and falls more slowly as the charcoal bed 

cools to room temperature. The maxLmum temperature rise in 

the upper layer was found to be greater than that in the 

bottom layer, presumably due to heat losses by greater con­

tact ot the bottom layer with the surroundings. Table XIII 

and figure 36 show that the maximum temperature rise is a 

linear function ot the ammonia tlowrate at a constant air 

tlowrate. An increase in the air flowrate at constant 

ammonia flow has a slight cooling etfect as shown in figure 

37. The relation between the maximum temperature rise and 

the linear flowrate is shown in table XIV and figure 58. 

The increase with increasing flow is due to the inoreased 

amount of ammonia passing through the bed in unit time. The 

oooling effect ot the increased air tlow is also obvious from 

the graph. 

Since sorption is affected greatly by change in the 

temperature at whioh it takes place, it seems important to 

disouss the effect of the temperature rise on the shapes of 

the weight-time curves, the esoaping concentration and the 

service time. The service time should 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 oapacity ot the oharcoal, thus 
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TABLE XIII 

¥ayIllp ,~emperatu;e Ri,e 

NB3 Raie Air Rat. (co/min. ) 

cc/min. 0 100 200 300 

15 - 4.5 ­
42 - 16. ­
60 25.5 24.5 21. 19.5 

100 - - 33. 

TABLE XIV 

Et£ect ot F1gwr.te on lIiimM' ~emper'tur. Rise 

Flowrate 

cc/min. 120 242 360 600 

'1'1 10.5 19 21 27 

'1'2 9 12.5 16 19 

http:F1gwr.te
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inoreasing the residual aotivity, and henoe also the dead 

length. The weight-time ourves would slope off more gradually 

due to the deareased sorption when the bed is heating and the 

continuanae of the sorption as the bed cools down to roam 

temperature. This would increase the saturation time. Since 

the serviaetime would be decreased and the saturation tbne 

increased, the escaping conoentration would be lower at any 

given time (measured trom the service time). 
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B. Butane 

The sorption ot butane was studied over the oon­

oentration range ot 0.3 - 10% and at 100% butane, and at 

tlowrates ot 0.2 - 40 om. per second, tor column lengths ot 

1 to 5 oentimetres. 

1. Amount ot Sorption 

In table XV the weight sorbed and x/m data are 

presented. The height given in column one is the column 

length oa10u1ated from the weight ot the oharcoal bed. The 

data in the last column give the number ot oc. ot butane 

sorbed per minute as determined by the" slope of the linear 

portion of the weight-time curves (some of whioh are shown 

in tigures 39 and 40). This linear portion ot the curve, 

since it depends solely on the rate ot supply ot the butane, 

should have a slope equal to the butane rate as given in 

oolumn three. Here, as in the ammonia sorption, this dif­

ference is due to air displaoed from the charooal. 

In figure 39, the weight-time curves as determined 

direotly trom the weight readings are presented. AS in the 

oase ot ammonia sorption, the oharcoal is 100% ettioient until 

the service time when the curve ceases to be linear and 

butane is present in the etfluent gas stream. The curve then 

bends to a horisontal straight line which is the saturation 

weight under those conditions. It will be noted that the 

sloping ott ot these curves is more rapid than those found 

tor ammonia. This is partly due to the more rapid removal 

ot the heat of sorption by the greater air flow used in the 
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TABLE' XV 

Weights Sorbed and xI, Data 

Column Air Butane Part1a1 We1ght Slopex/m
Length Rate Rate Pressure' Borbed 

om. {coLm1pt) ( caLm!!.) Dim.HS- (cobra) , ooLm1n.)e· 
4.08 3,130 53 12.'1 4.32 62.0 51.6 
1.94 3,020 53 13.2 2.07 63.0 51.5 

5.01 1,590 53 24.5 5.80 66.0 51.5 
4.09 1,530 53 24.5 4.'13 68.0 51.0 
2.96 1,520 53 24.5 3.43 68.0 51.5 
2.13 1,530 53 24.5 2.4'1 68.0 51.5 
1.19 1,520 53 24.5 1.38 68.0 51.5 

3.96 500 53 72.8 5.26 78.1 51.4 

3.95 71 760. 5.i8 89.2. 69.1° 
4.12 53 760. 6.26 89.2 51.5° 
4.00 3,020 71 17.4 4.42 65.0 69.0 

3.70 3,020 30 7.5 3.60 57.2 29.0 
2.18 3,020 30 7.5 2.12 57.2 29.0 

4.23 3,045 24 5.7 3.96 54.9 22.6 

4.16 3,040 9 2.3 3.13 44.3 8.7 
2.12 3,000 9 2.3 1.66 45.1 8.8 
1.27 3,020 9 2.3 0.96 44.5 8.7 

4.01 1,500 30 15.0 4.34 63.7 29.0 
2.09 1,500 30 15.0 2.2'1 63.'1 29.0 

3.99 1,403 30 15.9 4.26 £2.'. 29.0 
f 

3.88 151 2.'1 13.7 4.20 63.'1 2.5 
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butane sorption. 

It 1s seen from the curves that the a1r rate has no 

effeot on the initial slope, but that the final value inoreases 

as the air flowrate is decreased. 

In figure 40 a s1milar set of curves is. shown with 

a oonstant air rate and variable butane rate. Here the slope 

ot. the straight line portion of the curve is different for 

different butane rates. The saturation value increases as 

the butane flow is increased. 

