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Ae A Study of Pro Knock Activity
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and Ammonia on Charcoal.
Part 4

various compounds were investigated to determine
their pro knock activity by adding them to the air intake
of, or to the gasoline used by and sthyl 30 B Knoek Testing
sngine. ¢The best compound tested was arsenie tri chloride
which requires 5.8 parts per million of air by volume to
cause a decrease of ten octane units in & leaded gasoline.

It was found that the best knock inducer elements were
in order of effectiveness: arsenic, antimony and phosphorous.
Mercury, vanadium and ehromium were also found to be effective.
Among the radicecals the halogens were most effective, the order
being bromine, chlorine, iodiné and fluorine. Effectiveness
of halogens appeared to be enhanced by the presence of a
nitro and methyl groups.

mlements of the type

Br
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were predicted to be exceedingly effective,
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PART B

Dynamie Sorption of Ammonia and Butane on Charcoal

The dynamic sorption of butane and ammonia on char-
coal was studied using an apparatus which followed the sorption
by weight as a function of time and rermitted measurement of
temperature rise and analysis of the effluent gas stream over
a wide range of sorbate concentrations and f lowrates. The
data were applied to the theories of vanby et al and of

Mecklenberg and were found to be essentially in good agreement.



AGKNOWLEDGEMENTS

“w

The aathor wishes to acknowledge the co-
operation of the Organie Chemistry Department of MeGill
University particularly Mr. B.K. Wasson and Mr. HeD.
Orloff for the synthesis of many of the compounds used
as pro knooks. Acknowledgement is also made to the
National research Council for a studentship and for the
loan of the knoek testing engine used in the pro knock
investigations, and to Mr. J.A. Pearce for carrying out

the experimental work on the solution investigations,



&+ A Study of Pro Knock Activity

(in eollaboration with S.G, wuavis)



TABIE OF CONTENTS

INTRODUCTION
I Oxidation of Hydroearbons
Theories of Oxidation
Experimental Uxidation pata
Effect of Catalysts
II Physical Aspects of Combustion
III Xnock
Combustion in I.C. Bngines
Knoek in I.C. Engines
Theories of Knock
measurement of Knoek
Knoeking Characteristies of Fuels
IV Anti XKnock Compounds
V Pro Knock Compounds
VI Theories of Anti and Pro Knoek Action
EXPERIMENTAL
RESULTS
DISCUSSION
REFERENCES



INTRODUCTION

It has been established that many chemical substances,
when introduced into the air intake of, or dissolved in the
gasoline consumed by, an interal combustion engine will
cause the ehgine to knock noticeably, decrease power Ooute
put, and possibly result in damage to various engine parts
(1, 8 3 ). It is the purpose of these investigations to
obtain quahtitative data on the'prd-knook activity of
various substanees, with a view .toward examining the prace
ticability of their use as a weapon in chemical warfare to
render enemy gsutomotive equipment insotive, If the air
could be polluted with a suffiecient congentration of a pro-
knock eompound, it is possible that aeroplanes, tanks, or
other automotive equipment could be rendered inactive by
passing through an area so treated, sinee knoock of suffieient
intensity will cause skoppage of the engine or mechanical
failure of the engine parts.

Since engine performance depends upon the nature of the
combustion of the hydrocarbon fuel in the aylinder, a brief

review of the chemical and physical sspests of combustion is
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essential for an understanding of the action of pro-knook

sompounds.
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I OXIDATION OF HYDROCARBONS (4 = 10)

From a simple consideration of a reaction such as,
csné + 50, = 3002 + 4320
it seemed obvious that it could not oeour in one step, 80
that several intermediéte reactions were expected.

Under suitable conditions of temperature and pressure,
all hydrocarbons have been found to combine siowly with oxygen
wlthout the formation of a flame and with no appreciable rise
in temperature. Analyéis of the produots condensed at various
stages of such a reaction has shown the presence of various
aléohols. aldehydes, acids, oxides, peroxides, carbon mone
oxide, aarbon dioxide, and water (4). At higher temperatures
where inflammation might ocour, free carbon and hydrogen and
lower hydrocarbons have been isolated as well as the above,

- Kinetiec studies also indicated great complexity involved
in the reaction. There was an induetion period Auring which
no appresiable reastion occourred, as indicated by pressure
change or oxygen consumption. The reaction rate was depen=-
dent on a high power of the hydrocarbon concentration. While
the oxygen concentration had little effect. This pointed very
definitely to a chain medhanism,vpropagated by collisions of
chain gcarriers with fuel molecules. Temperature coefficients
of the reestions indicated highly complex chainsg; even the
character of the combustion was altered at different tempers
atures. The chain carriers were thought to be Qery reactive

since they were found to be short lived. Surface was noted

to play a prominent part in initiating ohains and Bhad a proe



(4)
found influence on the reaction rate. The nature and rate of
the hydrocarbon oxidation have been found to be greatly in=
fluenced by eatalysts;bothﬂaeoelerators and inhibitors being

effective in very low concentrations.

Theories of Oxidation.

To account for the analytical results and the kinetioc
evidence, several theories of hydrocarbon oxidation have been
formulated, There are two main ones, however; the hydroxy=
lation theory and the peroxidation theory., The former was
built up entirely from analytieal results, while the latter
took into account the kinetic evidense as well. Considerable
controversy waged over the merits of the two theories, especiale
ly in so far as the initial aot of the oxidation was concerned.
l. The Hydroxylation Theory (4, 10, 11) - This was first pro-
-posed by'Armstrong (12) to aceount for the produation of
aldehydes in the slow oxidation of methane by Bone and Wheeler
(13)e In short, oxidation was gssumed to oocgur by successive
hydroxylations of the hydroecarbon molecule, an aleohol being
first formed, followed by unstable 4i - and tri- hydroxy
compounds. The di- hydroxy molecule decomposed to give water
plus en aldehyde, whioch was then oxidized to the corresponding
acide. This in turn decompoged to water and earbon monoxide or
a lower aldehyde, or in the case of formaldehyde to a di-
hy@roxy acid whioh decomposed to carbon dioxide and water,

For methane the scheme suggested was:
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CEy — CHyOH' —y CH(OH),

A *H Cs : C:0
H,0 ¢ Hp:C:0 ....,H/C Y =

¢o, + HgO COp 4 Hp0

Seocondary reactions, depending on the temperature, pressure
and concentration of the reactants would give rise to lower
hydrooarbons, peroxides, free carbon and hydrogen. The ine
duotion period was explained as the time necessary to form a
definite amount of aldehyde whieh remained csonstant through-
out the subsequent reaction period.

For slow eombustion reactions the theory agreed very well
with the analytical results, and at least qualitatively for
explosiong. However there was some doubt as to the initial aot;
& termolecular collision was necessary which is very improbable,
Aleohols were only isolated under high pressures, while the
theory predicted them first. The effeat of catalysts was also
pard to explain since alcohol and aldehydes affected the re-
action only slightly while some peroxides had tremendously
greater effect, whiach is the reverse of what was expected
from the theorye.

2. Peroxidation Theory ( 10, 11) - This theory was first

formulated by Bach (14) and Engler ard Wilde (15). A direct
addition of a molecule of oxygen to the hydrosarbon to form &
peroxide was postulated, followed by decomposition of the

peroxide on collision with a sescond fuel molecule or by itself,
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A chain mechanism was easy to postulate, using the decompos-:
ition products of the peroxides as carriers, which would
acocount for all the analytieal producsts obtained experiment-
ally. For methane the scheme was:

followed by oxidation and de;omposition of the aldehyde.
Methyl aleohol was formed by:

CH;(Op) +1CH; —»> 2CH,(0,) CH, —> 2CH,0H
However the peroxidaé were difficult to isolate and it was
hard to prove that ﬁhey were formed initially. This theory
raéuired only a ;iimoieoular collision in the initial act,
which was far more likely than a termolecular collision. The
induction period was explained by deactivation at the walls,
Peroxides are far more effeative as catalysts than alceohols
or aldehydes which led to the conclusion that peroxides were
more fundamentally related to the chaln carrier than alcohols
or aldehydes.

3. Other Theories - Several other theories, as well as mod-

ifications of the above two have been postulated.:

(a) Norrish (6) = proposed a mechanism using oxygen atoms as
the chain oarrieré. These atoms were said to be formed from
formaldehyde which was formed itself by a wall reaction. The
scheme for methane was:

0

CH, 4 0 — CH, 4 H,
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The tormaldehyde was formed:
CHy ¢ Op 3Urface, ggEo 4 HyO
HCHQ 4 Op —> (HpCOg) —» HCOOH ¢ 0
Chains were termihaéed according to: -
0+ CHy # X —> CHz0H 4+ X' or
0 & surface — 0, ,

where X was an iﬁert gas molecule., The analytical dsta was
accounted for, but the concentration of oxygen atoms likely

to be present was songidered insufficient to carry the reaction
(16). Methyl alcohol was said to be formed by a termolecular
collision with an inert gas molecule which was unlikely as the
presence of an inert gas decreased the reaction rate rather
than inereasing it. The induction period was explained as the
time necessary to build up the formeldehyde concentration by
the wall reaction. The reaction CH, + O explained the experi=
mentally determined fact that the ratio of hydroearbon to
oxygen concentrations of 2:1 was the most reactive.

(b) Lewis (17, 18) = assumed the primary step:in paraffin oxe

idation to be the decomposition to the eorresponding ethylene,
with the liberation of hydrogen; oxygen would then add to the
doubie bonde The scheme was thought unlikely 8inse olefin
oxidations diffsred greatly in character to that of the par-
affins (19, 20, 21).

(a) Ubbelohde (10)- did not postulate the initial step but

indicated that hydrocarbon oxidation would follow a similar

mechanism to that for aldehydes since the products, rates, eta.
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were similar. Here the R = Q\- O radical was said to be the

chain carrier.

Experimental Oxidatiom Data (4, 10, 22, 23) =-

With a knowledge of the theories of hydroecarbon combus-
tion, the experimental results of the oxidations of partioular
hydrocarbong are more readily interpreted. For the siow'eomp
bustion of the farsaffins in either air or oxygen, fhe reaction
pfoduqts were predicted by either the hydroxylation or the
peroxidation theory. 4ll, from methane to hexane, showed ine-
duction periods during which little or no reaction oscurred.
The rate was found t0 be dependent largely on the hydrocarbon
goneentration, the reaction being retarded by excess oxygen or
diluents., Pressure and temperature rises decreased the length
of the induction period and inereased the rate of reaction.
For equal reaction rates a much lower temperature was required
as the series was ascended. Peroxides were isolated with:
dittle -diffienlty from the highér members; these appeared
to oaccur at about the same stage of the reaction as aldehydes
and alecohols. The optimum concentration for maximum :eaction
velocity was found to be two to one of hydrocarbon to oxygen
for methane and ethane, decreasing to one to one for hexane.
The higher paraffins also showed considerable chemilumines=-
cence during slow combustion., In explosive combustion all
but methane ylelded free carbon and hydrogen and lower hydro-

carbons. This was related to the desomposttion of alasohols
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and aldehydes which showed the same products at similar tem-
peratures.,
Unsaturated hydrocarbons were found to act quite different-
ly in slow oxidation. The primary step was know with a greater
degree of certainty. At room temperature amylene, in the

liquid state, added a molecule of oxygen to the double bond:
OHz(CHE?zCH » GH2 + 02 —’-Gﬂz(cﬂe}ch ~ CHp

00— 0
It was assumed .that the lower members would act similarly,
since a pressure drop was observed at first in a constant
volume reaction., No chemiluminescence was observed and the ad-
dition of aldehydes did not affeat the rate. Acetylenes and
olefins were assumed to act similarly since glyoxal was isolate-
ed. The two to one rate of hydrocarbon to oxygen was found to

be the most reaoctive for unsaturated hydrooarbons also.

Effect of Catalysts
It has already been indicated that the addition of small

amounts of reaction intermediates increases the rate of ox-
idation appreciably. 4lcohols have been found to affect the
rate only slightly, aldehydes more so, and ocertain organic per-
oxides have produced a very great inorease in the reaoction rate
(10). Carbon dioxide, helium, argon and nitrogen all have
shown a retarding effeot on combustion, Roughly, their active

ity seemed to depend upon their thermal capacity and thermal
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conductivity, Several halide compounds have also been found
to retard the oxidation: carbon tetra chloride, the chlor
methanes and ethanes, several bromides and iodides and phose
phorous oxychloride (1l). These latter have been assumed to
take part in the combustion reaction itself and act by inhibiw
ting chains,. Lead tetra-ethyl and iron carbonyl have shown a
gimilar effeot, but it is doubtful whether they take part in
the reaction or not. It has been attempted to justify their
action on purely thermal grounds on the one hand and by partic=
ipation in reaction chains on the other, Nelither has been
proven satisfactorily amd it has appeared probable that both
play a part.
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II PHYSICAL ASPECTS OF COMBUSTION (24 - 28)

A great deal of the discussion of the oxidation of hydro=
carbons had to do with slow combustion, but mention was made
of an explosive form of cumbustion which possessed different
eﬁaracteriatice than the slow oxidation, In fact three modes
of combustion have been noted: slow oxidation, inflammation,
and detonation. Slow oxldation ocourred without the appear=
ance of a flame, and the reaction took a measurable time to go
to completion., 4t higher temperatures the oxidation auto-
aocelerated and reaction took plgde very rapidly and with the
omission of a considerable amount of light. This was oalled
inflammation;a 8till more rapid oxidation was 2alled detona=
tion, In this case the reaction was almost instantaneous over
a large portion of the charge and was extremely violent.

Inflammation has been noted to ocour in two ways depend-
ing on the pressure. In the higher pressure region, a rise of
temperature was found to increase the reaction rate to such an
extent that the heat of reastion ecould nQ longer be dissipated.
4 rapid temperature rise ensued and the reasction auto-accel-
erated;f%ight wes omitted from fragments of molecules present
in the flames., In the low pressure refion limits for inflame
mation have been observed. In this region when the tempera- |
ture was inoreased the equilibrium between formation and
termination of reaction chains was disturbed. The result was
an auto-acceleration of the reaction due to branching of the
chaing; the temperature rose and light was Oémitted. The lowér
pressure limlt resulted from deactivation of ohain carriers at

the walls; the upper limit from deaoctivation of the chain
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carriers in the gas phase,

There have been found, also, upper and lower limits of
composition of the mixture, for each hydrocarbon, only with-
in which $gnition would ogour under given conditions of teme
perature and pressure. This range of composition narrowed in
passing up the paraffin homologous series, e.g. for methane
in air the limits are 5 - 15%, for hexane 1 - 4% (24). Endo-
thermio compounds like acetylene have been found to have very
wide inflammation limita:(a - 52%). The presence of diluents
was found to narrow the upper limit considerably. An inorease
of temperature also caused widening of the limits., The effest
of preasure was found to depend on the mode of ignition
(whether spark or hot surface). Generally an increade of
pressure widened the limits although optimum pressures have
been reported. The ignition limits (pressure), inflammation
limits (composition) and the ignition temperature have all
been found to depend on: the mode of ignition, the shape and
size of the vessel, and the degree of turbulence. The latter
raised the ignition temperature byt widened the composition
limits,

With the higher hydrccarbons, a chemiluminescence ocourred
for some time before the actual ignition point was reached.
These were oalled "gool flames™, and aldehydes were present
when this occurred.

The actual speed of propagation of flames was found to

depend mainly on the experimental conditions. Here again the
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nature and coneentration of the mixture, the shape angd size of
the vessel and the degree of turbulence were the most important
fagtors influencing the speed. Presgure and temperature had

little effect. For all the hydrocarbons the flame temperatures
were in the vieinity of 1900%C., The unsaturates showed slight-

1y higher temperstures than the paraffins but were within 50°¢C
of them, With air mixtures the flame speeds were from 60 -260

cms. per sec. and with oxygen mixtures from 1000 - 4000 oms.
per sec,, unsaturates having slightly greater speeds.

Due t0 compression waves before the flame and other
pressure differenoes in the vessel the flame was sometimes ° .
noticed‘to take up a vibratory form of motion, with a resuli-
ing increade i1n the average rate of/burning. Both the uniform
and vibratory forms of Xlames were far below thé veloolity of
sound, so that the aompreasion wave corresponded to a low
pressure gradlent, The flame speeds and temperature depended,
in general, on the freedom offered for the expansion of the
burnt produets.

Detonation , the most violent form of combustion was said
$0 ocour when an accelerating flame catohes up with the crest
of the compression wawe being propagated ahead’of ite A
gudden inarease of rate and preséure was noted. The sudden
energy release in the reaotion activated a large portion of
the charge to sudden resotion. Another possibility for the
ocaurrence of a detonation was gaid to be the refleotion of a
gompression wave from the walls into the path of the flame ox

vice versa. The change from ordinary inflammation to detonation
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has been reported as occurring at once, or by a series of ine
creases 1n flame velocity. Detonation waves are reported to
travel much faster than sound, the reason being that the wave
is propagated by a much gréater pressure gradient between
successive layers. They have been 8aid to be propagated uni-
formly at a rafe of about 12000 feet per second, In ordinary
flames burning occurs by conduction of heat from layer to
layer whereas in a detonation it is mainly by adiabatiec come
pression, the flame becoming a compression wave. 4s is the
cagse with inflammations, limits of ocomposition have been
found within whioh, but not outside of which, detonation
would oceur. JSimilarly factors which influenced inflammations
have also been found to have a similar effect on the pro-
pagation of detonation waves.

In a detonation the reaction has been found 0 be prac-
tically complete and instantaneous in the flame frond, while
in normasl inflammations the reaction has been noted to oceur
behind the Iflame front for a short time. Many detonations
were noted not to travel linearly, but helically near the
walls of the reaction tube. These are ealled spin detonation
waves., Doubt has been expressed whether it was the head of
the detonation wave only that was propagated helically or
whether it was the whole body of the gase
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III EKNOCK
Combustion in Internal Combustion Engines (27)

The combustion phenomena observed in internal combustion
enginss;gimilar to that in laboratory equipment when the
conditions of operation are considered. The mixture is

spark ignited, although it is also heated& by the walls of the
eylinder. The combustion occurs at fairly high pressure,

with a congiderable degree of turbulenace in\tho mixture. Near
the end of the compression stroke the fuele-air mixture is
spark ignited. A flame travels through the compressed gas, as
in normal inflammation. The reaction is fairly compdete in a
narrow ftame front. The pressure is increased greatly due to
formation and heating of the products and the energy is util-
ized on the expansion, or power stroke. For maximum power it
is desirable to have a high compression ratio so the pressure
at the time of ignition will be highs The flame speeds are

of the order of 285 - 2850 feet per second. Ih normal combuse
tion very little reaction occurs before the flame. 4s in
simple explosions the pressure increases to its miximum value
of about 1000 lbs. per square ineh in 0.001 see. without pul-

sation or vibration, when the engine is operabting normally.