Figure 41 shows the variation in x/m (co. sorbe.d 

per gram of oharooal) due to the increased air rate. A 

curve results whioh deoreases from a high value with sero 

air stream. The logarithm of xfm. plotted against the lcgaritbm 

of the air rate gives straight lines for different bed 

lengths whioh oonverge (figure 42). 

The effeot of butane conoentration on the X/m is 

shown in figure 43. Sinoe the total flowrate is approxi­

mate11 oonstant (var1ing from 3,030 to 3,090 cc/min.) the 

partial pressure oould be plotted instead ot the butane flow­

rate. The logarithmic relation is shown in figure 44. Here 

the relation is linear for high butane concentrations but 

falls off fOr the lower butane concentrations. 

Figure 45 shows the oomplete ourve of x/m against 

partial pressure up to 760 mm. ot merour1_ This curve does 

not tollow a Langmuir or Freundlich isotherm over its whole 

range. A portion of the curve for partial pressures below 

70 mm. ot Hg is shown plotted on a larger scale in figure 
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46. The experimental points are not more than one division 

from the ourve whioh indioates that, in this respeot at 

least, the experimental error is about 1%. 

The ourve shown rises steeply at first and then 

flattens off quite rapidly to a constant value of xlm • 

This is in oontrast with the behavior of ammonia. where the 

partial pressure curve was linear and did not reaoh a max­

imum value in the pressure range studied. This might 

possibly indicate a d1fferent type of sorption meohanism 

in the two oases. 

This difference is also shown in figure 47 where 

the logarithm of xl. is plotted against the losarithm of 

the partial pressure. This does not g1ve the straight 

line relation found tor ammonia sorption. 

As in the case with ammonia the magn1tude ot the 

total flowrate had no effeot on the value of xlm over the 

range investigated from 153 to 3,180 oc. per minute. 

In figure 48 the slope of the linear portion of 

the weight-time curves is plotted against the actual butane 

flow rate as determined by analysis of the· escaping gases 

atter the charcoal was saturated. A linear relation is 

obtained. The difference between the oalculated and aotual 

value is approximatelY the same on a weight basis; at 60 co. 

per minute the differenoe for ammonia is 7.5 00. =0.0056 

gm. and for butane 2 co. =0.0052 gm., but on a mole basis 

the discrepancy is much less for butane than for ammonia. 
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2. Analytical Data 
The data tor the following sets ot curves, figures 

49 to 52 are not presented in tabular form since they are 

too extensive. The curves,however, indicate the data ad­

equately. 

These ourves are plots of grams ot sorbate per 

minute against time. The ourves atarting tram zero are the 

analytical curves determined trom the concentration ot 

butane in the effluent gases. The ourve starting trom the 

top is obtained by grapbioal differentiation of the weight­

time curves. The analytical curve reaohes a higher value 

than the differential curve due to the air displaced from 

the charooal. 

In figure 49 the curves are obtained from the 

tive oolumn lengths ot the 53 cc. butane - 1,520 cc. air 

runs. The ourves are horizontal until the service times 

are reaohed, then break oft rapidly and curve exponentially 

to a final horizontal straight line. The shapes ot the 

curves are quite similar atter the first oentimetre bed. 

In the one centimetre bed the break is not so sharp but 

soon asaumes a shape similar to the others. 

The analytical ourves, as w'll be shown later, 

oan be used to determine the concentration gradients ot the 

sorbate-air stream throughout a tive oentimetre bed since 

the exit gas tor a one oentimetre bed would be the same as 

that entering the seoond layer of a two oentimetre bed, eto. 
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Figure 50 shows the analytical and differential 

sorption curves for 5,000 cc. per minute air tlow, four 

centimetre beds, and varying butane concentrations. It is 

seen that the initial slope of these curves is decreased 

as the butane ooncentration is decreased. 

Figure 51 shows the effect ot air tlowrate on the 

curves. These are for a constant butane flow ot 53 cc. per 

minute and for four centimetre beds. The shapes ot the 

curves are not affected by the air rate except that the 

breaking point deoreases with increased air flow. 

The analytical and differential sorption curves 

tor variable tlowrate and constant butane concentration are 

shown in tigure 52. The partial pressure ot butane in the 

entering gases is 13.8 mm. of Bg, and the tlowrate is varied 

from 154 to 3,183 cc. pe.r minute. The rate ot change ot 

these curves is decreased with decreased stream velocity. 

Thus from the service time to the saturation time the 

3,183 cc/min. curve extends over 50 minutes while the 

154 oO/min. ourve extends for over 200 minutes. ­

The data tor the relation between the escaping 

concentration and time are shown in table XVI. These are 

the data obtained from one run; all other runs gave similar 

data. The t~e axis 1s started at the service time. The 

concentration ot the escaping gases is expressed as grams 

of butane per minute. 

In figure 53 the lo-garitbm ot the reciprocal ot 

the escaping concentration is plotted against time. A 
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TABLE XVI 

ESOlpin§ Conoentration as a Funotion of Time 

(Butane Rate. 53 oo/min; Air Rate =1,500 oO/min; Bed depth. 5cm 

Time atter Esoaping 
Ser.vioe Time Conoentration 

min •. gm/min. 

0 0 

3.5 0.031 

8.5 0.06! 

13.5 0.085 

18.5 0.102 

23.5 0.116 

28.5 0.122 

33.5 0.129 

38.5 0.133 

43.5 0.136 

48.5 0.137 

Log C. 

-2.491 

2.792 

2.929 

-1.009 

1.065 

1.0S6­

1.110 

1.124 

1.134 

1.137 

Log llc liT 

"­1.509 0.286 
-1.208 0.118 

1.071 0.074 

0.991 0.054 

0.935 0.0425 

0.914 0.0349 

0.890 0.0298 
, 

0.876 0.0260 

0.866 0.0230 

0.863 0.0205 
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ourve is obtained in oontrast to the prediotion ot a 

straight line by Danb7 et al. However, they state that 

the straight line relation only holds when Co/O Is large 

i.e. in the early stages of breakdown. It is seen that 

this is approximately true for the first few minutes. If 

the logarithm of the esoaping oonoentration is plotted 

against the reoiprooal ot the time, a straight line 

relation is obtained as in figure 54. 
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3. B.erviceTime Data 

The service time was again taken as the break 


in the linear portion of the weight-time curves. The 


data for the service time relations are given in table 


XVII. Here the first four columns are the same as those 


in table i-V. In column five the observed servioe time is 


given While in column 6 the "correoted" service time is 


recorded. 


Figure 55 shows the service time-column length 

relation for constant butane flowrate and variable air flow­

rate. Figure 56 shows similar curves tor oonstant air and 

variable butane. The straight lines intersect at a common 

point below the origin, exoept tor those at high air rates 

and low butane rates. Il1he various oritical lengths oan be 

. determined from the interoepts of these lines on the 

column length axis. Here again the column lengths used 

were too long to show the ourvature of the lines toward the 

origin. 

In figure 57 the service times for a four centi ­

metre bed and oonstant 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. The logarithm ot the service time is 

plotted against the logarithm of the air rate in figure 58, 

and a linear relation is obtained. 

The effect ot varying the butane rate at constant 

air rate and constant bed length is shown in figure 5g~ 
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TABLE XVII 


Servige Time Data i 


Correoted 
Column Air Butane Partial Servioe Service 
Length 

gm. 
Sate 

( oo/mia,) 
Rate 

( oc/m1pJ 
Pressure 
mm. lig. 

Time 
min. 

Time 
;m1n. 

••08 
1.94 

3,130 
3,020 

53 
53 

12.7 
13.2 

22.0 
7.0 

21.5 
7.5 

5.01 
4.09 

1,590 
1,530 

53 
53 

24.5 
24.5 

31.5 
24.5 

31.0 
24.0 

2.96 
2.13 
1.19 

1,520 
1,530 
1,520 

53 
53 
53 

24.5 
24.5 
24.5 

16.5 
9.0 
2.0 

16.0 
8.0 
0.2 

3.96 500 53 72.8 29.0 29.5 

3.95 0 71 7(,0.0 25.0 25.5 

4.12 0 53 16c.O 40.0 38.5 

4.00 3,020 71 17.4 17.5 17.5 

3.70 
2.18 

3,020 
3,020 

30 
30 

7.5 
7.5 

37.0 
19.0 

39.0 
16.0 

4.23 3,045 24 5.7 53.0 49.5 

4.16 
2.12 

3,040 
3,000 

9 
9 

2.3 
2.3 

129. 
62.0 

123. 
61.0 

1.27 3,020 9 2.3 34.0 30.5 

4.01 
2.09 

1,500 
1,500 

30 
30 

15.0 
15.0 

47.0 
21.5 

47.0 
20.6 

3.99 1,403 30 16.9 48.0 48.0 

3.88 151 2.7 13.7 540 558 
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The partial pressures oorresponding to the butane rlow­

rate are also shown. These determinations were made 

essentially at constant flowrate since the effect ot the 

o~ange in butane rate on the total flow is negligible. 

The relation between the lo~rithm ot the service time 

and the logarithm of the butane rat~ is shown in figure 

60, and is seen to be linear. This is in oontrast with 

the ammonia results where the logarithm of the servioe. 

time varied with the aotual ammonia rate~ 

The theories of Danby et al and of Mecklenberg 

predict that the service time should vary as the reoiprocal 

of the initial concentration. The data tor the plot ot 

servioe time against the reoiprocal ot the initial oon­

centration are given in table XVIII. The plot of service 

time against 1/00 is shown in figure 61. A straignt line 

is obtained which is in agreement with the Danby et sl 

and Meoklenberg predictions. The abrupt ourve that was 

found in this plot for ammonia m not seen over the con­

oentration range studied here. The value obtained by 

multiplying the oonoentration and the service time is 

approximately constant in agreement with the results ot 

Shilow et al (16). 

The data showing the efteot ot tlowrate are given 

in table XIX. The conoentration here is approximately 

constant and a four centimetre bed was used. The curve of 

service time against tlo.rate is plotted in figure 62. 

The service time decreases rapidly with inorease in the 
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TABLE XVIII 
,I 

Servioe Time as a FUnction ot!nit1al Conoentration 

A1r 
Rate 

(co/m1n) 

Butane 
Rate 

(co/min. ) 

3,040 

3,045 

3,020 

3,020 

3,020 

9 

24 

30 

53 

71 

A1r 
Rate 

, cc/min.} 

Butane 
Rate 

( cO/min.) 