Knogk in Internal Combuastion Engines (27,29)

Under certain eircumstances the character of combustion
in an I.C. engine may change accompanied by a knocking sound,
It results in loss of power and efficiency and may result in

damage to the engine through mechanical failure of some of the
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parts. This is especially so in high duty aircraft engines
where gumming, pitting and seizure occur ¢ . |

Examination of the nature of this type of combustion has
shown that it is an abnormally rapid explosion of a ocertain
portion of the oharge which is the last to burn, resulting in
the formation of pressure waves in the gas. The portion of
the charge undergoing knocking combustion may be as high as
three quarters of the whole charge., The flame and other
charaoteristics of the combustion preceding knock has been
found to be quite regular and #dentical with that in the entire
absence of knock, However the flame begins to vibrate and
suddenly accelerafes. The ighlition of the unburnt mixture a=-
head of the flame sometimes precedes or is synchronous with
this acceleration. 4 re-illumination or after-glow flashes
back and forth from the flame front with the speed of sound
through the burnt produets and the pressure pulse or shock wave
accompanies this afésr-glow (24). The velocity of the pressure
ugvéfis.about 900 metres per1seeond, the pressure rise is about
10000 pounds per square inch in 0,001 of a seeond, It i1s these
pressure waves which on reflection from the gylinder walls set
up a state of resonant vibration which gives the audible sound
assocliated with knoosk. The knocking part of the charge, im=
mediately before the onset of knock is in g highly sensitized
gtate due to partial combustion at the temperatures caused by
compression and conduetion from the walls. Knoek would thus

be increased by any faetors which tend to inorease the tem-
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perature of the charge or the length of the time of heating
prior to égnition. These are called the temperature and time
fasctors. Xnocking funels have a thin fiame front and pro-
nounced re-~illumination when the shook wave is reflected from
the walls., With a non knocking fuel there is a continuous
zone of combustion extending baock from the flame front.
Multiple knock may ocour when the shock wave or reflection
from the walls separates the unburnt mixture into two regions

which may not knock at the same instant,

Theories of Knook (11, 27, 29)

From what has been said previously, knock and deténation
might appesr to be 1dentical or at least very similar. The
evidence seems to indicate that knock is not a true detonation,
but is a type of combustion intermediate between inflammation
and detonation, It is similar in that it is a violent and
almogt instantaneous reaction of a presensitized fuel-air
mixture., However it is neither as violent nor as rapid as a
true detonation., The flame velocity in knocking cdmbustion is
about 1000 feet per second, and the pressure developed is only
about 10,000 pounds per square inch in 0,001 of a second, while
the velocity of a true detonation is as high as 10,000 feet per
second and the pressure developed is much higher than for a
knocking explosion, It is also unlikely, from oondifions of
the mixture, temperature, pressure and vessel shape and size,

that a true detonation could occur in an engine cylinder,
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Explanations of the knocking sound and its relation to
flame conditions were offered by a number of investigators.
Midgely and Boyd (30) attributed the knocking sound to impaet
between the piston and the‘oylinder walls, and later (3l) to
the impact of a high velocity, high pressure wave against the
oylinder walls., The pressure and velocity of the explosion
wave in knoeking combustion dre far greater than in normal come
bustion due to the exceedingly high pressure differential be=
tween suocessive layers. 4 long eylinder would thus have
greater tendency to knoesk, which is found to be true., Egerton
and Gates (32,33) account for the knooking sound by compres=-
sion waves set up by'enhanced vibratory combustion near the
eylinder walls. Maxwell and Wheeler (34) reported a vibratory
combustion during knocking which started a shook wave through
the fuel causing it to detonate.

This did not expdain the origin of knock, that is the
chemical readtions which precede and@ accompany a knocking ex-
plosion and how thy differ from those in normal combustion,
Several theorles have been advanced to explain the origin of
knock, and much controversy arose because of the variety of
conditions under which the various investigatdrasopsrated.
Ricardo (35) attributed the knock to the spontaneous ignition
of the last part of the charge to burn. Expansion of the nor-
mal burning ocharge compressed the unburned protion before it,
heating it, until, when this heat eould no longer be dissi-
pated, the remainder of the charge ignited spontaneously be-
fore the flame reached $#t. From this, the knocking tendency
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of a fuel should be a funetion of its ignition temperature,
which i8 certainly not always tiue., For example, Tizard and
Pye (36) pointed out that carbon disulfide has a lower ignition
temperature than heptane but has less tendensy to knook.
Withrow and Boyd (38) however showed by pietures of the ed-
plosion that spontameous ignition did occur in mapy cases before
the flame reached the part of the charge involved in the knook,
In spite of this controversy there appears to be, in many ocases,
a sort of parallelism between ignition temperatures and knook
tendency of fuels., It has been suggested, also, that the
initial temperature of slow oxidation was related to knock ten-
dency. Callendar (38) proposed a nuclear theory which differs
radically Irom sny other theory of knoock. He suggested that
when a fuel was atomized in the air the drops, as they.evapor-
ated, left a residu® or liquid nucleus consisting largely of
the less volatile constituents such as the higher paraffins.
These drops would serve as focl of ignition sinece they have a
lower ignition temperature than the vaporized mixture. When
peroxides were shown to have considerable knocking effect,
Callendar (39) suggested that the peroxides were formed and
acocumulsted in the nuelear drops, and acted as a primer, cause
ing simultaneous ignition of the whole drop. ZXgerton and Gates
(40,41) however showed that knooking could and did take place
in the gas phase. They believed that peroxides catalyse the
knooking reaction but would not aet as primers. In support of

the liquid phase origin of the knook lioreau, Dufraisse and
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Chaux (42) showed that the higher boiling hydrocarbons form
peroxides much more readily than the lower members, However
it is unlikely that liguid nuclei play a part in oxidation,.

The formation and accumulation of peroxides is believed by
many authorities to be the origin of knock. Egerton & Gates
(40, 41) Salmoni (43) Dumanois (44) Roberti (45) and Prettre
(46) support the idea in some form. Unsaturated hydrocarbons
forﬁ peroxides more easily than saturates yet their knocking
tendency is much less. Londain, Monvall and Quanquin (47)

did not ®elieve that the peroxides themselves caused knock but
rather highly oxygdnated fragments of molecules. Peroxides
which are readily split do promote knocking, while those
similar to the ones formed by ethylenes do not appreciably
(48, 49). This is in agreement with the suggestion that per-
0xide fragments are active, and is similar to results obtained
in reaction between hydrogen anmd oxygen (50).

Rice (51) noted the relation between knock ratings of
heptane isomers and the number of molecules of lower hydro=-
carbons produced during their thermal decomposition. This, he
argued, showed that knock was due to thermal decomposition
before oxidation. Steele (52) attributed the knock to free hy-
drogen libersted during thermél decomposition before combustion,

Free hydrogen and lower hydrocarbons react very rapidly with
oxygen and their patés of flame propagatbonare about ten times
that of gasolkne-air mixtures. The thermal desomposition hadé
been suggested to ocour by absorption of radiation (53).
Ionization and emission of elemtrons in the burning charge which
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sengitize the unburned portion has adso been suggested as a
possible cause of knock (54).

Most observers however agree that knock is caised by some
sort of presensitization of the last part,of the charge, ex-
plainable by a chain reaction mechanism. Beatty and Edgar (55)
point out that undexr the conditiong necéssary for a knocking
combustion the mixtmure is in a ceritical state of gomposition.
The end gas is undergoing slow oxidation, in which the number
of chains formed equals the number deactivated. When the teme
perature and time féctors (p.24) are such that knoocking ocan
take place chain branching occurs, inereasing the number of
aotive products in the end gas, so that when the flame reaohes
this region there is almost instanteaneous reaction throughout.
In a detonation the probability of chain branehing is unity so
that the chains multiply in a geometrie progression, Here it
is supposed that every collision leads to activation of a re;
actant molecule, so that the rate of reacthon is proportionsd
to the speed of moving of chain carriers and the flame and
pressure wave sweep through simultaneously. In knoeking come-
bustion the gollision efficiency is less than for a detonation.

Out of all this no really satisfactory explanstion of the
origin of knock has yet been advanced. The knocking sound is
likely due to pressure wave impacts arising from sudden re-
action of the last part of the charge which has been presensi=-
tized. This presensitization probably is the accumulation of
active chain earriers, highly oxygenated molecular fragments,

of extensive branching of reaction chains., Whether the sudden
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reaction oscurs before or after the flame reaches the plesensie
t1zed gases is still a little doubtful. Radiation, ionization,
and thermal decomposition of the fuel may be contributory

factors to the knock although this too 1s doubtful.

Measurement 0f Knook

The higher the compression ratio in an I.C. engine the
greater is the power developed from a given amount of fuel.
It is thus highly desirable that such an engine should operate
at as high a compression ratlo as possible. But, however, the
tendenoy for knock to set in inereases with the compression
ratio which more than offsets the power galn from the increased
compression ratio. Also under similar conditions the intensity
of knoek of various fuels differs, but the relative audibility
of knock is not sufficiently sensitive for comparision of fuels,

Ricardo (56) determined the highest compression ratio at
which an engine could be operated without audible knock. This
was called the highest useful compression ratio. Several other
methods using the audibility of knock have been suggested: (a)
the spark advance determined at various knock intensities,(57);
(b) determination of I.H.P. at various rates of fuel flow at
the feottle setting for incipient knock (58); (o) 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 gqudibility of the knock (60, 61).
Temperatures of the e¢ylinders have also been messured directly
(68) and compared with steandard referense fmels of known knock

rating. Rate of pressure rise in bombs (63), ignition teme
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peratures (64), amd the time to rupture a diaphlagm of known
thiockness (65) have all bheen suggested.

In 1928 the Cooperative Fuel Research Committee standard=-
ized the methods, using a bouncing pin indlecator (66). A steel
pin rests on a thin steel diaghragm in direet contact with the
compustion chamber., When knock occurs the pin is driven upwards,
clogsing & pair of contaoets, thus causing current to flow in an
electrioc circuit contaihing a hot wire elemsent, 4 thermocouple
placed near the hot wire element is omnnected to & millivolt-
meter, the reading of which varies with the temperature of the
element and hence with the knock intensityi The millivoltmeterm
is known as a knockmeter. This merely gives a comparison of
the knock of a given fmel with that of reference fuels of stan-
dard knock ratinge.

A scale for measuring relative knock rating of fuels has
been established., The primary standard fuels, upon which this
scale is based are iso octane, a hydrocarbon of high anti knook
value and normal heptane, a hydrocarbon of low anti knoek value.
Iso octane is assigned an "oatane rating®™ of 100 and normal
heptane O. The octane rating of any fuel is the pmraentage of
iso ootane #nranmixture of N, heptane and iso ectane (67) which
matches the knocking characteristics of that fuel, Sesondary
standards are genefally used comprised of a mixture of two
straight run bhydrocarbons, one of high the other of low omtane
rating, which have been carefully ealibrated against iso octane
and normal heptans,

The Ethyl 30 - B Knoek testing engine is & one oylinder
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valve in head, variable compressioh engine, fitted with a
bouneing pin indicator and thermal element knockmeter. A
constant speed sygnchronous motor is used for starting the
engine and for absorbing the power at constant speed when the
engine d4sirdnning, The engine is operated at 900 rpm, engine
temperature 545°F, spark advance 15 degrees, shim thickness
0,375 inches and at s compression pressure of 1l30-133 pounds
per square inch at full throttle., The compression ratio is
maintained constant and the throttle set to give almost full
knockmeter scale de¥lection for any desired difference of octane
numbers, The air to fuel ratio which gives maximum knock is
used. Knockmeter readings are determined for the fuel being
tested and are bracketed by those of reference fueis of slight-
ly lower and slightly higher octane rating. The octane rating
of the test fuel is then determined by linear interpolation,

The 30B Engime is now considered obsokete and has been
replaced by a variable compression engine designed by the
Cooperative Fuel Research Committee., The principle upon which
it operates is essentially the same as for the 30B type.
The specifications called for by the Admerican Soclety for Test=
ing Materials (68) are as follows: speed 900 rpm; spark ad-
vance is automatically controlled by the compression ratio; the
compression pressure, at 5.,3:1 compression ratio, is sed at 1ll4
3 2 psi; the compression ratio is determined by the test fuel,
being adjusted to give a knockmeter scale reading between 55-60

divisions, Reference fuels are used within two octane numbers
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on either side.

The accurate determination of ootane rating varies ocon=
@iderably with changes in conditions., Hense the specifications
for testing are always rigidly fixed. The outstanding factors
are: ocompression ratio (69), throttle opening (70), engine
speed (71), spark timing (72), mixture temperature (7l1), Jacket
temperature (71) and intake air temperature (71). Knockmeter
readings must be taken at the air fuel ratio for maximum knoock
(72).

In road tests (73, 74) &ifferent makes of automobiles have
different speeds, spark timing, mixture ratios and temperattre
80 that laboratory data do not always correlate with road tests
in any particular car. On the average, tne present standard

laboratory oconditions agree quite ctosely with road tests.

Knooking Characteristics of Various Fuels (75)

. Considerable woek has been done in an attempt to relate
molecular structure of fuéks to their knock tsadency. The faot
that different isomers have fadically different qualities as
fuels show that struoture is important. For example, 1 hexane
and oyclohexane, arnd normal heptane and 2; 2, 3 trimethyl butane;
the latter two are extremes in knock tendency. For normal or
straight chain paraffin hydrocarbons there appears to be a
steady inerease in knock tendency With inorease in length of the
hydrocarbon chain. This: effect of inerease in lenghh also

occurs in the case of branched hydrocarbons where the longest
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straight chain is considered. Successive addiéions of methyl
groups to a carbon atom chain results in a regularly decreased
tendency to knock. Among paraffin isomers the more compact the
molecular structure, the less is the tendensy to knoeck. The
aotual number of carbon atoms in a paraffin hydrocarbon has no
significance dAue 0 these effects of chain lengthening and chain
branehing. Olefines in general shoﬁ better anti knock qualities
than the corresponding paraffins., The same effects of chain
lengthening and branching are obwious here.  The position of the
double bond is impprtant, the nearer it is to the centre of the
molecule the less the temdensy to knock. The length of the un~
broken chain has the same effect as chain length in paraffins,
Cyclic hydrocarbons are superior in anti knook qualities to the
corresponding normal paraffins. The presence of an unbranched
side chain causes an increase in knocking tendency, the effeédt
being proportioned to the length of fhe side chain, Branching
of the side chain on eyclohexane causes a grest decrease in
knocking tendehcy; some branched side chain compounds being
superior in this regard to oyclohexane itself, The relative
positions of two or more side chains has apparently little
effects 4 double bond in the ring as in eyclohexenes has the
same properities relative to cyclohexane as in ethylenic double
bond has to straight chain hydroearbons. Aromatie hydrocarbons
are superior in knock tendency.to the aliphatie compounds. The
presence of a straight side chain on a benzene ring decreases
the knock tendency up to a lengbh of 3 carbon atoms and ine

oreases it thereafter, Methyl groups added to the ring improve
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the anti knock value. ZPara positioned side chains are superior
to meta and ortho.

The greater part of the work on molecular structure and
knoock tendency has been done in dilute solution of a standard
hydrocarbon, due to the diffigultyg in obtaining sufficient of
the pure hydrocarbons for engine tests. However work that has
been done on pure hydrocarbons agrees well with the dilute

golution effects.
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IV ANTI KNOCK COMPOUNDS

Midgely and Boyd (76, 77, 78) seeking to improve quality
of gasolines discovered a large number of compounds which,
when added to motor fuels in small qnantit;es resulted in a
large inorease in their knoek rating. These are oalled anti
knock compounds, Sinse then a great deal of work has been
done in an effort to find more effeotive anti knooks. Often
included under this elass of eompbunds are the 80 0alled"non
knook fuelsfy These are fuels in themselves of high knock rat=
ing. When added to poorer quality fuels, the knock rating of
the blend is inoreased. Large quantities of these (from 10 -
60%) have to be added to a low quality gasoline to raise its
knock rating. Among these non knocking fuels are: . bgmzene,
terpenes (79), alcohol, iso - octane, and oracked gasolines.
It is diffiocult to decide whether the effect obtained in a
blend of a non knoeking fuel with a knocking fuel is merely the
sum of the partial effects of the two, or whether the none
knooking fuel also acts as an inhibitor of the knock caused by
the other fuels There are some indications that non knocking
fuels do0 exert a slight anti knock effeot (80).

The true anti knock compounds suppresé or greatly decrease
the knoocking, far out of proportion to the amount d4dded. 2 |
large number of orgamo-metallic compounds and many nitrogen
oompounds are partioularly effective. There follows a list of

the more impeotant compounds classified according to their

chemicgl structures,

1. Nitrogen Compoinds.

These are true anti knock compounds, the better of these



(22)
shows measurable effest at a concentration as low as 0.,1%, an
amount which can hardly be considered to medify the bulk con=
centration of the fuel. The anti-knock effect is not duse to
the presence of nitrogen slone, since some nitrogen compounds
{nitro, nitrites, and nitrates) actually promote knocking.
The effectivenéss apparently depends upon a special type of
linksge between the nitrogen and the organiec radicals (8l).
In this elass, amines show the greatest effect. Table I
shows the relative effeotiveness of several amines, Values
are the reciproceal of the number of moles givkng the same
anti-knock effect ag one mole of aniline.

The presence of an aromatio linkage to the nitrogen
greatly inoreased& the anti-knoesk effeet., Slde chains on the
aromatiec ring also inoreases the effectiveness. Secondary
amines are in general better than primary or tergtary.

TABLE I (61)
Comparison of Anti-Knock Activity of Several Amines
( Numbera are reciprocals of the modes giving the same effect

as one mol of aniline.)

Anmonla eeceeces 09 Toluidene eeesccsee le22
Ethyl amineg sees 0.20 m-Xylidene secncess lod-
Diethyl amine .. 0,50 e mm—————————————
Triethyl amine , 0.1l& Monomethyl aniline..l.4
Triphenyl amine. 0,09 Monoethyl aniline ¢ 1,02
Aniline ceccees. 1lo0 Dimethyl aniline .+ 0,21
Diphenyl amine +ele5 Diethyl aniline .. 0.24

Amides (82), imines {83), carbamides (84) and eyanogen
compounds §85, 86) have been shown to have anﬁi-knock pro-
perties, but to a'much lesser extent than the amines,
2e Other Group Five Elements.

(a) Phosphomous and arsenic (84). Some of these compounds
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are known to_te oxidation inhibi tors, but there is very little
mention of anti-knosk properties.

(b) Antimony ((84, 87). Trivalent antimony acts as an
anti-knoek compound, while pentavalent antimony is a pro-knock.
Antimony triphenyl and trichloride are effective anti-knocks.

(e¢) Bismuth (84, 88, 89, 90)., Some bismuth compounds
are rather good anti-knocks, e.g. bismuth trimethyl, trtethyl
and triphenyl.

Se Halogens,

Although halogens, particularly the lighter ones, are
generally considgred to possess pro-knock tendencies, sevezal
halogen eoipounds are anti-knocks. Carbon tesra-chloride (91),
ammonium halides (91), alkyl halides, particularly iodides
(81, 84, 92), chloro, bromo and iodo naphthalene {91), iodine
(84, 93) and phenyl halides have all been reported as being
anti-knook compounds. Iodine compounds are stated to be the
best, bromine next, and chlorine the least effective (82).

4. Sulphur, Selenium, Tellurium,

Several sulphur compounds such as inorganic sulfides
(84), organic sulphur compounds and sulphur itself are antie
knocks. Selenium compounds have & much greater antie-knock
tendency than sulphur and tellurium more tpan selenium,
Selentum digthyli(84, 88, 90) is quite.good anti-knock and
selenium diphenyl (84, 88) i@ fair. Tellurium &iethyl (88)
1s a strong knock inhibitor and the diphenyl (88) slightly
less so,

5. Other Nonemetals. e
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(a) Boron (84)., Has slight anti;knoek effeot.
(b) Silieon (84, 91). Silicon tetraethyl is a fair anti-
knooke |
6. Metals.

A great many metal compounds, both their salks and
organf-metallic compounds, have anti-knoock properties. Here
the action is identified more closely with the element itself
rather than with the type of linkages (88). There has been
much discussion as to whether uncombined metals have or have
not anti-knock effect, without a definite conclusion having
been reached. The mo#t effective anti-knock compounds known
belong to this type.

The lighter metals have been found not %o have very
great effect. 4Among the potassium compounds, the gallate (92),
oxalate (84), ocitrate (84), ethylate (94), and iodide (95) are
effective, However potassium vapor acting in the oxide form is
more effective than tetra ethyl lead. Barium carbide (96)
has also been reported as having anti-knock properties.

However, it is mainly the heavy metallic elements
that possess greatest anti-knock aetivity. Lead compounds have
received the greatest attention and it appears that tebtravalent
lead almost al&ays has anti-knock power, while bivalent lead
aompounds are ineffective (84)., Lead tétramethyl (90) is quite
good, lead tetraethyl (84, 88, 90) is the best anti-knosk known
and has found wide practical application, lead tetrapropyl (84),
dimethyl diethyl (97, 98) and many others have all been studied
and found effective in varying degrees,

Iron, cobalt and nickel are also very effective., The
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carbonyls are next to tetraethyl lead in activity (84, 88, 90,
99, 100, 10l). Iron acetyl acetone (90) is also effective.

Chromium phenyl (100) has a slight effec¢t, as has moly=-
bdenum carbon¥l (29).