151 

1,500 

3,130 

2.7 

30 

53 

Init1al 

Cono. (Co) 


~ 

0.296 

0.788 

0.995 

1.695 

2.300 

TABLE XIX 

Total 

Flow 


(co/min.) 


154 

1,530 

3,183 

l/co 

3.38 

1.27 

1.007 

0.590 

0.435 

Velooity
L 

(cm/seo.) 

12.2 

121.4 

252.4 

Servioe 
Time 
min. 

123 

49.5 

39.0 

21.5 

17.5 

Sel'Y1oe 
fim., 

l/L 

m1n. 

558 0.0818 

47 0.00823 

21.5 0.00396 
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flowrate at first but the effect is not so marked at tlow­

rates greater than 1,500 cc. per minute. 

The velocity ot the gas stream through the cell 

is calculated from the rate in cc. per minute and the cross 

section of the cell. The service time was plotted against 

the reciprocal of the velocity in figure 63. A linear 

relation is obtained which is in agreement with th~ equation 

of Danb;y et al: 

....L -...1-1 
[ L Le:l 

The critical flowrate Le for the butane concentration used 

here, as found by extrapolation of the line to the flowrate 

axis is 10,000 cm. per second. This value was not checked 

experimentally. 
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4. Critical Lengths 

The data for the variation of critical length with 

the air flowrate are given in table XX. The plot of oritical 

length against air rate is shown in figure 64. The critical 

length is increased by inoreasing the air rate but the re­

lative effect deoreases at .higher air rates. In figure 65, the 

oritical length is plotted against the logarithm of the air 

rate and a straight line is obtain~~. 

The theory ot Danby et al predicts that the relation 

between critical length and oonoentration ot the gas in the 

air stream follows the equation: 

L 
kNo 

where is the oritioal length. It L,kaildlbare constant the. 

oritioal length should vary as the logarithm of the initial 

ooncentration 00 • 

The equation of Meoklenberg for the dead length: 

- ~tl-
D F 

also prediots that it should vary with the logarithm ot the 

initial conoentration, if as is assumed tor his "mathematioal" 

oharooal the vapor pressure in the oapillaries 0' is constant. 

The data for the effeot of oonoentration on oritical 

length are given in table XXI. In figure 66 the oritioal 
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TABLE XX 

,Effeot of Air Rste on Critical Lene;lh 

Air Rate 
( co/min. ) 

Critioal Length 
om. 

0 0.5'7 

500 0.'75 

1,530 0.95 

3,130 1.03 

TABLE XXI 

Effeot of CgnoentratioB on Critical Length 

(oonstant flowrate =3.050 co/min.) 

Partial Pressure Critioal Length
of Butane 
mm. Hg. om. 

2.3 0.10 

5.'7 0.40 

'7.5 0.55 

12.'7 1.03 

1'7.4 1.26 
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length was plotted against the partial pressure of butane. 

The critical length is seen to increase with the partial 

pressure of butane but the curve seems to tend towards a 

maximum at higher partial pressures. The critical length 

is plotted against the lo~rithm of the partial pressure in 

figure 67, and a linear relation is found at higher ~rtial 

pressures (above 7 mm. Hg.) but the graph curves toward the 

origin at partial pressures lower than this. 
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5. Distribution of Butane in the Charcoal Cell 

(a) Distribution of Sorbed Butane 

From a consideration of the oharaoteristios of 

sorption of 1, 2, 3, 4 and 5 centimetre beds, it is possible 

to determine both the distribution of the sorbate throughout 

a five oentimetre bed and the oonoentration gradient in the 

air stream passing through the bed, at various times. The 

ooncentration gradients for a five centimetre bed, at various 

times and with a butane tlowrate ot 53 cc. per minute and an 

air tlowrate of 1,520 co. per minute are determined in these 

sections. Similar curves could be constructed for other 

flowrates reported in this investigation. 

The data tor the time ot saturation of the 1, 2, 3, 

4 and 5 cm. beds are found in table XXII. The curve of 

saturation time against bed depth is shown in figure 68. 

From this ourve, the bed depth that is just saturated in times 

2, 4, 10 min. etc. are determined and plotted on' the hori­

zontal line of figure 70 corresponding to 1.16 grams of 

butane Borbed per centimetre of charcoal, which is the satu­

ration ooncentration for a one centimetre bed under these 

conditions. 

The column lengths which have service times of 2, 

4, 10 min. etc. as determined from figure 55 are plotted along 

the base line ot figure 70. 

The weight-time data for the 1, 2, 3, 4 and 5 

centimetre beds are shown in table XXII. The curves showing 

these data graphically are given in figure 69. Prom these 
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TAI3LE XXII 

We1§it - T1meData 

Time Column Length ( om.) 

&!Lt. 1.19 ;.1;; ~ 4.09 5.01 
I 

2 0.215 0.22 
4 0.45 0.46 

10 1.06 1.84 1.24 
15 1.29 1.83 1.92 
20 1.35 2.18 2.59 2.60 
30 1.38 2.42 3.17 3.79 3.95 
40 2.47 3.35 4.34 4.94 
50 3.39 4.12 5.44 
60 3.42 4.72 5.64 
70 4.73 5.75 
80 5.S0 

TABLE XXIII 

We1p; Inorements . (Gm/om.) 