Tin tetramethyl, tetraethyl and tetraphenyl (84) are
fairly good, and some of the stannic halides have also
been repobted as anti-knock (84, 88, 90, 98, 102).

Compounds of sine (91), cadmium (88), meréury (103, 104),
gerium (83, 84), thallium (105). vanadium (84) and titanium (88)
have also been used as anti-knock agents.

The following tables show the relative effectiveness
of a nmumber of anti-knock eompounds¥

TABLE 2 (81, 106, 107)
Relative Effectiveness of
5ifferent Compounds of the Same Element
(Number is recipPocal of the number of mols giving

the same effect as one mole of gniline)

Elements Ethyl Compound Fhenyl Compound
Iodine 1,09 0.88
Selenium 6e9 5.2

Tellurium 26.8 22,0
| T4BLE 3 (108)
Relative 4nti-Knook Effestiveness
(Reeiproocal of the number of mols giving the same

effect as one mol of aniline)

Lead tetraethyl 118 Bismuth trimethyl 23.8
Lead tetraphenyl 70 Bismuth triethyl 23.8
Lead diphenyl dimethyl 115 Bismuth triphenyl 21.4
Lead diphenyl dtethyl 109 Stannie chloride 4,1

Lead diethyl chloride 79 Stannic 1odide 15,1
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Lead thioacetate 10 Monophenyl arsdéne
Cadmium dimethyl "l.24 Triphenyl arsine
Titanium tetrachloride 3.2

-
[ ]

In all cases where the element is the determining
faoctor rather than the linkage, the change from ethyl to
phenyl eauses at most a 20% decrease in activity (88). The
effeogtivemeas varies with position in the periodic table,
increasing down the groups.

7 Aromatic Compounda.

In general aromatic compounds possess antl-knock
activity; this activity decreases with hydrocarbon side chains
but inereases with hydroxyl or amine groups (109). Phenygl
ochloride (91), iodide (84, 93), sulphide (84) nitrite (80), |
monophenyl and triphenyl arsines (88), dipheﬁyl oxide (84),
dihydroxy benzene (84, 90), phenol (100), eresol (84) and
quinone (110, 84) have been reported to possess antiéknock
properties, |
8. Ketones and Esters,

In general these do not show very great pro- or
anti-knook activity. Some ketones (109) particularly higher
ones are effective. Methyl and ethyl eétera, and salts of
boric, silicic and acetic acids (91) show some effeot. Some
of the naphthenic acid esters (1ll), ferrocyanic acidsesters
(112}, the esters of palmitic, oleic, myristioc, énd laurie
acids (84), and potassium gallate, oxalate and clitrate (84)
are anti-knoocks,

9. Inorganic Salts,

Carbonates of lead, copper, oaloium and sodium; nitrates



(34)
of lead and copper (1l13), hydroxy compounds (109) and water
(84) deorease knocking.,
| Another type . of anti-knosk action has been suggested,
that of coating the inside of the explosion chamber of the
cylinder with substances which would suppress knocking. Car-
bonates of lead, copper, ealeium, magnesiﬁm, sodium or patas-
sium, mixed with an inert materiasl such as silieg have been
patented (113). The oxides of vanadium, cobalt and rare earth
metals especially cerium have also %een suggested (114). The
éfficieney of such compounds is low and give rise to pany
mechanical difficulties such as fouling,.

Some compounds, actually not anti-knoeks,rare added to
gasoline in small amounts to preserve the anti-detomant
properties of the cracked stock. Aniline, hydroquinone,
mapthalene and anthrgcene (115) have all been found to prevent
loss of anti=-knock properties of a fuel in gtorage. Any anti-

oxidant is effeative in this regard.
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VY PRO-ENOCK COMPOUNDS

Little was known of the action of pro-knock compounds on
fuels until the last two years. Previously these compounds
were discovered in the search for anti-knock compounds, or
were suspected of being tntermediste 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. IXthers and aldehydes
(84) belong to this class and the addition of s relatively
large quantity of these to & fuel will increase it knock
tendency.

It has been known for some time that organic peroxides
(83) were very powerful knock-inducers. 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-knock effect of lead tetra-
ethyl. Hydrogen peromxide (83) dimethyl, diethyl, and ethyl-
hydrogen peroxides (83, 29) are among the most powerful;
ethylidene, acetyl, benzoyl, cetyl and diaceto peroxides (84,
117, 118) only slightly less so. Methyl and efhyl ketone
peroxides and olefine peroxides are not effective (83, 84, 118,
119). Several organic nitrogen compounds, especially the
highdy oxidized ones, are 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 haldogens tpo, have in many ocases pro-
nounced knock indueing chargoteristics, Bromine and chlorine
(83, 84, 104) and severald organic hallides have been reported
as pro-knocks. Chlorine and chlorine compounds have been
stated to have greater activity than bromine and the correspon-
ding bromine compounds. Iodine compounds are considered to
have more anti-knock than pr@-knoock tendency.

In recent years a concentrated study of pro=-knock
activity as a war weapon has veen made., 4 preliminary study
of some 197 compounds by tpe author (1) was made using a 1933
chevrolet engine. Both qualitative and sémi quantitabive
determination of pro-knock sctivity were made, using audi-
bility of knook as the ceriteria of effectiveness., Chloropicrin:
was found to cause slight knock at a concentration of 3 parts
per million of air and serious knock at 21 parts per million
of air. Is0o amyl nitrite, t-butyl nitrite, n butyl nitrite,
bromopicrin, ethyl nitrate, t butyl nitrate, aceto acetic ester,
and thionyl ochloride were effedtive in consent#ation ranging
from 4 parts per million for n butyl nitrite to 400 parts per
million for thionyl chloride. Other compounds which showed
knocking at higher concentration were methylene chloride,
butyraldehyde, isopropyl eﬁher, ethyl tert. amyl ebher, diethyl
'ether, nitro methane and hitro propane. The effectiveness of
nitktées, nitrates, nitro compounds and halogens was noted.

Sugden (2) in a report on pro-knock activity lists ocarbon
disulfide and chlorine as causing considerable knocking.

Stacey and Wasson ( 121 ) in an extended study of anti-
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and pro-itnock compounds, found the following to be powerful
knock inducers: Nitrites (ethyl, isopropyl and smyl), alde-
hydes (benzaldehyde, and heptaldehyde), methyl nonyl ketonse,
cetyl alcohol, stearic acid, cobalt oieate, petrolatum, thio
carbanilide, nitro iso-siopropyl-p-toluidine, allyl iso cyanate
and the chtoscyanate, amgl ether, methyl sulphate, several
organic metallic compounds (mercury diphenyl, tin tetraphenyl,
silicon tetraphenyl, zine diethyl, lead triphenyl iocdide, amyl
mercuric iodide, and phenyl mercuric iodide, cobalt oleate),
cadmium bromide and ammonia gas. They concluded that nigrogen
when present as an organic nitrate or nitrite showed pro-knoek
properties, but when present in the amine form show either
anti-knock properties or me effect. Iodine is found to exhibit
both pro and anti-knock activitye.

Lapeyrouse and Lebo (1l22) list the octane blending ime
provement (O. B. I. ) of some 300 compounds. Here 0. B. I,
equals ¢ - 4 where C is the ootane member of a blend of X im
the bas;—§::ok, A is the octane member of the base stock, and X
is the proportion (fractional part) of the blending agente.
Compounds showing a high negative O. Be. 1. are;

0 -~ p = ditolyl = » phenylene diamine « 300

4llyl isocyanate - 200
4Aliphatic hydroxy amines - 1000
Zino salt of the diketone CsH,05 -9 940
Ferric salt of the diketone 051{702 - 940

The ootane blending improvement of chloropicerin would be =16700,
Midgely and Henne (34) have reported pro-knock investi-
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gations by the Natiomal DefennewResearoh Committee, done on
C. F. R. knook testing engines; The effect of pro knosk on
both leaded and unleaded fuels was tested. Among the more
effective were ( on the basis of a twelve ootane drop):
Sulphur trioxide
Nitpogen ohloride
Butyl dichlorophosphine
Sulphur chloride
1 chloro 1 nitro propane
1, 1, dichloro 1 nitro ethane
Phosphorous sulphochloride
Phosphorous tri biomide
Phosphorous tri chloride
Phosphorous oxychloride
'Chlcropicrin
Chromyl chloride
Sulfuryl chloride

Sulphur tri oxide causes the 12 octane drop, on a lead-
ed fuel (5.36 ml tetra ethyl iead per gallon), at 41 parts
per million of the air consumed by the enginé: in unleaded
fuels mnéh higher concentrations of pro knock are required.
It appeared that some compounds acted by neutralizing the
lead such as phosphorous oxyohloride whkile others such as
isoamyl nitrite had approximately equal effect in leaded and
unleaded fuels, Sulphur tri-oxide counteraocts lead, but in
unlesded fuel also has pro knock value. The pro knock active

ity also varied with the base stock of the gasoline., 4 number



(39)
of these compounds duplicate investigations reported hereig}
mention will be made of these 1n the disoussion,

While not in the class of pro~-knosks, several compounds
in minute quantities have other detrimental effects on the
operation of automotive equipment, Sugden's report (2) states
that phosphorous tri chloride, phosphorous'oxychlorida, and
carbon tetra ohloride caused an engine to stop by gummed pistons,
or fouled spark plugs. 4t the Thomas and Hochwalt laboratories
(123) several resins were found to render gasoline unuseable
in Délao Lite engines, Para dura 10 P, a commercial oil
soluble phenolic resin at 10 grams per gallon will effectively
gun the phston of an engine after about one gallon of doped
fuel has passed through each eylinder. Paradura 367, super
bechacite 1001, santo resin, chinawood o0il, phosphorous tri
chloride, PNClz and metal napthenates are somewhat less effec-

tive.
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VI THEORIES OF ANTI AND PRC=KNOCK ACTION

The facts to be aecounted for by any anti-knock theory
are that (@) anti and pro-knock compounds show considerable
effect in very mimute quantities., (b) Compounds having similarx
anti-knogk properties have widely different chemical ocompostfion
and struoture. (o) The change from normal to knocking come
bustion is abrupt rather than continuous. (&) Anti-knock effect
of large quantities of non knock fuels.

Naturally the theories accounting for anti-knock action
will be closely related to one or snother of the theories for
the oause of knock.

Where the walls were assumed to lnitiate knocking com-
bustion the action of anti-knooks was to deposit on the sharp
edges and polnts in the aylinder inereasing their radius of
ocurvathre and thus making them less capable of initiating com=
bustion ahead of the flame (124). This however fails to take
acaount of either the action of the organie amines as anti-
knocks or of pro~-knocks. In additdon, knocking is found to
recommence asg soon as gasoline free from lead is used. This
should not be so sinae lead and its oxides should continue to
eling to the walls. Sokal (125) reduced knocking by coating
the walls of the chamber with carbonates or oxides of lead,
corium and other elements.

Corresponding to the radiation and ionization theories of
knoek, anti-knock asction was explained, by absorption of
radiation or electrons (126, 127)thus redueing the ratetgt

e

which eombustion aecélerafed. The heavier elements in lower

right hand corner of the periodic table would be the most
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effective, and hence would be the best anti-knock materials.
Viendt and Grimm found that ion recombination sabove a pool of
benzene was facilitated by tetra ethyl lead, but others (128)
have found differently. However ionization or absorption of-
radiation is not generally accepted as csusing knock so this
explanation of the action of anti-knoecks is unlikely.
sarthermore pro-knocks should thus increase ionization which
has not been 6bserved. w0 explanation of action of amines is
advanced.

rhe action of anti-knocks has been explained by their
destruction of peroxides or highly oxygenated fragments in a
varie$y of ways. Many assume the decomposition of lead tetra
ethyl to metallic lead, the lead forming an oxide or peroxide
by reaction with organic peroxides present. (129, 130)., Some
however believe (131, 1328) that the lead must first be oxidized,
the oxide then reacting with the organie peroxide, itself form-
ing a peroxide. The properties of a good anti-knock would
thus be a metal which is oxidized, yet capable of oxidation
to a higher oxide and which 1s dispersed throughout the charge
so as to be almost vapor. The metal peroxide subsequently re-
generates the metal itself. Organic amines act similarly, but
are not nearly so effective sinee, once oxidized, they are less
readily regenerated., Pro-knocks would facilitate the formation
of peroxides. Most effective anti-knocks would be metals whigh
readily form peroxides, potassium, sodium, manganese and lead,

Callendar proposed a theory of anfti-knogck action baéed

on his liquid droplet theory orf knock (133). Anti=-knocks, if
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concentrated in the liquid droplets, either in their originsl
form or a8 a colloidal metal deposit on the surface woudd
prevent these focl from igniting spontaneously shead of the
flame, by arresting peroxide formation, This would explain
the action of anti-knocks in such small quantities. However
the droplet theory of knock is considered very doubtful.

A mimber of theories have been advanced in which the anti=-
knock agtuslly acselerates combustdon. Multiple spark plugs
are known to decrease knock, so that fine inecandescent lsad
partioles in the gylinder would mct as multiple miniature spark
plugs, whieh would cause evener and moré uniform reaction (134,
135)s Charck, Mack and Boord (136) and Lewis {137) however
attributed the multiple ignition centres, not to ineandescent
lead partieles, but to the heat of reaation liberated where a
lead particle oxidized, which initiated slow combustion uni-
formly throughout the cylindexr., The action of organic amines
would be that their heat of oxidation assted similarly. Clark
Brugman and Thee (135) suggested that anti-knock compounds
catalysed an &liternative mode of combustion which did not lead
to the formation of substances which cause knocking.

4 great many attempts lmme been made to relate anti-knock
antion to the effect of the anti-knock on the spontaneous
ignition temperature of the fuel. ®gerton and Gates (129)
and others found that several anti-knocks raised %ie ignition
temperature of the fuel. Still others (126, 138; 139) cone
cluded that no felation was possible between anti-knook action
and its effect on ignition temper&tures. It is worth noting «

that the effect of catalysts on spontaneoué ignition tempera=
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tures depends to a grezt extent on the mode of ignition., The
effect being much more marked when a hot wire was used rather
than a spark. The hot wire would permit alow combustion to
occur before actual ignition. Schaad and Boord (138) at=-
tributed anti-knock gsetion to the inhibition of pre flame
combustion.

Many experiments have been carried out to determine
whether it is the anti-knock compound itself, or the finely
divided metal particles which cause the anti-knosk action,
Finely divided metal sols of lead and nickel in the gasoline
were found to have little if any anti=-knock effect (140, 141),
but fine lead particles in the vapor were found to have an
effect equal to that of lead tetra ethyl (142).

From all this no definite anti~-knock mechanism may be
formilated. These compounds appear to decrease the pre-
sensitization of the knocking portion of the charge, probably
by deoreasing the number of the aetive chain carriers formed,
by an oxidation, re@uction mechanism. However it is possible
that the different classes of mnti-knock compounds, #,8. 0Organo
metallics and organic amines may act by entisely different
mechanisma, The action of pro-knocks appes®s to be by an ine
grease in number of active chain carriers, causing excessive

chain bransching.
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EXPERINENTAL

The investigation consisted #ssentially of determining
the octane drop caused by various congentrations of a compound
added to the air intake of, or dissolved in the gasoline used
in a knock testing engine., The octane number of the gasoline
itself was first determined arnd then the rating of the fuel
with the pro=knock added. The octane drop waé determined by
the difference of the sbove two readings. Several concemtra-
tions of pro~-knock were used for each compound.

For this, an Ethyl Knoock pesting Engine Type 30B was
available. Although this engine 1s oonsidered obselete for
accurate fuel testing, it was found to be quite satisfaotory
for these investigations where absolute octsane ratingé were
not requibed. Perhaps not as convenient for routine labe-
oratory tests, this machine is still quite satisfactory. Re-
sults obtained in cheoking the octane numbers of gasolines
agreed closely with those determined by the company which
supplied the gasoline. Also data on pro-knock activity as de-
termined on this engine agresed closely with that from other
laboratories using the more modern gooperative Fuel Research
Engine under American Society for %Pesting paterials speocif-
ications.

The gasoline used for these determinations was an 80
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octane leaded aviation fuel of 72.6 octans aracked base stack,
as supplied to the R.Cs4.F. by Bhell Oil Company. It was
used ochiefly bescause it was the gasoline of the highest ocstane
munber that could conveniently be used without modification of
the 20B Engines., 4 leaded gasoline was used since these would
be met in field applications. Reference fuels were those spec-
ified and supplied by Standard 0il Development Company.

The chemicals used as pro-knocks came from a variety of
sources, Many were suynthesised in these laboratories: in
particular the nitrites, nbtro %gim methanes, and chloro-
piorin., Others were supplied by various manufacturers of
fine chemicals, the chemically pure compounds being used.

Since it was desired to express the concentrations of
pro=-knocks as parts by volume per million of air consumed by
the engine, the air consumption of the engine was determined.
For this a 200 cubic foot per minute gas meter was attached
in series with a 45 gallon drum as ballast tank, th the air
inlet of the engine, One inch diameter rubber tubing and iron
piping connections were used. The resistance of the
calibration apparatus was always less than four inches of
water, as measured by a simple U ftype water gauge. Measuree
ment of the rates of air consumption at various throttle open=-
ings were made, The graph of air eonsumption in cubic feet
per minute againgt throttle opening is given in figure 2.

The conditions of operation of the engine were as follows:
At full throttle sufficient shims were inserted to give a come

pression pressure of 136 pounds per square inch; the throttle
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was set at 18 degrees, this particular setting giving a
conveniently wide linear range of knockmeter readings for a
ten octane range. This setting was determined by taking knooke
meter readings over a ten octane range at various settings of
the throttle and knockmeter rheostat., Engine speed was maine
tained aeonstant at 900 rpm and a spark advance of 15 degrees
was used, Spark plugs were those presoribed, the spark gap
being 0.0285 inches. The bouncing pin contacts were maintainéd
approximately .007 inches apart, but were adjusted from time
to time to maintain the wide knockmeter range at the 18
degrees throttle setting.

The standard method of determining the oftane rating of
a gawoline requires about two hours per determination and
ratings are expressed to 0.1 of an octane number. However in
this case absolute octane ratings were not required; and
agcuragy to 0.5 of an ootane number was sufficient. Hence
a more rapid method was determined whigh was quite satisfactory
for these investigations. The average time for a determine
ation was reduced to less than ten minutes.

The method consisted essentially in calibrating &he.
knockmeter scale. However a simple calibration of octane nume
ber against knockmeter reading was not satisfdoetory sinece,
under constant engine conditions, the knockmeter reading is
not always oonsistent for a single oatane rating.,. However
for two fuels of different octane ratings, the differenae in
the knockmeter deflections for the fuels was constant to

within one seale division., For examglq for two fuels of
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KNOCK TESTING ENGINE.
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oetane numbers 70 and 80 respectively the knockmeter readQ
ings, taken alternately might be 80, 50; 78, 48; 82, 83.
The difference in knockmeter reading is 30 1 for the ten octane
range. A range such as this wes readily obtained by suit=-
able adymstment of bouncing pin contasts, throttle and knocke
meter rheostat as stated previously. A4 typleal ealibration
is shown figure (1), The detailed proéedure of a determination
was:

(1) The 80 octane fuel used in these tests was stand-
ardized by the usual A.S.T.M, method using standard reference
fuels (only for new orders of gasoline).

(2) The knockmeter reading for this fuel was then
determined.

(3) A knockmeter calibration graph was established
using standard reference fuels over the desired range.

(4) The knockmeter readings for several thasts using
an adulterant were taken. Before and after each of these
the knockmeter reading for the 80 octane fuel was checked,

The octane change for each of these was then readily dee
termined from the graph.

(5) rrom time to time the calibration graph was ochecke
ed usiné a standard reference fuel. The position of the curve
might havé changed very slightly over a period of time. The
newly detemmined pdsition would then be usged as the
calibration graph for the next few detemminations.

4All readings were taken at the air-fuel ratio whieh re-

sulted in maximum knoek.
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Sigee gaseoué, liquid and solid compounds were used,
various techniques were required& to admit theip vapours into
the air inlet of the engine.

The liquid compounds were gemerally handled by bub-
bling a small afd stream through the compounds. Thi§ air
stream then joined the air taken into the engine. In some
cases the liquid had to be heated or cooled, and in all cases
the small air stream had to be perfectly dry.

About five go. of the liquid was placed in a pyenometer E
(figure 3) which was then closed with ground glass caps and
'weighed. vThe pyenometer was then placed in the set up as
shown, 4ir was taken from a compressed air line and passed
into a 45 gallon drum to smooth out minor pressure changes in
the lines Part of the air from this drum, the amount con=
trolled by adjusting outlet K, was then passed through a long
csalcium chloride tube and over phosphorous pentoxide C to
dry it well, The air flow was measured on a dibutyl phthadlate
flowmeter Do The air was bubbled through the liquid in the
pyenometer E énd then into the air inlet of the engine, carry-
ing the vabor of the liquid with it. If the compound was too0
volatile, an ice or ice-salt bath was placed around the
pyenometer. If it were a high boiling point compound, the
pyenometer was heated eleatrically., In this latter case, the
inlet tube G was also electriaeslly heated throughout its
lenghh to prevent condensation of the vapour there. The

concentration of the vapour in the air entering the engine
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Fig3 Apporatus fur-ddd;ng anuids to Air Infake.

A:Compressed air line E: Pycnemater conlaining liquid
B: Large drum F:Hoaring or casling bath

C: Call, and P,O; dryinglubes G Inlet tube; heoted 1f reguirad
O Buh’.‘ phthollate flawmerar. HAuwr Inle) to angine

1 : Pycnomerer for solidg
K:Excess air outlar
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was controlled by varying the sir flow as measured on the
flowmeter,

The air was blown through for ten minutes, and the knook-
meter reading at maximum knock air-fuel ratio was found
during this time. 4 stop-watch was used to time this interval.
The pycnometer was then removed, caps put on, and reweighed.
From the loss in weight of the pyonometer and the air consump-
tion the concentration in number of parts of oompound as
vapour per million of air was dekermined.

At least five such determinationé were made for each
compound and the data thus obtained was plotted, ootane drop
vg, Gongentration, on a semilog graph paper. The concentration
necessary to give a ten octane drop was determined from this
gurve. ‘

A similar technique was used for handling solids with
an appreciable 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 hemting
was required to inorease the vapour pressure over the compound,
the tube was placed in a heating coil,

Compounds which were gases at room temperature were
handled in a different manner. They were added by their direat
di#placement by an inerp cdmpound from a suitable burette
attached to the inlet tube (figure 4). 1In most cases meroury
was used as the displacing medlium, but in cames where the
mercury reacted with the gas, e.g. for chlorine, concentrated

sulphuric acid was used; with still other gases, a high
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boiling saturated paraffin hydrocarbon was used,

The vessel containing the gas was attached to 4 (figure
4), and thge apparatus evacuated through E. Then the
g#s was admitted into the burette until the pressure was
about atmospheric, and stopeock A was closed. Final adgustment
of the pressure to atmospheric was done by moving the levele
ling bulb D, Stopcock F was then opened and varying flows of
the displacing liquid were admitted into burette, the rate
being controlled by the stopsock C. The rate was measured by
noting with a stop-wateh the time for 5 or more co. to be dis-
placed,

For gases that were better than about thirty parts per
million for a d#op of ten omtane, it was necessary to pre=-
viously dilute them with dry air, and the mixture was dis-
placed from the bursette.

In solution work, five co. of the lighid was diluted
to 500 ce. with gasoline. 4 quantity of this stock sodution
was then taken and diluted to 200 @, This fuel was then
temted in the engine and the knockmeter reading recorded. Ine
ereased guantities of the stosck solution were diluted to 200
ca. and knockmeter readings taken until a ten or more oétane
drop was noted,

When solids were used in solution womk, a waighed
quantity was dissolved in 500ac, of gasoline and this was
uged as a stock solution from which other dilutions were made.

The gasoline used in gll this work was 80 ootane
aviation fusl. This fuel was made from a base stock of 73

octane plus lead tetraethyl.
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RESULTS

The concentration necessary for ten ootane drop was
the point used to compare the relative effectivenass of the
compounds tested. Those compounds that were tested in sol-
ution were oaleulated as parts per million of air by using
the relationship that 1000 ce., of gasoline, which was GOon=
sumed in two hours, was equivalent to 3960 cubio feet of sir
which was consumed in the same time. The results are arranged
a8 near as possible into groups of related compounds. The
graph of octane drop vs, concentration in parts of compound
as vapour per million of air is also given in the acoompany-
ing figures.
l. Butyl Nitrites,

TABLE 4
| P. pems for 10 ocotane drop
m Butyl nitrite | 88.5
Isobutyl nitrite : 107.0
Seo, butyl nitrite 88,0
Tert, butyl nitrite 95,5

The complete graphs for these compounds are shown in
figure 5., Normal butyl nitrite has the lowest required
goneentration. Branching of the chain seems to increase the
required amount. The isobutyl nitrite ourve seems to be

displaced more than the slight difference in configuration
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of the chatn could account for. Compactness of the molecule
deoreases knooking tendency, similar. o that disoussed
under knocking characteristics of fuels, and properties of
anti-knock cpds.

2. Amyl Nitrites,

TABLE & P, p.m,
N Amyl nitrite 62.0
Isoamyl nitrite 63,0
Tert, amyl nitrite 92,0
Nitrite of sec. butyl carbinol 92,0
Nitrite of diethyl carbinol 93.0

Flgure 6 shows these curves. 4gain the normal is the
best. Branching at the end of the chain as in isoamyl
nitrite does not appear to have much effect. Branehing near
the nitrite group has the greatest effeot. There would appear
to be an optimum branching effect above which increased brgnche
ing has little or no effeot.
3, X¥ormal Paraffin Nitrites,

TABLE 6 ' Pg psm;
n Propyl nitrite 125.0
n Butyl nitrite 82,5
n Amyl nitrite 62.0
n Ootyl nitrite 45.0

From table 6 and Figure 7, it 1s apparent that pro-
knook quality improves with increased length of carbon
chain, at least to the eight membered sarbon chain., Figure 8
is the plot of number of carbon atoms in the ochain vs. the
concentration for ten ootane drop. This ourve seems t0 bee
oome asymptotic to the 20 p.pem. line and does so around the

26 membered chain.
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Number Corbon Atoms
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4, Bromine and Nitro Substituted HMethanes.

TABLE 7 Pepomm,
Tetra nitro methane 88,0
Bromonitro methane 2l.5
Konobromo trinitro methane 15.7
Dibromodinitro methane ll.4
Tribromonitro methane 8.8
( Bromopiorin)

, The curves for these are shown in figure 9, Tetra-
nitro methane is much better than nitro methane (a value for
this obtained by extrapolating the curve of figurel4, would
be above 300 pepPeme )e Als0 monobromotrinitro methane is
better than monobromomononitro methane, giving some indication
as to the effectiveneas of the nitro radical., Bubt the bromine
radical has consideraﬁly more pro;knock effeet than the nitro
group; the pro-knock effeoct of the nitré groups can almost be
neglected compared with the bromine. Figure 10 shows the
concentration in parts per million for ten oatane drop vs,.
number of bromine radicals. This curve would have a greatexr
slope if the nitro groups were not present on the molecules

5 Chloro=nitro Substituted Paraffins.

TABLE 8 Pepelo
2 Chloro=-2 nitro propane 91.4
1l Chloro=1 nitro sthane . 28,9
Trichloro nitro methane 15,6
(Chloropicrin)
1,1 Dichloro=l nitro ethane 12,4

These are shown in figure 11, It appears that the
radicals are most effedtive when on the end carbon atoms,

for in table 6, increased length of carbon atom chain caused
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inoreased pro-knock activity, whereas here the 1 chloro-l
nitro ethane is far better than 2 chloro-2 nitro propane.
1,1 dichloro-l nidwo ethane is better than trichloro nitro
methane which 18 rather surprising. Evidently the imcreased
lengbh of chahn has a greater pro-knock effect than the third
ehlorine radiecal.

Bromine compounds appear betier than the corresponding
chlorine compounds, bromopierin is nearly twibe as powerful

a pro-knook as chloropierin,

6. Halogens and Halldes.

TABLE 9 P,F.M.
Iodine 56 (approx)
Chlorine 40,0
Bromine 16.2
Hydrogen chloride v 30.0
Iodine triochloride 10.8

In the table 9 and figure 12, bromine again appears
to be the best proe-knoock among the halogens tested. The
value for iddine is only approximate due to condensation of
’the iodine in the intake pbpe. Halogen halides seem to be

a good group to investigate further.

7. Halogen Substituted Methanes.

TABLE 10 PoDpemy
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Methyl ohloride - 196

Methylene chloride 68.0
Chloroform 44.0
Carbon tetrachloride 33.0

Difluoro=-dichloro methane (freon) 125

Table 10 and figure 18 shows the effect of inereased
gsubstitution of the hydrogens of methane with ohddrine. This
is further shown in figure 14 where the relationship of number
of chlorine atoms on the methane base is plotted against the
concentration required for ten octane drop.

Fluorine here has less pro-knock effest theqn chlorine,
The two fluorine radicals on difluoro dichloro methane in-
crease its stability which may explain the faot that it is not

as effegtive as dichloro methane slone.

8. Chlorethanes.

TABLE 11 Pepem,
Ethyl chloride 156
Ethylene dichloride 78,0
1,1,2=Trichloroethane 55.0
1,1,8,8-Tetrachloroethane 40,0
Pentachloroethane 27.0
Hexachloroethane 16.4

Figure 15, and figure 16, the ocurve of number of
chlorine atoms on an ethane stem vs, concentration in parts
per million for ten octane deorease, again show the effect
of substitution of the hydrogen of a paraffin with a chlorine

radical,

9, Oxychlorides (figure 17)
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TABLE 12 Pepeme
Thionyl ehloride 15.1
Selentum oxychloride 843
Phosphorous oxychloride 7.7

The oxychloride group appears to have a very great pro=

knock effect,

10. 4rsenic, Antimony and Phosphorous Halides.

TABLE 13 P.p.m.
Phosphorous trifluoride 325
Phosphorous trichlorideé B.6
Phosphorous pentachloride 6ed
Arsenic trifluoride 11.0
Arsenie triehloride 5.8
Antimony pentachloride 6.l

The oetane drop-concentration curves for these are
shown in figure 18. '

The ehlorine radical is aghkin better than the fluorine
radicéi; probably due partly to the inereased stability of
the fluowride.. Arsenjc trichloride is the best pro-knock
yet investigated. Increased halogen substitution again ine
oreases the pro-knock activity, o.f. phosphorous trichloride

ard phosphorous pentachloride.
11, Miscellaneous (Good Pro-Knook Activity) (Flgure 19),

TABLE 1% P.pem,
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Methylene bromide 4843
Oxalyl chloride 45.1
Silicon tetrachloride 23.0
Sulphur chloride 10.6

The bromine radical is here shown to be better than
the chlorine radical sinee methylene chloride required 68.0
DeDele

Siliocon tetrachloride is better than carbon tetra-
chloride which required 33.0 p.p.m. Here again this may be
due to the decregsed stability and ease of ﬁyd&olysta of
silicon tetrachloride, or it may be that silicon is a better

pro=~knock than oarbon,

12, Miscellaneous (Poor pro-knook Activity) (Figure 20).

TABLE 16 P.P.m.
Sulphur hexafluoride 196
n Butyl thionitrite 130
Boron trifluoride 118
Cyanogen bromide : 113
Ethyl sulphite 100
Trichlorethyl nitrite 7640

‘ n Butyl thionitrite is not as good as n butyl nit;ite
(82,5 p;p.m.); Trichloretnyl nitrite ié better than etuyl
nitrite. 4 value for &thyl nitrite obtained by extrapolation
of figure 4 is about 220 pe.peme Ethyl sulfite is better than
the nitrite or the chloride and so a longer chained sulfite
might be quite an effective eompound.
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13. CQmﬁounds with No Pro-Knock effect,

TABLE 16
Nitrous Oxide no effect
Cyanogen no effect at 600 p.p.em.
n Butyl borats no effeat
Ascgegiol no effect
Nitrous oxide no effeot
Triphenylchlormethane
(only slightly soluble) no effect at 0.075%

Butyraldehyde no a:feot

Table 17 presents the result of work done in solution.

The results are presented in parits per thousand by volume of
gasoline and in terms of parts of vapour per million of air
congumed, using the relation gtated in the first paragraph
of this seotion.

In this solution work a gasoline leaded to 80.5 oatane
from a8 73 ootane base-stook was used. This leaded gas0line
reacted in many oases with the compound added before the
"doped ™ gasgoline had entered the engine. This was parti-
oularly noticeable with the chlofides which caused a preciplia-
tion of the lead. A4s the lead d&oes not precipitate out ime
medlately in most cases but may require as dong as twelve hours,
the octane deoregse would depend on the time between preparing
the stock solution and using it. The results are of use in
determining the effeat of sabotaging gasolines, when sufficient
time has been allowed, but if any reaction ococurs between the
gasoline and the adultrant outside the engine, they are not of

value in determining the effect of use in an air barrage. It
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would appear that the effesct of adding the compound in the air

stream and in the gasoline is about the same if no reaction

ogcours.

Some metal naphthanates of unknown molecular weight

TABLE 17

Results of Solution Work

0.6 Causes faint cloudiness 12.0'

Remarks

Oe7 Fsint cloudiness

P.p.te
of
Adultrant fuel
by
volume
Chloropierin
Bromopiorin

Dibromo dinitro methane Q.7

1,1 dichloro-l,

nitro ethane
frinitro bromo methane
Silicon tetrachloride
Phosphorous oxychloride
Selenium oxyshloride

l=0hloro=-l=nitro ethane No
Pentachlorethane No
Carbon tetrachloride . No
Tetrachloroethylene . No
Tetrachloroethane . No
2=-Chloro=&-=-nitro

propane . No
1,2 Dichloroethylene . No
Chloroform . Ko
Tert-butyl chloride . No
Dichloromethanse . No
1l,1,2-trichloroethane . No

Tetranitro methane
n=-Butyl nitrite
Nitroform

Isoamyl nitrite
n Ogtyl nitrite
Monochloroethane
Ethyl sulphite

* ® & e

VOGO BAOGIGNNNN BOHHHHFHOOO
PODO DOAHOGUIPG HEHWOCUNWO W3

Caloulated using an approximate density.

visible
visible
visible
visible
visible

visible
vigible
vigible
visible
visible
visible

No visible change

No visibae change
No visible change
Slight colorlegs ppt.
Brownish ppte.
Brownishe-yellow Dppt,

effect
effect

affeot

effect
effeot

effect
effect
effeot
effect
effect
effect

Greenish colour
Greenish colour
Greenish aolour; part
did not dissolve

Greenish colour

No visible effect
No visible effect
No visible effect

P.penm
when

P.p.m. added

‘calou~ t0.aik

lated strean

13.0
15.0

12.0
17,0
16,0
26.5
43.5
36,0
27.0
4.0
41.5
40,5

41.0
63,0
6865
45,5
68,5
67,0
58.5
67.0

101.
74.5
62.5

156

143

 15.6

8.2
1l1.4

12.4
15.7
2300
7.7
8.3
28.8

33.0

91.4
40,0
55,0

88,0
82.6

63.0
45.0

100,

were investigated in solution.

The results-are shown in
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They were found to gum up the piston rings and

valves very badly and to cause a heavy formation of sarbon

in the cylinder, necessitatimg frequent overhauling of the

engine.

TABLE 18

Metal Naphthenates Investigated in Solution

Ketal Octane decrease Octane deorease Octane decrease
Naphthena te cauged by adding 0,03 gram adding
adding 0.3 gram per 100 o.a. 0,003 gram per
per 100 g.0. 100eca,
Cobalt 1.5 1.5 1,0
Zine 0.8 0.0 0.0
Copper 2ed 0.8 O.4
Manganese 1.8 1.2 0.8
Chromium 412 1,1 0.8
Iron 360 0.0 0.0
Meroury 16.0 2.5 0.0
Lead 0.8 0e3 0.0
Magnesium 1.2 0.0 0.0
Potassium ingoluble in gasoline
Vanadium 10.0 1.8 1.1
Nickel Sed 2.0 063
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DISCUSSION

TBe best ocompounds for inéwcing kmnock, on the basisg of
a ten ootane drop from an 80.5 octane leaded aviation gaso-

1iné have been found %0 be:

Compound Parts per million  Structural formuls
of air for 10
octane drop.

Dichloro methyl arsine 3.8 Cl_
Cl
Cacodyl chloride 4.2 Cﬁz\
/As-cl (143)
Cig
Cl
Lewisite , 4,6 CHCl=CH - Aé/ (143)
N1
Arsenic tri-bromide 440 /,Br
Br - 4s? (143)
N\ Br
Arsenic tri chloride 5.8
Antimony penta chloride 6e1
Phosphosous penta chloride 6e5
. ,Cl
Phosphorous oxy chloride 78 0 -vErCl

Cl
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Phosphorous tri chloride 8.5

Inspeotion of the chemical formulae of these compounds
indicates that compounds éf arsenie, antimony and phosphorous
are highly effeotive as pro-knooks, especiaslly if halogens
are also present in the molecule. It is possible that a
csonsideration of the elements constituting, and the proper-
ties of, the effective pro-knock compound would lead to a
prediction of types of chemicecal compounds which would be the
most effective for induoing knock. The most effective elements
appear t0 be in groups V, VI,.and VII of Nendeleef's periodic
table, The members of group V, when present in thé molecule
as an electro positive element appear to cause greatest pro-
knock effect, Arsenic is particularly effective in this
respect.s The halogens also exert a powerful pro-knock action,
bromine being the most effective. Group VI elements such as
oxygen an& supphur are somewhat less effective than the. group
v elements as are also th%ﬂ§§agf%ments. Other groups have
little or no pro-knock activitye.

In oconsidering the groups themselves, in many cases the
pro-knock activity shows an optimum molecular weight in
going down the group., With the halogens bromine is the most
effective, chlorine and fluorine decreasingly so. Iodlne is
also less effective than bromine. This is true not only for
the elements tuemselves byt is obvious in most of their come
pounds: bromopicrin is more effective than chloro and fluoro

picrins,arsenic tri bromide is more effective than the tri-
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chloride or the tri fluoride. In group V the activity ine
creases, as indicsted by their halides, from nitrogen to
arsenic ani decreases with antimony and still more with
bismuthe In group IV silicon tetra ohloride is more effec=-
tive than carbon tetra chloride.’ From the study of the
napthenates it is possible that mercury and vanadium might
be rather effective., Among other radicals which are effective
the nitrites whioh are much less effective than the corres-
ponding halides but are more effective than nitrates or nitro
compoundis. Ethyl sulfite appears to be more effective than
ethyl nitrite from extrapolation of the graph in figure 8,
Thie nitrites are much less effective than the corresponding
nitrites. The thiosyanate radical has much greater effeqt
than the isothiooyanate although neither are very effective.
Butyl borate had no effect. Oxychlorides are also very
effective and are the same oréer as the chloride itself,

The successive substitution of a halogen for a hydrogen
as in methane and ethane ceuses incresse in the pro-knock
activity., The substitution of a nitro group for one of the
halogens increases its effectiveness considerably as in »

- chloro and Bromo picrins although tetra nitro methane itself
is 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 astivity.

Among the chlorides and nitrites, increased 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 c¢hlorides as shown below.

Concentration for 10 octane drop (P.p.m

Nitrite Chloride
Methyl 300 ¢ 195
Ethyl 200 x 156
Heptyl 49 x 88

‘(x). extrapolated or inberpolated values,

Branching the hydroearbon chain decreases the effectiveness
of tne butyl and amyl nitrites, This corresponds to thé
observations of the knocking characteristies of fuels which
also increase with chain length and decrease with chain branch-
ing amd the inereased compactness of the molecule., Aromatio
compounds are not very effective pro-knooks which corresponds
also with the knock tendency of aromatio fuels.