Time Column Length (cm. ) 

Min. .Q...2. 3:.66 2.54 3.52 4.55 

2 0.18 0.016 
4 0.38 0.053 

10 0.89 0.18 0.012 
15 1.08 0.575 0.108 
20 1.135 0.88 0.495 0.009 
30 1.16 1 • .105 0.904 0.55 .174 
40 1.16 1.06 0.875 .65 
50 1.11 1.09 .89 
60 1.16 1.15 1.00 
70 1.16 1.11 
80 1.16 
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data the number of grams of butane per oentimetre sorbed 

at times 2, 4, 10 minutes etc. were d.te~lned as shown in 

table XXIII and this value assigned to the mid polnt of 

that oentimetre 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 various times. 

From figure 70 it can be seen that the gradient is 

changing shape at times below 30 minutes until the final 

shape 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 ex­

ponential curves of the "mathematical" charcoal of Meoklen­

berg, or the curves postUlated in the approximate theory of 

Danby et al, but they leave this form as Mecklenberg predic­

ted. This behavior is in agreement with that predioted by 

the detailed theory ot Danby et al. 

Meoklenberg explains the falling off ot the top 

part of the oonoentration gradient as due to larger oapil­

laries of the oharcoal, and due to the slow migration ot the 

outer sorbed material into the inner oapillaries. Ent it 

appears that another faotor operating to inorease the time 

required for saturation is the temperature ohange due to the 

heat of sorption. As w11l be seen in the following seotion, 

the temperature rise for butane (and also ammonia) is quite 
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high. Before the final saturation value can be attained 

this heat must be removed by the air stream and this delays 

the time of saturation. This, of oourse, would not be so 

marked at very low initial oonoentrations. 

These conoentration gradients oould also be ob-­

tained by graphioa1differentiation of the integral sorption 

curves shown in figure 71. These integral sorption ourves 

are drawn from the data in table XXII, and are a plot of the 

weight sorbed against the column length at oonstant times. 

In figure 72, the differential weight of gas sorbed 

is plotted against time at different depths in the bed. The 

relation between the weight sorbed and time appeared to follow 

an exponential ~urve of the type 

where x is the weight sorbed in time t and Ws is the equi­

librium sorption weighed, and b is a oonstant. The relation 

is identioa1 to that given by Syrkin and KondrasOhow (18). 

There is another relation between the weight of gas 

sorbed and time at oonstant bed depth. This is shown in 

figure 73 where the logarithm of the weight of gas sorbed is 

plotted against the reoiprocal of the time of passage tor 

different depths in the bed. The data give straight lines 

which interseot at a point. This point does not seem to have 

any particular significance. It is possible, however, to 

write an equation for these curves 



\ 
\ , 

\ ,
,­ - - - ­, 

\ 
\ 

, 
\ 

\ , 

g: " 

E 
. 

S 
~ \ 

C) ......, 
1:"0-­

,•. \ . 
~c 
~H 

e-. 
\ ::> ~ P1 

~ \ 0 &...0 
\ r~Cl) 

t:!l 

0 
~ , - - ­
r>:t C\~ •-I \ 

\ , 
, 
, 

\ . .. 
.-i 

(\,/
• • 

.-i 



(120) 


~ 
~ 

E-4 
f!J..... 
H 
< 
C!) .... 
A 

m •0 C\J
J) c:­
C/) 

< -­ f.JC!) 
~ 

t-' 
~ H 

H 

fa 
;.. 

C!) 
H 

~ 
1­

H 

~ 
~ 
~ 
~ 
r>ol 
H 
.~ 

,...• • • • • 
srn • 0 



(121) 


~ o. 
'-I 

. ~ 
(j, . 
~ 'L a 
p:: 

~ 
.,I .... . 
~ 
o 
Cl) 

5 

,!, , 

'I. 2 

'I. o 

!P. 8 

0 . 1 

1/TI1~ 

FIGURE' 77.... 

. 2 



(122) 


where Wis a constant relating to the equilibrium weight of 

the gas sorbed and 1 a oonstant for any given bed length. 

(b) Concentration Gradient in the Gas Stream Over the Charooal. 

From figure 49 the conoentration gradients shown 1n 

figure 74 were drawn. Figure 49 gave the oonoentration of the 

gases leaving each oentimetre layer and entering the next. 

The values obtained by erecting verticals at times 4, 10, 

15 mm. etc. were plotted against the oorresponding bed depth 

on figure 74. As before, in figure 70, the saturation lines 

were plotted along the maximum conoentration and the service 

times along the zero axis. 

The gradients obtained are very similar to those 

obtained for the amount of the gas sorbed on the charcoal. 

These gradients agree with those postulated by Denby et al as 

shown in figure 2 and verifies the application of their equations 

for the oonoentration of gases in equilibrium with the olar­

ooal bed. 

The initial exponential ourves follow the relation 

pred1cted by Denby et al; 

When very few of the active oentres have been used up. The 

gradients then ohange gradually to their final shape whioh 

follows the equation: 

a ­-

as given by the detailed theory. 
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The increase in length of the working layer with ttme 

is given in table XXIV. The values given are those measured 

from the curves in figures 70 and 74. The graph of this re­

lation, shown in figure 75, indicates that in a five centimetre 

bed the gradient has not yet been completely established. The 

tinal length of the working layer would appear to be about 4.8 cm. 

and would be established/at about 60 minutes. It would then 

move through the bed at oonstant velooity. 
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TULE XXIV 

Length of Workin§ Lalen. 

Time Working
Layer 

{m1n,} ( cm.) 

2 1.20 

4: 1.36 

10 1.96 

15 2.45 

20 2.89 

30 3.64 
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6. Temperature Data 

The temperature rise in the centre of the seoond and 

fourth oentimetre layers from the bottom of the oharooal bed 

were measured as a funotion of time (table XXV). The temperature 

rise-time ourves are similar in shape to those for ammonia 

(figure 35). However. with these positions of the thermocouples 

both indioated approximately equal maximum temperature rise 

sinoe they were both further than one centimetre from the top. 

The maximum temperature rise was found to be mainly dependent 

on the rate at whioh the butane was supplied. A linear re­

lation was obtained between them (figure 76). Inorease in the 

rate of air flow oauses a linear deorease in the maximum tem­

perature attained as shown in figure 77. By determining the 

temperature for various depths Of charooal beds the maximum 

temperature rise in any layer of a five centimetre bed may be 

determined. These are plotted in figure 7B. The maximum 

temperature attained is oonstant down the bed exoept for the 

top oentimetre layer the temperature of whioh is lower 

probably beoause of the oooling by greater oontact of that 

partioular layer with the oell. 

The times at whioh these maximum temperatures were 

attained are plotted in figures 79 and 80. These were found 

to deorease with butane and air fIowrates. 
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TABLE XXV 


Column 

Length 

( cm.) 

4.08 
1.94 

5.01 
4.09 
2.96 
2.13 
1.19 

3.96 

3.95 

4.12 

4.00 

3.70 
2.18 

4.23 

4.16 
2.12 
1.27 

4.01 
2.09 

3.99 

3.88 

Air 

Rate 


( ccimiP1 

3,130 
3,020 

1,590 
1.530 
1,520 
1,530 

1,520 


500 


0 


0 


3,020 

3,020 
3,020 

3,045 

3,040 
3,000 
3,020 

1,500 
1,500 


1,403 


151 


Butane 

. Rate 


( co/miD.) 


53 

53 


53 

53 

53 

53 

53 


53 


71 


53 


71 


30 

30 


24 


9 

9 

9 


50. 

30, 


30 


2.7 

Maximum Temperature Rise T and Time t 
Tl t1 T2 t 2 , 

Cb min. Cc mint-

18 6 	 23 17 


16 4 


30 14 	 29 30 

25 7 	 29 21 


27.5 15 

24 9 


29.5 13 	 33 27.5 


36.5 13.5 	 39 24 


32 20 	 36 37 


23 5 	 28 12 


10 11 	 12 27 

10.5 8 


9.5 18 10 34 


1.7 25 	 3 90 

4: 24 


16.5 	 12 16.5 33 

a 8 


11.5 13.5 	 12 34 


° 	 0 
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c. Desorption Studies 

As mentioned in the disoussion of the analytioal 

results for both ammonia and butane, the rate of inorease in 

weight of the oharooal over the linear portion of the weight­

time ourve did not oorrespond to the total amount of' gas ad­

mitted to the cell, yet no sorbate appeared in the effluent 

stream. It was thought that th1s might perhaps be due to 

oompet1tion for aotive centres between the sorbate and the 

air. The charcoal is saturated with oxygen and n1trogen 

before any sorbate is admitted. These molecules would be d1s­

plaoe~at least 1n part, from the charcoal surfaoe by ammonia 

or butane molecules. Th1s would result in a weight be1ng 

recorded whioh would be less than aotual amount of butane 

or ammonia taken up by the charcoal, by the amount of oxygen 

and nitrogen displaced. 

To oonfirm this behav10r and to investigate the 

reversibility of' the sorption, studies on the desorption of 

both ammonia and butane were oarried out as treviously des­

cribed. The data for these stUdies are given in table XXVI. 

For the first two runs, the charooal was allowed to come to 

equilibrium with a stream of pure ammonia at a flow rate of 

60 cc. per minute. It was then desorbed using air streams 

(no ammonia) of 100 co. and 500 cc. per minute. The results 

are shown graphically in f'igure 81. As might be expected, 

the desorption occurs very rapidly at f'irs~, the rate gradually 

deoreasing to zero. The desorption does not, however, follow 

a logarithmic relation with time•. Further examination of 
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figure 81 shows that not all of the ammonia is desorbed at 

equilibrium, 0.2 gms. are left out of an initial sorbed 

weigb.t of 2.16 gm. ammonia. .Furthermore, this equilibrium 

amount is the same for desorption by both 100 and 500 oc. 

per minute ot air. The rate of desorption is at first more 

rapid, the greater the velocity of the desorbing stream. 

Two runs were also carried out using charcoal saturated as 

above but this time were desorbed u.ing ammonia~air streams 

ot 200 co. air and 60 cc/min. ammonia and 300 co/min. air and 

60 co/min. of ammonia. The equilibrium weights for sorption, 

using these oonditions, are 0.67 gm. and 0.59 gm. respeotively. 

The equilibrium desorption weight was 0.79 in each of the 

above case. Here again sorption was more rapid initially with 

the faster air stream. Starting from charcoal which was in 

equilibrium with ammonia-air streams of 60-200 cc/min. and 

60-300 cC/min. and desorbing by ourring off the ammonia 

supply resulted in the desorption curves shown in figure 82. 