On the basis of this evidenge it seems that a compound
of the formp |

Br
NOp - c\/- as_ =

Br
Br

might be exceedingly effective as a pro-knock. .t gcompound
such as this combines the pro-knoek effectiveness of several
of the best compounds studied. It contains arsenic, 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 8  ‘
smoke. Synthesis of, and tests with compounds of this type
are projected for the near future,

Although sufficient data are not availablevto postulate
a mechanism of pro=-knock activity some generalizations may
be made in addition to the discussion of the effectiveness
of elements as related to their pogition in the periocdie table.
Work on both leaded and unleaded fuels has indicated that some
compounds such as phosphorous oxychloride appear to act
entirely by counteracting the tetra-éthyl lead (3). With
others such as iso-amyl nitrite similar effeets are observed
in both leaded and unleaded gasolines. Many however appear
to act bbsh by counteracting the tetra-ethyl lead and on the
fuel ifself. For most of the compounds studied here some
effeot was shown on the fuel itself since the base stock was
only eight octane lower than the leaded fued. The effect on
the fuel 1tself appears to depend to a large extent on the
nature of the base stock i.e, whether cracked or straight run
etc.

Attempts to relate the relative pro-knock effectiveness
of wvarious compounds to other properties of the molecgules,
such as heats of formation and combustion, were limited by
insufficient data of this nature. However a relation has been
found between the concentration requibed for a ten octane drop
and that required to give optimum reduction in the half=-

time value in the rate of oxidation of butane (144).
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The results obtained in these investigations are in
accord with those of othere (3, 121, 122) both in the general
variation with chemical structure and in the actual values of
the results obtained where comparisons are possible,.

Whether the use of pro-knocks as a wempon in chemical
warfare is practical, cannot be stated. Estimates of the
octane drop required to render an asroplane engine inactive
vary, and no quantitative data is available. It is essentisl
that this should be determined before any real estimate of the
value of pro-knocks in military tacties cen be made. IT
field trials demonstrate that the action of a pro-knook can
in fact, hinder the operation of military motorized equipment,
at least of certain types, it would seem perfectly justifiable
to sesk gtill further for compounds of inareased pro-knogk

activity.
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INTRODUCT ION

The introduction of the service respirator as a defence
against toxic gases, stimulated the study of the dynamic sorp-
tion of gases by charcoal. Early work was done empirically to
estimate the protective power 6f the resbirator. More recently
the attempts have been made to prediet the protective power
from the physical constants of the gas and charcoal and the ex=-
perimental conditions. From these previous investigations a
number of theories of dyﬁamie sorption have been postulated.

An apparatus has been designed in this laboratory (1)
to follow continuously the eamount of sorption, the temperature
rise at various points in the charcoal bed, and to collect
samples of the sorbate passing out of the charcoal beds. This
apparatus permits a correlation of temperature rise and other
sorption data at various rates of air flow, moisture contents of
air and charcoal, concentrations of the sorbate to be studied,
and at various depths of the charcoal bed.

It is the purpose of this 1nvestigatioh 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.



At any gas-solid interface the concentration 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 ternm adsqrption to refer to a particular
type of sorption. This phenomenon has been noticed and inves-
tigated for a long time and a considerable amount of data is
available for various sorbents and sorbates (3,4). The first
quantitative relation between the amount of gas takeh up by the
solid and the experimental conditions was that with the pressure

of the gas in equilibrium with the solid. The classical isotherm

was a modified Henry's law expression fér solid solution, for
sorption, of the form: |

: 1/n

IlkP{ (l)

where x is the amount sorbed, P is the pressuré of sorbate,‘k and
n are constants. This relation was found to agree with ex-
perimental values ét lower pressures, but not at higher pressures.
The best relation yet postulated was that derived by Langmuir (3),
considering a unimolecular layer of sorbate on the solid: |

X = 0 anP (11?
where a and b are constants of the sorbate and sorbent. The
amount of adsorption was also found to vary with temperatﬁre.
Sorption has been investigated from temperatures a few degrees
above absdélute zero to very high temperatures. A4t lower tem-

peratures the amount of gas taken up by any sorbent was greater



(3)
than at higher temperature. Titoff (6) and Miss Homfray (7)
found a linear relation between the logarithm of the amount
sorbed and the temperature. The temperature coefficient is
quite high; a few degrees difference in temperature makes s
large difference in the amount of sorption. In fact it is
thought that for some sorbates a different meehanism of sorption
predominates over different temperature ranges. Different gases
under similar conditions have been found to sorb in greatly
different amounts on the same solid (8). The amount of sorption
has been fouhd to be in the order of the cendensibilities or
boiling points of the sorbates. It has also been related to the
van der Waals constant "a" of the sorbate. The order of sorbab-
ility of various gases feﬁains much the same'from one sorbent to
another (9), but the magnitudss of the sorption vary from almost
infinitesimal amounts to quite large amounts. Activated charcoal
has been Tfound to be one of the better sorbents for most materials.
The nature of the surface of the sorbent is important in deter-
mining its sorption capacity. Charcosl, for example, may be
activated by heating to a high temperature or by soaking in a
solution such as zinc ohloride. Studies of the rate of sorption
have indicated that 1t occurs very repidly at first, then de-
oreases rather sharply to approach the equilibrium value which
may take months or years to reach (3,4). Heat is always ewolved
on sorption. The heat of sorption for additional increments in
the pressure of the sorbate decreases steadily. Lamb and
Coolidge (10) have given a relation:

q = axP



(4)

Attempts have been made to relate the heat of sorption to the
latent heat of vaporization of the sorbate, and to the relative
reactivities of the sorbates (10,11). The heat of sorption 1is
nearly always greater than the latent heat of vaporization, and
for any particular family of compounds, i.e. the paraffins there
is a relation between the reactivity and the heat of sorption.
In mixtures of gases one or other has, 1h general, been found

to be sorbed preferentially to a greater or less extent, and the
presence of one gas sorbed on charcoal lowers the sorption of a

second (4).



(5)
II Mechanisms of Sorption
The manner in which a solid such as charcoal takes

up a sorbafe is probably by one or more of several mechanisms.

A few of the more common mechanisms are:

1. Adsorption (proper) (3,4) - The sorbate is held at the
surface of the sorbent by residual valence bonds. There
appears to be two different types of adsorption: vah der
Waal's adsorption in which gas molecules are held by the
electrostatic forces of attraction between molecules of the
sorbate and the sorbent; and chemisorption where there are
actual chemical bonds formed between the surface atoms of
the sorbent and the sorbate molecules. Two main theories
of adsorption have been postulated. Polényi suggested an
adsorption potential exerted by the sorbent which decreased
with the distance from the sorbent. However, agreement with
the expe rimental results is not good and even Polanyi hime-
self has abandoned the theory. Langmuir postulated a
unimolecular layer of sorbate ondthe surface of the sorbent.
From this he derived his isotherm, which agrees with experi-
mentally determined values very well,

2. Capillary Condensation (3 ch. 16) - The vapor pressure of a
liquid in a capillary is much less than on a flat surface.
Hence it has been postulated that sorbed wvapors held by the
charcoal are condensed to liquid drops in the capillary pores
and other surface irregularities of the sorbent. This une
doubtedly does occur and in some cases may be the governing

mechanism but in most cases 1t 1s merely an additional

phenomenon.
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3 Solution in Adsorbed Water - adctually this is not sorption
but in many cases charcoals have been known to remove gases
from their surroundings, by solution of the gas in water
adsorbed on the surface of the charcosal.

4. Decomposition by Water - Some geses llke phosgene are de-
composed by hydrolysis in the water adsorbed on the surface
of a sorbent.

5. Decomposition of the sorbate may be catalysed by impregnants
in the sorbent. The products of the decomposition might
then be sorbed by one of the other mechanisms.

A study of the experimental results has indicated that
two or more of these mechanisms may be operating simulteneously,
one or other pfedominating depending upon the conditions. This
is certainly indicated by extremely large temperature coefficients
of sorption and by the nature of the rate of sorption curves for

many substances.
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ITI gznam;c Sorption
| In dynamic sorption studies a mixture of the sorbate
in an inert carrier, such as air, is passed over a charcoal bed.
The rate at which the gas is taken up depends upon the rate at
which it is supplied. The governing rate factor may be either
the actual process of sérption or the diffusion from the air
stream to the charcoal surface. Thus the presence of the carrier
gas may interfere with the true adsorption velocity. However
dynamic studies enable effieieney as well as capacity data to
be studied. The sorption should increase lineafly with time
(the rate of Supply) and should reach a point when the charcoal
ceases to be 100% efficient in removing the gas. The weight-
time curve will then slope off gradually to a horiiontal straight
line, at which time the charcoal is in equilibrium with the gas
stream being passed over 1it.

Most dynemic studies to date have been carried out with
 charcoal to estimate its protective power in removing toxic
gases from air 1n service respirstors. The time at which a
given charcoal ceases to be 100% efficieﬁt in removing the toxic
gas from an air stream is used és an estimate of the protective
power of that charcoal under the given experimental conditions.

This time is called the breskdown or service time.

Theories of Dynamic Sorption
Out of all the work done on dynamic sorption, there

are only two main treatments of the data and mechanism. Danby,

Davoud, Everett, Hinshelwood and Lodge (12) in England, starting
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from purely theoretical considerations developed a theory from
which equations could be derived for the various measurable
quantities. Mecklenberg (13,14) assumed that the sorption
" took place by capillary,condenéation and derived formulae on
this basis for the quantities desired.
1. The Theory of Danby et al

This»theory was first develoged»in a s;mple form for
rough comparisons and was followed by a more rigorous mathe-
matical solution of a partial differential equation.

In the simple theory, the concentration of the gas
over the charcoal was assumed to decrease exponentially with

length and to increase exponentially with time, viz:
- k1 kbT

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

rate, b the rate of exhaustion of the charcoal, Cgo the initial
concentration of the sorbate in the gas stream and C the con~
centration of the gas after passing through a length 1 of the
charcoal, and for a time T, From this is obtained an egquation

for the service time T':

™ o _No [,\ -—/\c.] (iv)
where No is the number of active centres per cc. of charcoal,
,X the total length of the charcoal bed, and‘Ahjhe "eritical
length". The critical length was defined as the distance that
a detectable amount of gas travelled through the bed before
being removed from the air. Above this length there would be
a linear relation between the service time and the bed length.

In the more detailed theory the fundamental equation
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for the removal of a gas in an absorbing column:

é*: - {: 3x 4 Q_;]
9

was used, where L 1s the llnear flow rate,aﬁfzthe rate qf con-
centration change of gas in the air stream, with length, é‘/ét
the rate of concentration change with time, and_ ?Vat, the rate
of sorption of the gas by the charcoal with time. It was
assumed that the rate of removal of the gas was proportional to
the concentration of gas in the air stream, ¢, and to the number

of active centres per cc. of charcoal, N,. This gave:

- = kolNy - Y (vi)

3¢ %

It is also assumed that each active centre was made up of N
active centres of unit activity, Nj. One centre of unit ac-
tivity was assumed to be destroyed each time a molecule of gas
was sorbed by the charcoal. Substituting equation (v) in
equation (vi), and = lving, yielded equations for critical

length and service time:

- 1\) (vii)

1l kN, /L
™ = 1n (e o / -l) -ln (co/c' -1) (viii)

kCq ’
Rearranging these equations to the forms:
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" N; [x\w\c] (1x)

Co

T = No —]; - -1-. (X)
Co L Le

poo L | o 1S (x1)
kGo L ct

it was predicted that the service time would vary:
(a) with the specific properties of the charcoal as
with k and N, ” |
(b) linearly with the column length |
(e¢) with the reciprocal of the flow rate L
(d) with the reciprocal of the initial concentration
Co when Cp is very small. o
The oritical length Ac. should vary with the log of the initial
concentration C,. For carbon tetra‘ohloride, nitrous fumes,
arsine and hydrogen sulfide the service time relations agreed
with those predicted. -
From the simple theory the concentration of the sorb-
ing gas should fall off exponentislly with the length of the

charcoal bed.

CzCy e~ KI/L ¢ KPT/L (1i1)

At various times tl’ tg, etc. the gradients would be as those
shown in figure 1., where concentration is plotted against

column length. A4 similar figure‘would be obtained for the
amoﬁnt of sorption along the bed. From the more detailed theory
the concentration ofrthe gas in the gas phase falls off accord=-

ing to the relation:
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FIGURE 1.

vl ->

CONCENTRATION OF TOXIC GAS AT DIFFERENT
pISTANCES ALONG THE COLUMN.

(a; Simple Theory

(b) More petailed Theory
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Ce

~ ACaT (QJz/vo?/L ~) + i)

C =
2

and the gradients are shown in figure 2 ﬁor times to, t1, t2g,
t3, etc. It may ve seen that the gradient changes shape from
to'to t4 and moves along the bed at constant rate and shape
thereafter. The exlstence of the servicg time may be seen from
these curves. If ¢' is the concentration of gas required to
give a test,‘whén the first trace of gasesrextanding beyond
the column length 1s‘datected,}the time corresponding to that
gradient is the service time T'.

2. The Mecklenberg Theory

Mecklenberg visuallzed a charcoal bed after a gas
stream had been passing for some time aé being divided into
three parts:

(a) & length next the front surface saturated with gas.
(b) & "working™ length in which the gas was being taken
up, and
(c) 4 length not yet reached by the gas.
Mecklenberg concerned himself with the investigation of the
working length.

He assumed that the gas was being taken up by the
charcoal by condensation in the capillaries of the charcoai.
He further assumed that he was dealing with a "mathematical”
charcoal whose capillaries were of uniform and constant cross

section, and that the gas diffused out of the air stream and
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into the capillaries with a velocity similar to that given

by Nernst for a heterogeneous reaction:

..é c __Db¥ (c - c') (xiii)
3t v
in which ¢ is the partial pressure of the gas in the air out-

side the charcoal capillaries, ¢' is the vapor pressure of the

toxic gas inside the capillarlies, D is the diffusion ccoefficient

of the gas in air, F is the outer surface of the charcoal grains

per cc. exposed for the diffusion,<& is the thickness of the

gas layer sorbed on the charcoal grains, and t is the time.
Using this and the above assumptions he derived

equations for the service time T' and the dead length ht

£e (L -n) (x1v)
Co

-t C
éSr c° o (xv)
DF oot T ToT

where k' is the maximum amount of gas sorbed per cc. of char-

T

=3
L

coal under the experimental conditions, @ 1is the eross. sectich
of the charcoal bed and L its length V is the linear veloeity
of the air stream over the charcoal, &r is a constent relating
to the thickness of the layer qf‘gas adnering to the ;urfaqe of
the charcoal k@ 1is that portion of the cross section of cell
not #ctually filled with charcoal, Cx is the minimum de~
tectable concentration_of the gas, and n 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, Q, 7
(b) directly proportional to the diameter of a single
charcoal graih a, A
{c) diyectly}proportional to the square root of the rate
of flow of the air stream, Y, and |
(a) directly proportional to the logarithm of the
initial concentration, Cé. | x |
These were all confirmed by experiment by HMecklenberg himself
and Engel (15). | o 7
» Shilow, Lepin,‘and}ﬁbsnessgnskyr(loldetermined the
amount of chlorine sorbed by different sections of a charcoal

bed under different experimental conditions. They found that:

06 x T = constent (xvi)
where C, is the initial concentration, and T' the service
time, for chlorine concentrations from 0.86 to 1.36%. Meck=
lenberg (14) applied their data to his equations for the
service time as a function of
(a) the diemeter and length of the charcoal bed
(b) the velocity and initial concentration of the
gas stream
(¢) the capacity and specific surface of the charcoal,
and, |
(d) the vapor pressure of the sorbate in the capillaries
of the charcosl.
In each case good agreement was obtalined 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 proteotiwve action with bed
lengths shorter than the "dead length". They concluded that
the "dead length" was purely a mathematical fiction and that it
haed no physicael significance. |

Mecklenberg explained that, at the beginning, of a
run there would be no liquid in the capillaries of the char-
coal and in consequence the term C' in his equation would be
zero. This would change the conceﬂtration term in his equation

N

to:

G -1 (xvii)
Cx

As the gas is sorbed, C' would inorease gradually to its
maximum velue Co. In the service time - bed length plot, this
would csuse the service time to decrease linearly as the bed
length decreased until at some point it would ocurve in toward
the origin and cut the bedllength axis at a much shorter
distance than the extrapolation of the linear portion of the
curve. Meeklenberg checked this behavior using chloropicrin.
Shilow, et al (16) constructed a series of gradients,
at different times, along the charcoal bed, from their data omn
the sorption of chlorine. A reproduction of their diagram
is shown in figure (3). They found that those representing
the early penetration of the chércoal bed by the gas such as
OP, 0Q, and OR different in shape to those at later times as
represented by OA, 0B, OC etc., and were gradually built up to



(16) 7 ,

this shape which remained constant as the gas penetrated
further into the charcoal bed. They further noted that during
this building up period the gradients decreased from the point
0 which representedrthe init;al concentration ofrthe gas
stream as it came into contact with the surface of the charcoal
bed. When the gradient wes completely rormed it moved at
constant velocity throﬁgh the bed. They also pointed out that
the areas OPQ, OQR, etc. increased up to the area OAB and
thereafter remained constant. | ‘ ,

From equation (xv), Mecklenberg derived an expression
for the felling off of the concentration of the gas in the air

stream along the charcoal bed:

_DF v) n=l o |
C - Cye ’15: ' o £ C* (xviii)
where S 1s the distance along the bed. This is shqyn graphi-
cally in figure (4) by the curve CDB. This equation predicted
that the "falling off" curve would be of the shape of that at
the beginning of the bed, i.e. OP, or as shown in figure (4),
CDB. The charcoal bed from the front surface up to CC' would
thus be completely saturgted. 7 ‘
Mecklenberg considered the process qf the sorption
of a gas by a charcoal bed as divided into two parts: N
(a) The building up of the sorption gradient or working
length to its constant shape. This, he said, was
the length of bed necessary to reduce the concentration
of the gas in the air stream from its initial value

to the "threshold" concentration. He defined the

threshold concentration as that required to give the

chemical test used in determination of service time.
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(b) The movement of this gyadieﬁt,_once it is built up,
through the charcoal bed with a constant linear
velocity. 7
He then considered the process in detail. }Suppose
the air stream entering the bed is divided into differentisl
amounts, 1, 2, 3, etc,, and the Qharcoal bed divided into
differgntial &ayers a, b, ¢, etc. If the differential amount
of air, 1, is considered: This amgunt of air enters the layer,
a, of the charcoal bed and an instantaneous equilibrium is
set up between the gas and the charcoal, as predicted by the
sorption isotherm. This will remove a large part of the gas
from the air stream. The air then moves on to layer b and
the remaining gas comes to eguilibrium between the air end
charcoal,‘and some more gas is removed from the air. This
process continues until at some layer 31, the concentration
of the gas has fallen below the threshold value. ’When the
differentiel amount of air, 2, enters layer g, only a small
amount of gas is taken up by the charcoal to set up & new
equilibrium since layer, a, has a large amount of gas sorbed
from the paessage of 1. The second threshold_value 1s reached
at layer Sg. 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, ty, When a differential amount ofvair,‘x, enters
the bed, layer, a, becomes saturated and the sorption
gradient has reached its full length and extends through the
bed to some layer Sx. The next differential amount of air will

saturate layer b and the gradient for this will extend one
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layer past Sy. The gradient then moves through the bed with

constant velocity.

For the first differential amount of air the front
trace of gas has moved through the charcosl bed from the front
surface to a point S, during the_difrerential T ime 1nter7al.
When the second differential amount of air enters the froat
trace Qf‘gas moves a distance Sg - S7, in an equal time in-
terval. By the time this gas reached Sl,}its concentration
has been cqnsiderably lowered in passing over the partially
saturated charcoal in that section, so tha? the distapce
Sp = S; must be shorter than the length 57, Similarly the
distance travelled by the front trace of gas for the third
amount of air, Sz - Sy 1is less than Sg - S;. Thus the front
trace of gas moves through the charcosl with a constantly
decreasing velocity, reaching avgonstant minimum velocity when
layer a becomes saturated. Shilow et al confirmed this
behavior with chlorine at concentrations of 2.13%.»

Until the sorption gradient is qqmpletely bu;lt
up, thev concentrat;on of the gas at tl}e f:ont surface of_‘ the
charcoal is the initial concentration, Co,’of_the gas 1in the
air strean. This concentration falls off along thevcnarcoal
bed as indicated. Thus the gradients in this region must
extend from the point O in Shilow's diagram (figure 3).

Tovexplain the change in shape along the bed to the
form EDA (figure 4) Mecklenberg pointed out that:

__(a) a "mathematical” charcoal had been assumed which
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possessed capillaries of uniform and constant
cross section, and 7 A
(b) Nernst's diffusion law had been_assumed to hold

for the diffusion qf the gas from the air stream

to the capillaries. | 7 -
In actual faet the charcqal capillaries are}neither of uniform
nor constant cross seetion, but that thereiare some Whiqh are
much smallér than the average and soms wpich are larger.r_The
smaller capillaries result in the shortening_of the"bottpm
part of the gradient from Dtho DA, The larger ones, whioh_
were assumed not to fill as rapidly as the remainder, are not
saturated as they should be if equation (xviii) were to hold.
The result is that the curve is distofted toward the form EDA.
In addition he assumed that chlorine would be‘displaced from
the outer layers by the air stream, being resqrbed further
along the bed. This acts in the same direction as the effect
of the larger capillaries and further distorts the curves so
that when constant conditions are reached the gradient would

have the form EDA rather then CDB.

Effect of FExperimental Conditions on Sorption Data

From these theories of sqrption thg vgriation Qf
sorption data such as service time,_dead 1ength, and sorption
capecity with experimental conditions has‘been predicted. ﬂlt
is interesting to summarize_these preqictidns 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
chemigal test indicates that the sorbatg is present in the gas
stream whiqh has passed thrqugh thevbed. Its dependence on
the experimental conditions, hasrbeen predicted? Tfrom the
theories of Mecklenberg and Danby et al as follpws:
(a) Variation with bed length - 4 lineér relation has been
predicted by both theories. Mgoklgnberg rurthervpredicted
that as thevbed length was decreased the graphrwould curve in
toward the origin and cut the bed length axis at a shqrtér
distance than the extrapolation of the linear portion. Many
investigators have found this to be true: Shilow et al (18)
and Dubinin et al (17) for chlorine; Danby et al (12) for
hydrogen sulfide, carbon tetrg chloride, nitrous fumes and
arsine; Mecklenberg rpr chloropicrin (14); Syrkin/and
Kondraschow (18) for vapors of carbon disulfide; pyriding,
isobutyl alcohol and dimethyl ethyl carbino;;ylzmailov_and
Sigalovskaya (19) for tpe”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: N
| T = ¢ L-T o (xix)

where @ is the coefficient of protective action and 7fthe

"protective 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) deduced the relation:

h- T
5 (xx)

where h is the dead length, 7 the initial loss of time of
protective action and J the coéffiqientiof protective action.

These latter two equations mayrbe related withwthe
help or figure (5).7 The coefficient of protective action is
the slope of the linear portion of the service time -~ bed
length relation and the protective time loss 1s the intercept
of the extrapolated linear relastion on the negative service
time axis. 7 _ v
(b) Variation with flow rate - Soth theories predict a linear
relation between the service time and the reciprocal of the
flow rate. Danby et al postulate a critical flow rate above
which there is an immediate breakdown of the charcoal bed.
This latter however has not been verified experimentally,
although good agreement has been found with the predicted linear
relation,
(c¢) Variation with the cross-section of the bed ~ The Mecklen-
berg equation (xiv) indicates a direet linear relation which
has been verified by his experiments.
(d) Variastion with the physical constants of the charcoal =-
Danby et 8l prediot linear variation of the service time with
the diameter of the charcoal grains and confirmed this, by
experiments with arsine and carbon tetra chloride. Mecklen-

berg predicted and found similar results.
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(e) Variation‘with initisl Qoncentratiqn - Danby et‘al noted
the difficulty of predicting the variation of service time with
initial concentration from their theory, but stated that at
low initisel concentrations the service time should very.as the
reciprocal of the initial concentration. They found this to
be true for arsine, carbon tetra chloride and hydrggen sulridg.
Shilow et al also‘pred;ctad this and confirmed thelr prediction
by experiment using chlorine in concentrations from 0.66 - 1.36%
2. The dead length ‘ -

This, as has been previously mentiqned, is a means of
measuring the residual activity of the charcoal at the service
time. Some investigators (12, 16) have attempted to give if
a physical signifiqance as previously“mentioned while others "
(14, 21) have claimed that it is merely a mathematical fiction
whdeh enables the prediction of the service time - bed length
plot over the linear portion. Mecklenberg‘has, however, éhown
that there 1s a dead length, whiceh 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): |

n. S-ladk (v)%d (xx1)
K, A

where § 1s a coefficient peculiar to charcoal and vapor /E

the fraction of the entering concentration of the vapor trans-


http:reciprocal.of

mitted at the service time, V the volume of air flow per unit
time, A the c¢ross sectional ares of the charcoal bed, d the
average diasmeter of a charcoal grasnule, and Ko a constant

equal to (l/T)%. | . |

(a) Cell and charcoal cohstants ~ The desd length has been pre-
‘dicted to vary with the feeiproeal of the crqss-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 eguation (xv) predicted that:

h = const. x V i-n (xxii)

where n is a constant which is usuelly about 0.5 so that the
dead length would vary with the Qquare root of the linear
velocity. From equation (vii) of the wvamhy treatment the
. dead léngth should vary linearly with the flow rgte. Engel
has confirmed its dependence on the équare root of the flow
rate. | |
{c) Initial Concentration - Both theories from equations (vii)
and (xv) predict a linear relapiqn betwegn‘the dead length and‘
the logarithm of the initial concentration. This was confirmed
by experiments on chloropierin by Mecklenberg and on chlorine
by Shilow et al.
3. Sorption Capscity N |

In static systems the sorption capacity of aAgivan

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

Not much attention has been devoted to the actual
sorption capacity of charcoals in comparison to thet glven to
the service time and the dead length. The volume activity of
a charcoal has been used however as an indication of its pro-
tective power., It is measured by sorbing ca:bon tetra chloride
under the given experimental conditions until 1t is detected

in the effluent stream.

The Volume Activity = increase inweight of the charcoal x 100
volume of charcoal

(xxiii)

In the Danby et al treatment of the dynemic sorption
of gases, the sorptive capacity of the cha:coal is expressed
in terms of a capacity constant N,, the number of aotive centres
each of which is capable of removing one molecule of sorbate,
and & rate constant k which determines the rate of removal of
the sorbate from the gas stream. These are assumed by the _
theory to be independent of‘factors such as initial concentration,
flow rate, etc.

In Mecklenberg's service time equation:

Te

k (v - Q.h) (xiv)
ve, |\

k is the maximum amount of sorbate which the charcosl is

capable of tsking up under the experimental conditions. He
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investigated its dependence on the initial concentration, and
found that it followed, for chlorine, the Freundlich isotherm:

b

where a and b are constants a = 8.38 and b = 0.164.
Ruff (20), for liquids in aqueous solution also found
that the adsorption isotherm expressed the relation between
the sorption capacity and the initial concentration.
Syrkin and Kondraschow (18), from purely kinetic con-
siderations deduced a formula for the amount sorbed, ci by the

entire charcoal bed at any time ¥ :

A
4 -c

log = 0.434 KT (xxiv)

where A4 is the maximum amount of gas capable of being sorbed
by the charcoasl under the given conditions, and K_is a constant

which was found to vary with temperature &ecording to the

relation:
10 A
KT ) sl ae
T = =L TR (xxv)

krg |
where 7° is the temperature coefiicient. They found that their
formulae held for the vapors of carbon disulfide, pyridine,
isobutyl alcohol, dimethyl ethyl carbinol over the temperature

range 10 - 100%c.
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The experimehts discusséd in this thesis were done
to obtain numerical data for the sorption of butane and am-
monia under various conditions, and thus to test further the

relations given by the theories of Lanby and of Mechlenberg.
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EXPERIMENTAL

Apparatus

‘ The apparatus used in these investigations consisted
essentiallj of a charcoal cell mounted on one arm of an analy=-
tical balance, to permit the sorption to be followed by weight
as & 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) and was used here
with minor modifications.,

A detailed disecription of the spparatus may be sim-
plified by'considering separately the following systems: air,
sorbate, charcoal, the cell itself, the effluent gas stream and
the analysis. Figure 6 shows the apparatus diagrammatically.

A detailed sketch of the cell is shown in figure 7 and the ana-

lytical apparatus is shown in figure 8.

Air was introduced from a compressor to a 45 litre
ballast volume Vy (figure 6). The ballast volume eliminated
the small pressure variations which occurred in the line. Since
carbon dioxide is appreciably sorbed by charcoal, it was re-
moved from the air stream with three soda lime tubes A connected
in series. Water vapbr was also removed, in four calcium
chloride drying tubes B, and three sulfuric acid bubblers C
in series. This system could be used to obtain air of any

desired humidity by edjusting 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 phthallate, 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 Mi of the usuél
type. Butyl phthallate was used as the menometer fluid. Re-
gulation of flow was accomplished by a blow off valve K;, which
consisted of a screw clamp on a short length of rubber tublng,
for rough adjustment, and a metal needle valve Nj for finer
control. The air ocould be.admitted to the cell, to the con-
ditioner ot to a fume hood as desired, by stopcocks S; and Sp
and Sz,

The sorbate was admitted directly from the storage
cylinder E. It was dried over four calcium chloride drying
tubes, F, in series. After passing through the 50 litre
ballast volume Vg, the sorbate. entered the alr stream through
the stopcock Sy. Rough regulation df the flow was obtained
by a scratch on the stopcock while finer control was accomplished
by adjusting the needle valve N on the cylinder. The flow
rate was measured by the calibrated capillary flowméter Mg
containing butyl phthallate as the manometer fluid. Stopcgckg
S5 and Sy allowed the sorbate stream to be admitted to the
air stream or diverted to a fume hood. The whole sorbate system
could be evacuated through the stopcock Sg,

The charcoal was conditioned in a stream of dry,
carbon-dioxide-frea air in the conditioner G, which was con-

structed from a pyrex tube about a foot long and two inches in
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diameter, It was heated electrically, and insulated with
asbestos. A slide wire rheostat, reguléting the current, per-
mitted the temperature to be controlled. The conditioner was
mounted above the cell and at é siope of about thirty degrees
with the horizontal. The,ground joint J, allowed the conditioner
to be removed for refilling, which was done through the ground
joint Jo. at the upper end. The air stream for conditioning
entered through the stopcock Sg, and was released through the
stopcock Sy1g, on the upper end. The conditioner was connected
to the ground joimt Jy, by a short length of rubber tubing
provided with & screw clamp Kz,

The charcoal was allowed to fall into the cell from
the conditioner, by opening the scréw clamp Ko and gently
tapping the conditioner. Since the charcoal always dropped from
a constant height, the packing of the granules in the cell was
constant, as shown by the fact that reproducibility of the
results was readily obtained. No moisture or carbon dioxide
could contaminate the conditioned charcoal, since it only came
into contact with dry, carbon-dloxide-free air, after being
conditioned. |

The charcoal cell itself (figure 7) consisted of a
piece of glass tubing 4 om. inside diameter and 21 cm. long.

A brass cap was fitted over the top and sealed to the glass
with de Khotinsky cement. 4 section of thin brass tubing 1.5
om. in dlameter and 7 cm. long was soldered through the centre
of the cap and extended down into the cell. A brass ring
about a quarter of an inch wide, with small projections on

each side was sealed around the outside of the cell at the
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bottom. A detachable brass cap, similar to the one at the top
was machined to fit snugly around the brass ring, and could be
érawn against the bottom of the ring to form an air tight seat,
by oblique slots operating over the projections on the ring.
A length of brass tubing extended downward from the oentre of
the brass cap.

The charcoal was supported on a cirocular disc of metal
gauze of the type generally used in respirators. To allow the
air to flow freely out of the cell this gauze disc rested on a
ring of glass tubing about helf am inch in height. The cell
was marked off in centimeters so that the depth of bharcoal
in the cell could be varied from one to five centimeters. Two
thermocouples Ty and Tg, were inserted into the cell, through
the bottom, the positions of the junctions belng altered as
desired. The thermocouple wires were copper and constantan
B and S gauge number 28. Thevaere coiled loosely outside the
cell and connected to fixed binding posts, so as not to interfere
with the weighing. Temperatures were measured on a Cambridge
unipivot millivoltmeter with a thermal scals.

The cell'was suspended bj a light chain from one arm
of an analytical balance adapted for this purpose. To allow the
cell to move freely and to preveﬁt escape of any gases from the
cell, the brass tubes dipped into cups containing butyl phthallate.
These cups were attached to the inlet line at the top by a ground
joint J, and to the outlet line at the bottom. The weight of
the empty cell assembly was about 200 grams.

Where greater accuracy was desired, and where

equilibrium weights were sufficient,a modified cell was used
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(figure 7b). This was made from a piece of pYrex tubing
fitted with ground joints at either end. The charcoal rested
on a pilece of gauze as in the previous cell. This cell could
replace the former, being connected to the air line by the
ground joint Jz. Weight could not be followed as a function
of time with this, but it had the advantage that it could be
readily removed,.when sufficient time had been allowed for
equilibrium, sealed with ground joint éaps, and weighed ac-
curately on an analytical balance.

The gas stream leaving the bottom of the cell (here=
after called the effluent stream) passed through one arﬁ of a
T tube to the fume hood. A short length of glass tubing to
contain test papers could be inserted in the exit line irf
desired. To sample the effluent stream, evaouatéd pipettes
were connected to the other arm of the T tube, to which a
capillary tube was attaehed, the bore of the capillary 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 pipettés.

The analysis of the effluent stream was carried 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 from
‘the reservoir L.

For butane enalysis, the gases from the bulb, after
mixing with dry carbon-dioxide~free air, were passed through

a quartz tube Q about three feet long and one~quarter inch in
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diameter., This gquartz tube was ﬁeated for about oné foot of
its length in an electric furnace P, to a temperature of
1000°C. A rheostat and an ammeter were used to maintain the
temperature. The carbon dioxide formed during the combustion
was absorbed in standard sodium hydroxide solution in the ab~
sorption tube R. For efficient absorption a sintered disec
bubbler V, of the type shown in the figure was used, and a few
drops of butyl alcohol added fo reduce the surface tension of
the solution so that a fine foesm was obtained. The oxygen
stream purified by passing through soda-lime tube W, was re-
gulated to give about three inches of foam. Standard acid
was used to titrate the excess sodium hydioxide, using phenol-
phthaleih as indicator.

For ammonia, the apparatus used was slightly different.
The ammonia displaced from the bulb was absorbed directly in
standard acid after mixing with a dry cafbon-dioxide-free air
stream to obtain the necessary degree of foaming in the absorb-
ing liquid. OStandard sodium hydroxide was used to titrate the
excess acid, using a solution of methyl red and brom cresol

green as indicator.

Procedure‘

Details of the experimental procedure will be much
clearer if the procedure of a fypical experiment is described
and the results recorded.

The charcoal was dried in the conditioner (figure 6)

for twelve hours at 1509 in a stream of dry carbonedioxide-free
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air, and allowed to come to equilibrium with air of the de~
sired moisture content at room temperature for a further

twelve hours.

Since the sorption is dependent on the temperature
of the charcoal, it was important that room temperature be
kept reasonably consfant throughout any one experiment and for
all comparable experiments. Atmospheric pressure appeared to
have little effect on the amount of sorption.

The cell was thoroughly flushed out using the dry
carbon-dlioxide~free air. The air stream was then diverted
through the stopcock Sz, 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. Ury ailr was passed through the
cell, and regulated to the desired-flow rate, the blow off
valve Ky and the needle valve Ny. With the stream being diver-
ted through Sz, the sorbate stream was then regulated to the
desired value, using the scratched stopcock S4 and the needle
velve Np. At the beginning of the experiment the flow was
set by adjuétment of the scratched stopcqck and regulated there-
after by the needle valve, which was fouﬁd to give finer
control. The zero weight of the charcoal cell was next found
with the air stream passing through the bed. The zerc thermo-
ocouple readings were also taken. When conditions 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. Thereafter, weight and temperature readings were
taken at two minute intervals. Samples of the effluent stream
were drawn at appropriate intervals (the first being taken
shortly after the beginning of the run, the second immediately
after the bottom thermocouple reading had reached its maximum
value, and others at regular intervals until the end of the
experiment. The time between samples was determined by the
sorbate and air flow rates and the depth of the charcoal bed).
Care was taken throughout to prevent, as far as possible, any
variations in air or sorbate flow rate., Room temperature and
atmospheric pressure were read when convenient, as were the
temperature and pressure of the air stream on the wet test
meter. When the charcoal was no longer adsorbing, as indicated
by constant welght readings for a period of ét least fifteen
minutes, and the thermocouple readings-héving returned to their
original values, a final analysis sample was taken on the
effluent stream. The final air meter reading and time were
determined. Both fhe air and sorbate streams were diverted
and the final static welight of the cell, charcoal and sorbate
determined. The net weight of gas sorbed as indicated by the
difference between the initial and final static weights and
the zero and final weights with the air stream passing through
the cell should check. This was nearly always found to be so.
Occasionally a sample of the effluent gases was taken before
the maximum temperature was reached to see if any sorbate was
passing through the charcoal before it was expected.

For analysis, the bulbs were connected in the analy-
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tical apparatus (figure 8) and the gases displaced as des-
eribed previously. About five minutes was allowed for the
displacement to ensure complete combustion and absorption.
The percent sorbate in the effluent gases was determined by
titration of the excess absorption solution,

The method of amalysis outlined above was used in
preference to ignition by a hot wire. 1In this method, as
used by Pearce (1), a measured quantity of sample was burned,
the carbon dioxide formed, frozen out by liguid air, and the
remainder of the gas pumped off. The amount of carbon dioxide
formed from the combustion was determined by its pressure in
a calibrated volume, Combustions by this method were found
to be incomplete, however, and reprodueible results could not
be obtained despite the considerable time spent in attempting
to improve the technique. It seems likely that the accuracy
and reproducibility of the slow combustion method have been
exaggerated. The method used in these investigations, however,
resulted in complete eombustion snd readily reproducible results
(within 1% of each other in duplieates). One part of caiben
dioxide in 10,000 parts of air was detectable, Several blanks
were analysed to confirm this accuracy.

| In the desorption experiments, the eharcoal

was allowed to come to equilibrium with a saturating
stream of air and sorbate of the desired proportions in the
usual manner, When the desired desorption econditions were

steady, the desorbing stream was admitted to the cell, Weight
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and temperature were followed as a function of time as in the
sorption studies and sémple bulbs were taken of the effluent
gas at appropriate intervals.
The accuracy attained using this apparatus was about
5%, as it is very difficult to obtain greater accuracy in
| studying colloidal systems. Weight readings were accurate to
about 0.005 of a gram. Variations in sorbate and air flow
rate accounted for the greater part of the experimental error.
Moisture and carbon dioxide determinstions on the air stream
showed that it contained undetectable amounts of carbon
dicxide (less than 1:10,000) and less than 0.004% water.
The materials used‘in these investigations were:
(a) éharcoal - Canadian SBT 95-96, silver impregnated
(b) ammonia - anhydrous ammonia obtained from Canadian
Industries Limited
(¢) butane - C.P. (99.5%) obtained from the Ohio
| Ghemiéal and Manufacturing Company.
Both the ammonia and butane were used without purification

except for drying with calcium chloride.
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ngical Data Sheet

Run No. 84 6/2/42

Air: 2.6 (3.0 litres/min.) Butane: 30,0(24.0 ce/Min.)

Room Temperature: 23°C | Atmospheric Pressure:?SQ mm.Hg.
Height of charcoal bed 4 om.

Weight of charcoal plus cell 31.38 gm.

Weight of cell 559
Wieight of charcoal 27.79
Final weight 35.34
Butane sorbed 3.96 gm.
Air - Temperature: 23°C Pressure: 3.70 in. Hé.

Initial meter reading 48.556
Final meter reading 60,427
11.871 cu. ft. Time: 114 min.