In these cases only 0.09 and 0.05 grams of ammonia res­

peotively remained on the oharooal at equilibrium. Figure 6a 

shows a typical desorption of butane. The charcoal was 

saturated using a pure butane stream of 53 cc. per minute, 

and desorbed using an air stream of 3,000 oc. per minute, 

from 6.26 ~. butane to 0.40 gm. butane atter 30 hours, but 

had not yet reached equilibrium, so it seems probable that 

the butane would be oompletely desorbed. These desorption 

results are summarized in table XXVI. 



Air NH3 
( co/min.) ~oo/min~ 

0 60 

0 60 

0 60 

0 60 

200 60 

300 60 

o 53 
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TABLE XXVI 

DesorDt ion Studies . 

A. Ammonia 

Equeltm
Weight Air 
p. (:!Zmin)( cc/min.) 

2.16 100 0 

2.16 500 0 

2.16 200 60 

2.16 300 60 

0.67 200 0 

0.59 300 0 

E, Butane 

3,000 o 

Equeltm
Weight 
ne!!. 

0.20 

0.20 

0.79 

0.79 

0.09 

0.05 

Equel'm
Sorptionll 

ps. 

0 

0 

0.67 

0.59 

0 

0 

(0.40) o 
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Thus for ammonia the sorption does not appear to be 

oo=pletely reversible but does for butane. This would indioate 

that there is at least in part a different meohanism ot sorption 

for butane and ammonia. 

Figure 84 shows the differential desorption ourves 

plotted against time as volume desorbed per minute. The lower 

~urve was oaloulated from the loss in weight ot the oharooal 

and the upper one from the analysis of the effluent gases. 

This means that more sorbate is deteoted 1n the gases ~ssing 

out of the oell than appears to be desorbed from the charooal 

from its loss in weight. The deviation between the two ourves 

is very great at first but gradually deoreases to zero as the 

£urves approaoh one another. When the logarithm of this 

deviation 1s plotted against time as in figure 85 a straight 

line is obtained exoept during the very first and very last 

stages of the desorption. If it ls assumed that during 

sorption air is displaoed from the oharooal by sorbate mole­

oules and during desorption sorbate is displaoed from the 

oharcoal to be replaoed by moleoules of oxYgen and nitrogen, 

then these deviations between sorption weight and analytioal 

data are readily explained. It may be noted that the analy­

tioal methods are suffioiently aoourate to justify this ex­

planation. 

Berl and Andress (23) have noted this displaoement 

of adsorbed air from oharooal by the vapors of several organic 

oompounds and have determined the amount displaced. 
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DISCUSSION 

A study of the dynamio sorption of ammonia and 

butane has been made using an apparatuB whioh permitted the 

sorption to be followed as a· funotion of time, in addition 

to temperature data and analysis of the effluent gas stream, 

over a wide range of oonditions of sorbate oo·noentration 

and flowrate. 

The apparatus was found to be very oonvenient for 

aoourate study of such sorption data as sorption capaoity, 

service time, escaping concentrations, dead length, sorption 

gradients in both the oharooal and the gas stream, and 

temperature rise in various sections of the oharooal bed. 

This type of apparatus has the advantage of measuring the 

sorption as a funotion of time rather than of bed length 

8S in a segmented cell. This results in a considerable 

saTing ot time as less runs are required tor a complete 

study ot any particular sorbate. 

It seems advantageous to follow the sorption beyond 

tbe servioe time of any bed to the equilibrium value, for as 

P9inted out by Meoklenberg (14) the escaping gases are in 

faot those in equilibrium with the working layer of the 

charooal. ,From the analysis ot the escaping gases the 

sorption gradients throughout the bed may be set up. 



(140) 

The method used herein for measurement ot service 

times agreed closely with those indicated by the rise of 

test papers, at least for service times above five minutes, 

and oould be used where suitable chemical tests are not 

available. 

The aoouraoy of this apparatus may be inoreased 

by the use of a light cell of plastio material and a more 

sensitive balanoe. 

The studies ot the sorption of ammonia and butane 

appear to indioate some differences in their meohanism of 

sorption. On a weight basis butane is sorbed to a greater 

extent than ammonia but on a volume basis more ammonia is 

sorbed per gram ot oharooal than is butane. For a four 

oentimetre bed using a stream of pure sorbate approximately 

66 00. per minute 6.26 grams ot butane are sorbed to 2.92 

grams of ammonia. On a volume basis 146 00. of ammonia and 

69.2 co. of butane are sorbed per gram ot oharcoal under 

these conditions. 

The equilibrium sorption weights for ammonia were 

found to be expressed closely by the Langmuir and Freundlioh 

isotherms over the range 50 - 760 mm. lig. partial pressure 

of ammonia. The equations found were: 

0.278 P 
IJC • 

1 .;. O.00055P 

x :I 1.06 P 1/1 •31 
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The isotherm for ammonia still has not reaohed a oonstant 

value of the equilibrium sorption as the partial pressure 

inoreases. Below 50 mm. this isotherm fell off rather 

sharply to the origin. Butane, on the other hand, did not 

tollow an isotherm of this type at all olosely over the same 

partial pressure range. The sorption in this oase inoreased 

rather rapidly at first then sloped off to a oonstant value 

more gradually than either isotherm would predict. 