Adr rate = 11,871 , 28.3, 273 4 853 = 5.045 litres/minute

114 296 * 760
* Time Weight  _ Ty T, W

0 32,02 24.0 24.0

2 32,11 27.0 24.0 0.09
8 32.32 31.0 28,0 0430
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 5.69
90 35.96 23.0 23.5 3.94

110 35.98 23.0 23.0 3.96
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Analysis * .
' CC, base
Time of ccC. CC. neutralized % CgHyg in
Bulb Sempling HpSO04 NgOH by CO» K 4ir stream
4 25 10.20 9.93 0.03 0.1045 0.003
1l 110 3.13 2.92 7.08 0.0935 0.660
K = normality y 22.4 100 T 760
1000 sty
V = volume of sample bulb T = room temperature
P z atmospheric pressure % = K x (CC. NgOH used)

* These tables have been considerably cohdensed.

X/m= 3,96 x 22400 = 54.9 CC./gm.

27.79 58
Partial pressure =z 24.0 x 760 = 5.70 mm. Hg.
3069

Corrected height = 3241§ = 4.23 em. of charcoal.
Note - At the slow floségtes for ammonia, sample bulbs re-
quired approximately six minutes to fill completely. 1In
caloulations, the sample was considered 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
capillary allowed the bulbs to fill completely 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 increase of the charcoal bed with time,
the temperéture rise with time and the analysis of the es-
caping gases were carried out using ammonia concentrations of
0,05 = 100% and flowrates of 0.16 - 3.2 em. per second, and
at column lengths of 5,4 and 5 cm. of charcoal as previously
described. The service times, dead length, amount of sorption,
and escaping concentration were calculated.

1. Amount of Sorption

The inorease in weight of the charcoal bed as the
ammoniae-air mixture is passed over it is shown as a function
of time for various concentrations, flowrates and column
lengths, in figures 9 and 10. It is seen that the weight ine-
creases linearly with time until the service time is reached.
This rate depends on the ammonis flowrate (as figure 10 shows)
and is independent of the air flowrate (figure 9). After the
service tims is reached, the weight falls 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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WEIGHT AIMONIA SORBED (grams)

EFFECT OF AMMONIA RATE ON WEIGHT SORBED

AIR RATR 200 ce,/min,

1-0“‘
100=5
l.41
100h—
] | 1 | b 1 1
20 40 . &B 80 100 120

TIME (mino)
FIGURE 10,
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passed over it.

The equilibrium sorption weights are given in tables
I and II for various oconcentrations, flowrates and column
iengthé; The column length was determined using an average
cenfimetre bed, which weighed 6.57 gm. <1his was the average
weight of a centimetre bed length determined from the weights
of all the beds used throughout the work. The column lengths
given in tables I and Il are approximate. The correct bed
lengths, calculateﬁ 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 e linear
function of column length at constant concentration.

The variation of the equilibrium 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 constant
ammonia flow, the effect of increasing the air flowrate from
zero is quite marked at first but the effect diminishes until
the amount sorbed becomes almost independent of the rate of
the air flow. When plotted as the logarithm of the volume
sorbed per gram of charcoal against the logarithm of the air
rate a straight line is obtained (figure 15). The effect of
increased ammpnia Tflow is to increase the amount of sorption.
A linear relstion is obtained between the logarithm of the
volume sorbed and the logarithm of the ammonia flowrate
(figure 16).

Veriation of theequilibrium sorption with partial



(ammonia rate = 60 cc/min,)

Air Rate
(co/mind

0
100
200
300
550

2000

We%gt Segbeg !Grggg at -Vggieus %n;a Retes and Column Lengths

Column Length (om.)

5 4 -
3.65 - 2.16
1.67 1.34  1.00
1.08 0.89  0.67
0.92 0.76  0.59
0.34 - -

- - 0.10
TABLE II

(air rate = 200 ce/min.)

Column Length (em.)

Ammonie Rate
{co/min, ) S
15 0.55
42 0.92
60 1.08
100 1.45

4 _3
0.43 0.32
0.79 0.59
0.89 0.67
1.18

0.87
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WEIGHT SORBED AGAINST COLUMN LENGTH
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TABLE III

(ammonia rate = 60 cc/min.)

Air Rate Column Length (om.)
¢o/min, 5 _  _4 _ _.3
-0 145, - 146,
100 - 69.0 68.8 69.2
200 44,0 44,0 45,5
300 38.2 38.2 38.2
550 25.4 - -
2000 | - - 12.5
TABLE IV

(air rate = 200 ce/min.)

Ammonia Rate Column Length (om.)
(cc/min, ) S . 3
. 13.2 19.8 - -

15 2l.2 2l.2 21.7

42 38.9 39.4 58.6

60 44,0 44.0 45.5

100 59.4 059.4 58.2
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pressure is given by the usual isothemm used in describing

the amount of sorption of a gas. In figure 17 the graph of

the volume sorbed per gram (x/p) is plotted against the partial
pressure. The data are giveh'in table Ve Over the range

from 50 mm. partial pressure of ammonia to 760 mm. the relation
is approximately linear with no indication of attaining a
constant{ value of x/y at higher partial pressures. Below

50 mm, partial pressure the graph curves downward toward the
origin as the partial pressure is further decreased. (see
enlarged graph 17a). The logarithm of the equilibrium sorption
plotted against the logarithm of the pértial pressure gives a
straight line (figure 18) for partial pressures between 50

and 760 mm. and a second straight line of lower slope for
partial pressures below this. Above 50 mm. the Langmulr or
Freundliech isotherms may be applied, the equations being:

x 0.,278P
/m = 55 =

1
X/ = 1.06p 1131

where X/, is in cec. per gram and P in mm. of mercury. Others
have found these isotherms %0 hold for dynamic systems of:
chlorine (16) aqueous solutions (20) and chloropicrin (14).

The linear velocity of the ammonia-air stream, at
constant ammonia coneentration was found to have no effect on
the equilibrium amount of ammonia sorbed. Table VI shows the
data for four runs of this ﬁature at total flowrates from

016 t0 0,79 cme. per seconde



(54)

TABLE V

nia Sorbed per Gram

Effect of Partial Pressure on Volume of

Air Rate NH3 Rate Part .Press.NHx Volume Sorbed
(cc/mind {co/min.) (mm, Hg) (cc/gm.)
0 " 60 -~ 760 145.

54 200 ‘465 103.

150 97 300 67 .2
100 60 285 , 69.0
200 100 254 59.4
200 60 175 44 .8
200 é2 134 - 3849
100 20 132 ' 3842
500 100 ' 132 3842
300 60 127 ‘ 38,0
550 60 , 75 27.5
200 15 53 | 21.2
2,000 60 2.1 12.5
3,270 80 13.7 11.2
3,270 17 3.9 4.1
3,270 14.7 Sed Se7
3,270 13,2 3.1 S.6
3,270 Zed 0.79 2.3

3’2?0 1.6 003? lgl
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The slopes of thé'linear portion of the weight-
time curves should give a measure of 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 ammbnia flowrate if expressed in appropriate units., It
was found, however, that the rate of sorption in cc. per ‘
minute was lower than the ammonia flowrate (see table 7).

A graph of this slope against the ammonia riowrata is shown
in figure 19. Further discussion of thié is postponed until

the analytical results and desorption studies.,
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TABLE V1

at Constt Composition

Conec. Flow rate of Total
Ammonia AirdAmmonia Flow rate Amount Ammonia Sorbed
ce/min (om/sec.) £ns. . cc
16.7 120 0.16 0.92 11.2
16.7 242 0.32 0,92 11.4
16,5 360 0.48 0.92 11.2
16.7 600 0.79 0.95 11.2

TABLE VII1

. Caleulated S%oges at Varé_g_us Ammgnia Ratgs

NHg Rate Slope

(cc/min) (ce/min.)
LR © 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
1s shown as a function of time in figures 20 - 23 for various
conditions., Figures 20, 21, 22 and 23 show the variation
with column léngth, 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, indicating complete sorption of the ammonis supplied
in the entering air stream. After the service time, the con~
centration of ammonia in the escaping gases increases rapidly
at first, but approaches a constant value when the_charcoal'
bed is saturated. In these graphs the concentration is ex-
pressed as a 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 weighf-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 complementary curve to that of the analysis of the ef-
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, approaching zero when the charcoal bed is

saturated,

If the escaping concentration of ammonia in the
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effluent stream is related to time by plotfing the logarithm:
of l/c against time as in figure 24 a curve is obtained in
contrast to the predictions of Danby et al who find a linear

relation from their equation:

co (xit}

c = — RCa T (o ANYL ’-I) +/

A linear relation is obtained, however, between the logarithm
of l/c and the reciprocal of the time (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 thaflﬁhe‘sorption as indicated by
the constaht differential amount sorbed does not correspond
to the ammonia flowrate as measured by the analysis of the
escaping gases when the charcoal 1s saturated (figures 20 -23).
This was found to be due to air displaced from the charcoal
by the ammonia, and will be discussed later under the de-
sorption studies which confirmed this behavior.

The escaping concentrations calculated from the
differential sorption curves would not, then, represent the
true concentration of ammonie in the effluent stream. How=-
ever, the deviation is not appreciable since curves of
‘escapling concentration against time practically coincide.

The apparent weight of ammonia on the charcoal is less than

that actually sorbed by the weight of the air displaced.
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TABLE VIII

Concentration as a Funotion of Time

Escaping

Iime Egir s.T. 1/ Concentration Lo
s .250 4.3 "T.36
10 .100 10.2 2.99:
14 0712 12.0 2.9
19 .0526 13.5 2.87
25 .0400 15 2.82
30 .0333 15_.& 2.8
40 .0250 16.3 2.78
50 .0200 16.8 2.775
60 | .0167 17.0 2.770

80 .0125 17 .4 2.760
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3. Service Time Data

The service time was determined in these in-
vestigations as the time when the charcoal ceased to be
100% efficient in removing the ammonia from the air stream.
This was the time at which the weight-time curves first
deviated from the linear relation. OService times calculated
on this basis agreed within 2% of those determined using
a phenolphthalein test paper in the effluent gas line. ‘The
deviation between the weight and the analytical resultsg.
would have no effect on the service time since, if the true
welight of emmonia sorbed were plotted against time, the
amount of ammonia taken up by the charcoal when the graph
deviates from the linear relation would bé greater, but the
time at which this occurs wouldrbe unchanged.

The service times at various column lengths and
rates of air and ammonia flow are given in tables IX and X
and are shown graphically as a function of these variables
in figures 26 - 3l. 4 straight line is obtained when
service time is plotted against column length, (rigures 26
and 27) which if extrapolated cuts the column lehgth axis
at a positive length. This intercept is the'britical”
or "dead" length mentioned in the introduction. It was not
possible to test the behavior at very short bed lengths
since emmonia 1s not appreciably 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 al
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TABLE IX

Sgrvice Times at Vgrious Aig Rgtes and Column Lengths

(emmonia rate = 60 co/min.)

Air Rate Column Length (om)

leofmind ~ _ 5 _4  _3_

o - 45 - 2.8

100 22.5 17.5 12.5

200 - 16 12 8.5

300 14 11 8
TABLE X

Service Times et Various Ammonia Rates and Column Lengths

(air rate = 200 cc/min.)

NHz Rate Column Lsngth (cm)

(cc[migg - 4 3
15 30 23 17
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 significanqe is
attached to this fact however. The linear relation which
wés round to hold agrees with the theories of Danby et al

and Mecklenberg which give the equations:

oo CI:]?. [/\ -A°]

s (3-1)

Tt -

v

respectively. The_sloperof_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). A o

| Since the service time thus varies with column
length it is_important in discussing its variation with flow-
rate, concentration etc.,_thgt comparable runs be done at
exactly equal column lengths. This is ilmpractical so that
a method of calculating "corrected" service times was devised.
It consistgd of linear 1nterpolation of the service time-
column length graphs to the nearest integral column length
i.e. to 3, 4 or 5 om.¥0.01 em. It 1is ;hese corrected |
service times which have been ploftad in figures 26 - 31 and
recorded in tables IX end X. B

Figure 28 shows the effect on the serviée time of

varying the rate of air flow at constant butane flowrate.


http:cm.IO.Ol
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The service time using 60 cc. per minute of pure ammonia is
quite high but decreases rapidly as an air stream 1s added
and inereased but reaches an almost constant value as the air
flowrate 1is increased above 300 cc. per minute. Whenrthe ’
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 ammonie flowrate is
increased at constant aif rate as in figure (30), but the
1égarithm of the service time decreases linearly with the
ammonia flowrate (figure 31). ZFrom 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 decrgases exponentially with the
ammonia rate but only with the 0.4 power of the air flowrate.

At constant concentration of ammonia in the enter-
1ng‘gas, the servicé time depends upon the ;eciprocal of the
flowrate as shown in table XI and figure 32. Extrapolation
of the}straight line so obtalned intercepts the flowrate
axls, corresponding to a ”critiéal" flowrate above which
there would presumably be immediate breakdown of the charcoal
bed, at this partieular concentration. ‘Experimeptal p:éor
of the existence of this critical flowrate is, however,
lacking. 7 » - o

At constant}flowrate the dependence‘of the service
time on the initlal concentration 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 concentration
over the range of ammonia concentrations of 17‘- 40%, but
which fell off rapidly at lower concentrations. Danby et al
predicted a linear relation should be obtained at low, but

not at high éoncentrations from the formula:

oo L KNoX . Co
kCo (L L - Ct

where 1ln Cy/C* was assumed negligible at low concentrations

and N, independent of C,. These assumptions seem therefore not
to be: completely justified. Shilow et al have rfound a linear
relation for chlorine over the concentration rangé 0466 to
1.36%. | -

| An illumineting way of showing this relation is to
plot service time times initial concentration against the
initial concentration (figure 34). It is readily sesn over

what range of concentration the relation:

Co X T = constant
holds. Arnell (2) has also noted the lnerease of the

product Co x T from zero until it reaches a constant value.
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TABLE XI

lime at Constant Composition

(cross section of cell = 12.6 mnﬁ)

Air Rate NHz Rate Flowrate Flowrate Service time
(co/min) {cc/min,) (co/min)  (ec/sec) min,

100 20 120 0.16 42

200 42 242 0.32 20.5

300 60 360 0.48 14 -

500 100 600 0.79 6
TABLE XII

Effect of Concentration on Service Time

{flowrate = 250 cc/min.)

Air Rate NHz Rate C; Service time /e

(cc/mindg (cc/ming % min., 0
150 o7 39.2 9 0.0254
200 54 21.2 17 0.0470
200 60 23.0 16 0.0435
200 42 17.4 20.5 6,0576

235 19.5 7.65 : a2 0.131
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4. Critical lengths 7

These are determined by the intercept of the
extrapolated service time - column length curves. Roughly
this "critical" or "dead" length increases with increase in
the air flowraée at"consgant emmonia rate, and with increased
emmonia rate at constant air rate similar to the decrease of
the service time with these variables. The long extrapolation
necessary in the curves shown in figuresizé and 27, makes
calculation of numerical values for the critical length

rather inaccurate,
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5. Temperature Data

The temperature rise in the bottom ( Tg) and third
from the bottom | T;) centimeter charcoal layeré is shown as
a function of time for a number of typical cases in figure
34. The temperaturerises rapldly in both layers at first to
a maximum value and falls more slowly as the charcoal bed
cools to room temperature. The maximum temperature rise in
the upper layer was found to be greater than that in the
bottom layer, presumably due to heat iosses by greater cone-
tact of the bottom layer with the surroundings. Table XIII
and figure 36 show that the maximum temperature rise is a
linear function of the ammonia flowrate at a constant air
flowrate. An increase in the air flowrate at constant
ammoniﬁ flow has a slight cooling effect as shown in figure
37. The relation between the maximum temperature rise and
the linear flowrate is shown in table XIV and figure 38.

The increase with incréasing flow is due to the increased
amount of emmonia passing through the bed in unit time. The
cooling effect of the increased air flow 1is also obvious from
the graph.

Since sorption is affected greatly by change in the
temperature at which it takes place, it seems important to
discuss the effect of the temperature rise on the shapes of
the weight-time curves, the escaping concentration and the
service time. The service time should be deoreased where
there is an appreciable temperature rise due to the sorption,
since the length of the working layer would be increased due

to the decreased sorption capacity of the charcoal, thus
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TABLE XIIT

Air Rate (e¢c/min.)

0 100 200 300
- - 4,5 -

- - 16, -
25.5 24.5 2l. 19.5
- ' - 32. -

Flowrate
ce/min.
Ty
T2

120 242 360 600
10.5 19 21 27
9 12.5 16 18
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increasing the residual activity, and hence also the dead
length. The weight-time curves would slope off more gradually
due to thé decreased sorption when the bed 1is heating and the
continuance of the sorption as the bed cools down to room
temperature. This would increase the saturation time. Since
the service time would be decreased and the saturation time
increased, the escaping concentration would be lower at any

given time (measured from the service time).
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B. Butane

The sorption of butane was studied over the con-
centration range of 0.3 - 10% and at ioo% butane, and at
flowrates of 0.2 - 40 cm. per second, for eolumn lengths of
1l to 5 centimetres.

1. Amount of Sorption

In table XV the weight sorbed and x/, data are
presented.‘ The height given in column one 1s the column
length calcuiated from the weight of the charcoal bed. The
data in the last column give the number of cc. of butane
sorbed per minute as determined by the slope of the linear
portion of the weight-time curves (some of which are shown
in figures 39 and 40). This linear portion of the curve,
since it depends solely 6n the rate of supply of the butane,
should have a slope equal to the butane rate as given in
column three, Here, as in the ammonia sorption, this dif-
ference is due to air dispiaced from the charcoal.

In figure 39, the weight-time curves as determined
directly from the welght readings are presented. 4s in the
case of ammonia sorption, the charcoal is 100% efficient until
the service time when the curve ceases to be linear and
butane is present in the effluent gas stream. The curve then
bends to a horizontal straight line which is the saturation
weight under those conditions. It will be noted that the
sloping off of these curves is more rapid than those found
for ammonia. This is partly due to the more rapid removal

of the heat of sorption by the greater air flow used in the
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TABLE XV
i Weights Sorbed and x./m Data
Column Air Butane Partial Weight x/ Slope
Length Rete Rate Pressure  Sorbed -
om.  f(co/min) (occ/mind Hm.Hg. £gne (ce/gm) (co/min)
4.08 3,130 53 12,7 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 8.0  51.5
4.09 1,530 53 24,5 4,73 68,0  51.5
2,96 1,580 53 24 .5 3.43 68.0  51.5
2.13 1,530 53 24.5 2.47 8.0 51,5
1.19 1,520 53 24,5 1.38 68,0  51.5
5.96 500 53 72,8 5.26 78,1  51.4
5,95 0 71 760, 5.98 89.2  69.1
4,12 0 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 57.8  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 5,13 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 65,7 29 .0
2,09 1,500 30 15.0 2,27 83.7 29.0
3.99 1,403 30 15.9 4.26 62,6. 29.0

.88 151 2.7 13.7 4.20 65,7 2.5
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butane sorption.

It is seen from the curves that the air rate has no
effeot on the initial slope, but that the final value increases
as the air flowrate is decreased.

In figure 40 a similar set of curves 1s shown with
a constant air rate and variable butane rate. Here the slope
of the straight line portion of the curve is different for
different butane rates. The saturation value inereases as
the butane flow is increased.

‘Figure 41 shows the variation in X/m (cc. sorbed
per gram of charcoal) due to the increased air rate. 4
curve results which decreases from a high value with %Zero
air stream. The logerithm of x/ plotted against the logarithm
of the air rate gives straight lines for different bed
lengths which converge {figure 423),

The effect of butane concentration on the X/ is
shown in figure 43. Since the total flowrate is approxi-
mately constant (varying from 3,030 to 3,090 cc/min.) the
partial pressure could be plotted instead of 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 complete curve of X/m 8gainst
partial presSuré up to 760 mm. of mercury. This curve does
not follow a Langmuir or Freundlich isotherm'over its whole
range. 4 portion of the curve for partial pressures below

70 mm. of Hg is shown plotted on & larger scale in figure
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46, The experimental points are not more then one division
. from the curve which indicates that, in this respect at
least, the experimental error is about 1l%.