From a oonsideration of the desorption of both 

ammonia and butane using streams of pure ai~ ammonia was 

not found to be removed oompletely trom the oharcoal when 

equilibrium had been established between the desorbing stream 

and the oharcoal, while butane was capable of complete removal. 

The ammonia sorption appears, then, not to be completely 

reversible while that of butane does. 

The relation of the logarithm ot the service time 

gives a straight line for ammonia when plotted against the 

aotual ammonia flow whereas with butane a linear relation is 

obtained between the 10g$rithm of the servioe time and the 

logarithm of the butane flowrate. 

It seems possible that the ammonia is held to the 

charcoal in part by chemisorption foroes, while the butane 

might possibly beheld by a type of moleoular sorption, either 

van der Waalts or capillary oondensation. The oovalent bonds 

between the ammonia moleoules and the atoms in charooal surface 

would thus be rather diffioult to break so that the sorption 

would not be reversible. 
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The theoriescf sorption as developed by Danby 

et al and Meoklenberg were based on entirely different con­

siderations. Meoklenberg assumed sorption to occur by 

capillary condensation while Danby et a1 postulated active 

centres each of which were e~pab1e of dealing with a certain 

number of mo1eoules of sorbete. The Danby et al theory 

assumed that the sorption was the rate governing step while 

Meoklenberg assumed the process to be expressible by the 

Nernst formUla for heterogeneous reaotions which is de­

pendent on the diffusion rate. Their predictions are, how­

ever, similar for the expressions of the sorption data in 

terms of the experimental variables. 

From both theories the ooncentration of the gas 

decreases exponentia11y along the bed from the. initial oon­

oentration of the entering gases, and increases exponential1y 

with time, so that there is a working layer where the sorbate 

is being removed, which moves along the bed until sorbate 

appears in the effluent stream at the service time. The 

relations between the sorption data suoh as sorption 

oapaoity, servioe time, escaping oonoentration, dead length 

and sorption gradients has been discussed in the introduction 

in terms of the experimental variables. 

In general, the results of the investigations 

presented herein are in good agreement with the theories of 

sorption and other data found by previous investigators. 

The logarithm of the esoaping conoentration gives 

a linear relation with time during the early sta~es of break­

down, but deviates as the esoaping conoentration increases 
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whioh is as predioted by Danby et al. 

The servioe time gives a linear relation with 

oolumn length over the ranges investigated. The servioe 

time also varied with the reciprooal ot the flowrate at 

oonstant conoentration. There appears tobe'slight disagree­

mentwith theories as far as relation between service time 

and concentration is oonoerned at low oonoentrations. 

Theories prediot Co x T • a oonstant whioh was found to be 

true exoept at low ammonia oonoentrations where the produot 

falls off as oonoentration is decreased. The partial pressure 

ourve bends down sharply in this region. 

Above 7 mm. partial pressure ot butane the dead 

length varies as the logarithm of the initial oonoentration; 

below this it appears to vary direotly with the conoentration. 

The sorption gradients obtained agree with those 

predioted by Danby et al in their detailed theory and with 

those found by Shilow and explained by Meoklenberg. The 

gradient differs in shape in the first sections of the bed 

trom those later, out it gradually is built up to a oonstant 

shape and the gradient, once formed, moves along the bed at 

constant veloCity. The length of the working layer thus 

increases to a constant value. Meoklenberg explained the 

change in shape by variation in oapillary size and the slow 

migration from the outer to the inner layers. Another factor 

whioh is suggested by this work is that of temperature, which 

lengthens the working layer by reduoing the sorption oapaoity 
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when the stream first passes through the bed, allowing the 

sorbate to penetrate further before being completely sorbed, 

and by the sorption continuing near the end of the gradient 

as the layers in this region aool back to room temperature. 
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SUlOlARY AND eOITRIBU!ION TO DOWLltDGE
• j . 

PAR! A 

A Study of Pro Knock Activity 

Quantitative data of the pro knock effectiveness ot 

several compounds were obtained in an effort to determine 

whether such compounds miBht be used in lDilit;ary taotics to 

render automotive eqUipment inactive. 

!eohniqu.es were developed for qu.antitative addition 

of gaseous, li~id and solid compounds to the air in take of an 

engine. The standard knock testing proe edure was adapted for 

testing pro knocks on an Ethyl 30 B Knook Testing l!;ngine. The 

relative pro knock activities of several elements and radicals 

were classified and the former related to their position in 

Mendeleef's periodic table. From these data compounds of the 

type 

Br 

-
( 

C , -
.,.-Br 

As 
Br 

Br 

were predicted to have great pro knock activity. Arsenic 

tri-chloride was the best pro knock found in this work; it 

caused a ten o~tane drop in an 80 octane leaded aviation fuel 

http:eohniqu.es
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at ,.8 parts per million of air. It was also concluded that 

quantitative data on the octane drop required to seriously 

damage an aircraft engine is essential. 

PAR! B 

Dynamic SOl1>tion of Ammonia and Butane on Oharcoal 

The dymmio sorption of butane and aumonia on 

charcoal was studied using an apparatus which followed the 

sorption by weight as a function of time and pemitted 

measurement of temperature rise and analysis of the effluent 

gas stream over a wide range of sorbate ooncentrations and 

flowrates. The data were applied to the theories of vanby 

et &1 and ot .M:ecklenberg and were found to be essentially in 

good agreement. 