The curve shown rises steeply at first and then
flattens off quite rapidly to a constant value of x/p .
This is in contrast with the behavior of ammonia, where the
partial pressure curve was linear and did not reach a max-
imum value 1in the pressure range studied., This might
possibly indicate a different type of sorption mechanism
in the two cases.

This difference is also shown in figure 47 where
the logarifhm of x/@ is plotted against the logarithm of
the partisl pressure. This does not glve the siraight
line relation found for'ammonia sorption.

As in the case with ammonia the magnitude of the
total flowrate had no effect on the value of x/m over the
range investigated from 163 to 3,180 co. per minute.

In figure 48 the slope of the linear portion of
the weightétime curves is plotted against the actual butane
flow rate as determined by analysis of the escaping gases
after the charcoal was saturated. A linear relation is
obtained, The difference between the calcoculated and actual
value is approximately the same on a weight basis; at 60 cc.

 per minute the difference for ammonia is 7.5 66. = 0.,0056

gm. and for butane 2 cc. =z 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 for the following sets of 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 curves are plots of grams of sorbate per
minute against time. The ourves starting from zero are the
analytical curves detefmined from the concentration of
butane in the effluent gases. The ocurve starting from the
top 1s obtained by graphical differentiation of the welght-
time curves. The analytical curve reaches a higher value
than the differential curve due to the air displaced from
the charcoal.

In figure 49 the curves are obtained from the
five column lengths of the 53 cc. butane - 1,526 ce. air
runs. The ocurves are horizontal until the service times
are reached, then break off rapidly and curve exponentially
to a final horizontal straight line. The shapes of the
curves are quite similar after the first centimetre bed.

In the one centimetre bed the break is not so sharp but
soon assumes & shape similar to the others.

The analytical ocurves, as will be shown later,
can be used to determine the concentration gradients of the
sorbate-air stream throughout a five centimetre bed since
the exit gas for a one centimetre bed would be the same as

that entering the second layer of a two centimetre bed, etc.
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| Figure 50 shows the analytical and differential
sorption curves for 3,000 coc. per minute air flow, four
centimetre beds, and varying butane concentrations. It is
seen that the initial slope of these ocurves is decreased
as the butane concentration is decreased.

Figure 51 shows the effect of air flowrate on the
curves. These are for a constant butane flow of 53 cc. per
minute ané for four centimetre beds. The shapes of the
curves are not affected by the air raté except that the
breaking point decreases with increased air flow.

The enalytical and differential sorption ocurves
for varlable flowrate and constant butane concentration are
shown in figure 52, The partial pressure of butane in the
entering gases is 13.8 mm. of Hg, and the flowrate 1s varied
from 154 to 3,183 ce. per minute. The rate of change of
these ocurves is decreased with decréased stream veloclty.
Thus from the service time to the saturation time the
3,183 ce/min. curve extends over 50 minutes while the
154 ce/min. curve extends for over 200 minutes. »-

The data for the relation between the escaping
concentration end time are shown in table XVI. These are
the data obtained from ome run; all other ruhs géve similar
data. The time axis is started at the service time. The
concentiation of the escaplng gases is expressed as gréms
of butane per minute,

In figure 53 the logarithm of the reciprocal of

the escapihg concentration 1s plotted against time. A
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TABLE XVI

Escaping Concentration as & Function of Time

(Butene Rate = 53 cc/min; Air Rate = 1,500 co/min; Bed depthw= 5em

Time after Escaping
Service Time Concentration Log C. Log 1/¢ l/T
min.. , min, .
0 0
3.5 0.031 2.491 1.509 0.286
8.5 ~ 0.062 2.792 1.208  0.118
13.5 10.085 Z2.929 1.071 0.074
18.5 0.102 1.009 0.991 0.054
23.5 0.116 1.065 0.935 0.0425
28,5 0.122 1.086 0.914 0.0349
33.5 0.129 1.110 0.890 0.0298
38.5 0.133 1.124 0.876 0.0260
43.5 0.136 1.134 0.866 0.0230
48.5 0.137 1.137 0.863 0.0205
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curve is obtained in contrast to the prediction of a
straight line by Danby et al. However, they state that
the straight line relation only holds when Co/¢ 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 escaping concentration is plotted |
against the reciprocal of the time, a straight line

relation is obtained as in figure 54,
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3. Service Time Data

The service time was again taken as the break
in the linéar portion of the weight-time curves. The
data for the servioce time relations are given 1in table
XVII. Here the first four columns are the same as}those
in table XV, In column five the observed service time is
given while in column G'the "corrected" service time is
recorded. ) )

Figureyss shows the service time-coluﬁn length
relation for constant butane flowrate and variable air flow-
rate. Figure 56 shows similar curves for constant air and
variable butane. The straight lines intersect at a common
point below the origin, except for those at high air rates
and low butane rates. 1lhe various critical lengths can be
"determined from the intércepts of these lines on the
column length axis. Here again the column lengths used
were too long to show the curvature of the lines toward the
origin,

In figure 57 the service times for a four denti=-
metre bed and constant butane flow are plotted against air
rate. The service time decreases from its maximum value at
Zero aii rate but the rate of decrease becomes small at
high air flowrates. The logarithm of the service time is
plotted against the logarithm of the air rate in figure 58,
and a linear relation 1s obtained.

The effect of varying the butane rate at constant

air rate and constant bed length is shown in figure 59,



Column
Length

4.08
1.94
5.01
4.09
2.96
2.13
1l.19
3.96
3.95
4,12
4.00

370
2.18

4,23
4.16
2.12
1.27

4.01
2.09

3.99
3.88

Air
Rate
go/mi

3,130

3,020
1,590
1,530
1,520
1,530
1,520

500

3,020

3,020
3,020

3,045
3,040
3,000
%,020

1,500
1,500

1,403
151
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TABLE XVII
Sgrvigé Tige"bata‘

Butane
Rate
(og[migg

53
53

53
53
53
53
53
53
71
53
71

30
30

24
9
9
9

30
30

30
2.7

Partial Service
Pressure Time
mm. Hge min.
12.7 282.0
13.2 7.0
24.5 31.5
24,5 24,5
24,5 16,5
24.5 9.0
24.5 2.0
72.8 29.0
760.0 25.0
760.0 40,0
17.4 17.5
7.5 37 40
7.5 19.0
5.7 53.0
2.3 129.
2ed 68.0
2.3 34,0
15,0 47,0
15,0 21,5
15.9 48,0
13.7 540

Corrected
Service
Time

min,
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The partial pressures corresponding to the butane flow=-
rate are also shown. These determinations were made
essentially at uonstant flowrate since the effect of the
cliange in butane rate on the total flow is negligible.
The relation betwéen the logarithm of the service time
and the logarithm of the butane rate 1s shown in figure
60, and is seen to be linear. This is in contrast with
the ammonia results where the logarithm of the service.
time varied with the actual‘ammonia rate.

The theories of Danby et al and of Meqklenberg |
predict that the service time should vary as the reciprocal
of the initial concentration. The data for the plot of
service time against the feoiprocal of the initial con-
centration are given in table XVIII. The plot of service
time against 1/g, is shown in figure 61. A4 straight line
is obtained which is in agreement with the Danby et al
end Mecklenberg predictions. The abrupt curve that was
found in this plot for ammoniais not seen over the con-
centration range studied here. The value obtained by
multiplying the concentration an& the service time is
approximately constant in agreement with the results of

Shilow et al (16).

The data showing the effect of flowrate are given
in table XII. The concentration here is approximately
constant and a four centimetre bed was used. The curve of
service time agalnst flowrate is plotted in figure 62.

The service time decreases rapidly with increase in the
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TABLE XVIII

Service Time as a Function of Initial Concentration

Air Butane Initial Service
Rate Rate Conc.(Cg) 1/cq Time
( cc/min.) (co/min.) min,
3,040 ) 0.296 3e38 123
3,045 24 0.788 1.27 49,5
3,020 30 0.995 1.00% 39,0
3,020 53 1.695 0.590 2l.5
3,020 71 2300 0.435 17.5
TABLE XIX
Air Butane Total Velocity Service 1/,
Rate Rate Flow L Tine:
(co/min (co/min,) (ce/min,) (om/sec.) min.
151 2e7 154 12.2 558 0.0818
1,500 30 1,530 121 .4 47 0.00823
3,130 53 3,183 252 .4 21.5 0.,00396
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flowrate at first but the effect is not so marked at flow-
rates greater than 1,500 ce. per minute. |

The velocity of the gas stream through the cell
is calculated from the rate in ce. per minute and the cross
seetion of the cell., The service time was plotted against
the reciprocal of the veloeity in figure 63. A linear
relation is obtained which is in agreement with the equation

of Danby et al:
| ?Q L Le

The critical flowrate L, 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 critical
length against air rate is shown in figure 64. The critical
length is increased by increasing the air rate but the re-
lative effect decreases at higher air rates. In figure 65, the
~eritical length is plotted against the logarithm of the air
rate and a straight line is obtained.

The theory of Danby et al predicts that the relation
between critical length and concentration of the gas in the

air stream follows the equation:

Ae = k;;o 1n (CO/Cf - 1)

where 1s the oritical length. If L,kandNare constant the
critical length should vary as thé logarithm of the 1nitial

concentration Cq.

The equation of Mecklenberg for the dead lengths

= 2 (x ) n-1 Co-C' ¢
= 2 [KQ o o
h N N # E‘n Cx-C' = Co-C'

also prediets that it should vary with the logarithm of the

initial concentration, if as is assumed for his "mathematical"
charcoal the vapor pressure in the caplllaries C' is constant;
The data for the effect of concentration on critical

length are given in table XXI. In figure 66 the critical
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TABLE XX

. Effect of Air Rgte on Critical Lensth

Air Rate Critical Length
(ce/min. ) e,
0 0.57
500 0.75
1,530 0.95
5,130 - 1.03

TABLE XXI

Effect gf Concentration on Critica; Length’

(constant flowrate =z 3,050 co/min,)

Partial Pressure Critical Length

of Butane
mm, Hge ___om,
2.3 0.10
5.7 0.40
745 0,55
12.7 1.03

17 .4 1.26
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length was plotted against the partial pressure of butane.
The eritical 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 logarithm of the partial pressure in
figure 67, and a linear relﬁtion is found at higher mrtial
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 characteristics of
sorption of 1, 8, 3, 4 and 5 centimetre beds, it is possible
to determine both the distrihuﬁion of the sorbate throughout
a five centimetre bed and the concentration gradient in the
air stream passing through the bed, at various times. The
concentration gradients for a five centimetre bed, at various
times and with a butane flowrate of 53 cc., per minute and an
air flowrate of 1,520 cce. per minute are determined in these
sections., OSimiler curves could be constructed for other
flowrates réported in this investigation.

The data for the time of saturation of the 1, 2, 3,
4 and S em. beds are found in table XXII. The ourve of
saturation time against bed depth is shown in figure 68.
From this curve, 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 sorbed per centimetre of charcoal, which 1s the satu-
ration concentration for a one centimetre bed under these
conditions.

The column lengths which have service times of 2,
4, 10 min.'eto. as determined from figure 55 are plotted along
the base line of figure 70.

The weight-~time date for the 1, 2, 3, 4 and 5
centimetre beds are shown in table XXII. The curves showing

these data graphically are given in fiéure 69. From these
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TABLE XXT1

Weéﬁt - Téme Data

Time Column Length (ocm.)

Min. 1.19 2.13 2,96 4,09 5,01
2 0.215  0.22
4 0.45 0.46
10 1.06 l.24 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 3493
40 2.47 3430 4.%4 4,94
50 3,39 4.62 S.44
60 3.48 4,73 5.64
70 4,73 5.75
80 5.80
TABLE XXIII
Time Column Length (om.)
Min., 0.5 .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 l1.16 1.105 0.904 0.55 174
40 l1.16 1.06 0.875 865
50 l.11 1.09 .89
60 l.16 1.15 1.00
70 l.16 1l.11

80 ) 1.16
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data the number of grams of butane per centimetre sorbed
Qt times 2, 4, 10 minutes etc. were determined as shown in
table XXIII and this value assigned to the mid point of
thet centimetre 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 buteane 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 1s established. It will be shown later that actually
the 30 minute gradient is not the finsl 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 Mecklen=-
berg, or the curves post&lated in thénapproximate theory of
Danby et al, but they leave this form as Mecklenberg predic-
ted. This behavior is in agreement with that predicted by
the detailed theory of Danby et al.

Mecklenberg explains the falling off of the %op
part of the concentration gradient as due to larger capil-
laries of the charcoal, and due to the slow migratienvofrtha
outer sorbed material into the inner capillaries. Bt 1t
appears that another factor operating to increase the time
required for saturation 1s the temperature change due tq the
heat of sorption. 4s will be seen in the following section,

the temperature rise for butane (and also ammonia) 1is quite
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high. Before the final saturation value can be atteined
this heat must be removed by the air stream and this delays
the time of saturation. This, of course, would not be so
marked at very low initial concentrations.

These concentration gradients could also be Obe
tained by graphieal’differentiation of the integral sorption
curves shown in figure 71, These integral sorption curves
are drawn from the data in table XXII, and are a plot of the
weight sorbed against the column leﬁgth at constant times.,

In figure 72, the differential welght 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 curve of the type

I:Ws(l“e-bt)

where x is the weight sorbed in time t and Wy is the equi-
librium sorption weighed, and b is a constent. The relation
is identical to thet given by Syrkin and Kondrasehow (18).

There is another relation betweén the weight of gas
sorbed and time at constant bed depth. This 1s shown in
figure 73 where the logarithm of the weight of gas sorbed is
plotted against the reciprocel of the time of passage for
different depths in the bed. The data give straight lines
which intersect at & point. This point does not seem to have
any particular significance. 'It is possible, however, to

write an equation for these cufves

x = Wl -l/t
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where W is a constant relatiﬁg to the equilibrium weight of
the gas sorbed and 1 a constant for any glven bed length.
(b) Concentration Gradient in the Gas Stream Over the Clarcoal.

From figure 49 the concentration gradients shown in
figure 74 were drawn. Figure 49 gave the concentration of the
gases leaving each centimetre layer and entering the next.,
The values obtained by erecting verticals at times 4, 10,
15 mm. etc. were plotted ageinst the correéponding bed depth
on figure 74, As before, in figure 70, the saturation lines
were plotted along the maximum concentration 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 Danby et al as
shown in figure 2 and verifies the application of their equations
for the concentration of gases in equilibrium with the éhar-
coal bed.

The initial exponential ocurves follow the relation

predicted by Danby et als

C-0,e™ ¥l 1/1

when very few of the active centres have been used up. The
gradients then change gradually to their final shape whiéh
follows the equation:

Co

-kCoT /  KNy1/p
-l e -1

41

as given by the detailed theory.
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The increase in length.of the working layer with time
is given in table XXIV., The values given are those measured
from the curves in figures 70 and 74. The greph of this re-
lation, shown in figure 75, indicates that in a five centimetre
bed the gradient has not yet been completely established. The
final 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 constant velocity.
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TABLE XXIV

Length of Working Laggr‘

Time Working
_Layer
{min,) {om, )
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 témperature rise in the centre of the second and
fourth centimetre layers from the bottom of the charcoal bed
were measured as a function of time (table XXV). The temperature
rise~-time curves are similar in shapé to those for'ammonia
(figure 35). However, with these positions of the thermocouples
both indicated approximately equal maximum temperature rise
since they were both further then one centimetre from the tope.
The maximum temperature rise was found to be mainly dependent
on the rate at which the butane was supplied. A linear re-
lation was obtained between them (figure 76). Increase in the
rate of alr flow causes a linear decrease in the maximum tem-
perature attained as shown in figure 77. By determining the
temperature for various depths of charcoal beds the maximum
temperature rise in any layer of a five centimetre bed may be
determined. These are plotted in figure 78. The maximum
temperature aftained is constant down the bed except for the
top centimetre layer the temperature of which is lower
probably because of the cooling by greater contact of that
particular layer with the cell, '

The times at whlich these maximum temperatures were
attained aie plotted in figures 79 and Bb. These were found

to decrease with butane and air flowratese.
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TABLE XXV

Temgerature Datva

Column Air Butane Maximum Temperature Rise T and Time t

Length Rate . Rate Ty 131 Io , ts.
( cme ) (cg/min.) {co/min.) QG min. Oc min,
4.08 3,130 53 18 6 23 17
1.94 3,020 53 . 1e 4
5.01 1,590 53 30 14 29 30
4,09 1,530 53 25 7 29 21
2.96 1,520 53 27,5 15
2.13 1,530 53 24 9
1.19 1,520 53
5.96 500 53 29.5 13 33 27.5
3.95 0 71 36.5  13.5 39 24
4.12 o 53 32 20 36 37
4.00 3,020 71 23 5 28 12
3,70 3,080 30 10 11 12 29
2,18 3,020 30 10.5 8
4.23 3,045 24 9.5 18 10 34
4,16 3,040 9 1,7 25 3 90
2,12 3,000 9 4 24
1.27 3,020 9
4,01 1,500 %0, 16,5 12 1645 33
2,09 1,500 30. 6 8
3.99 1,403 30 11.5  13.5 12 34

3.88 151 2.7 0 0
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Co Desq;ntion Studies

As mentioned in the discussion of the analytical
results for both ammonia and butane, the rate of increasse in
welght of the charcoal over the linear portion of the weight-
time curve did not correspond to the total amount of gas ad-
mitted to the cell, yet no sorbate appeared in the effluent
stream. It was thought that this might perhaps be due to
competition for active centres between the sorbate and the
air. The charcoal is saturated with oxygen and nitrogen
before any sorbate 1s admitted. These molecules would be dis-
placed, at least in part, from tne'charcoal surface by ammonia
or butane molecules. This would result in a weight being
recorded which would be less than actual amount of butane
or ammonia taken up by the charcoal, by the amount of oxygen
and nitrogen displaced.

To confirm this behavior and to investigate the
reversibility of the sorption, studies on the desorption of
both ammonia and butane were carried out as @ eviously des-
cribed. The data for these studies are given in table XXVI,.
For the first two runs, the charcoal was allowed to come té
equilibrium with a stream of pure ammonia at a flow rate of
60 co. per minute. It was then desorbed using air streams
(no ammonia) of 100 cc. and 500 cc. per minute. The results
are shown graphically in figure 8l1. As might be expected,
the desorption ocours very rapidly at first, the rate gradually
decreasing 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 allvof the ammonia is desorbed at
equilibrium, 0.2 gms. are 1eft out of an initial sorbed
weight of 2.16 gm. ammonia. Furthermore, this equilibrium
amount is the same for desorpfion by both 100 and 500 cc.
per minute of air. The rate of desorption is at first more
rapid, the greater the velocity of the desorbing stream.
Two ruhs were also carried out using charcoal saturated as
above but this time were desorbed using ammonia-alr streams
of 200 cc. air and 60 cc/min. ammonia and 300 c¢o/min. air and
60 ce/min. of ammonia. The equilibrium weights for sorption,
using these conditions, are 0.67 gm. and 0.59 gm. respectively.
The equilibrium desorption weight was 0.79 in each of the
above case. Here again sorption was mofe 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 ee/min. and desorbing by curring 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-
pectively remained on the charcoal at equilibrium. Figure 83
shows a typical desorption of butane. The charcoal was
saturated using a pure butane stream of‘53 c¢cc. per minute,
end desorbed using an air stream of 3,000 cc. per minute,
from 6.26 gm. butane to 0.40 gm. butane after 30 hours, but
had not yet reached equilibrium, so it seems probable that
the butane would be completely desorbed. These desorption

results are summarized in table XXVI.
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TABLE XXVI

Desorption Studies

A, Ammonia

Equel'm Equel'm Equel'm
Air NHz Weight Alr NH Welght Sorption¥
(ce/min) (co/min) gmns. (cc/min.) (cg?mini _gms . s .
0 60 2.16 100 0 0420 0
0 60 2.16 500 0 0.20 0
0 60 2.16 200 60 0.79 0.67
0 60 2.16 300 60 0.79 0.59
200 60 0.,67 200 0 0.09 0
300 60 0.59 300 0 0.05 0

Be Butane
0 53 6eR6 3,000 0 (0.40) 0
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Thus for ammonia the sorption does not appear to be .
completely reversible but does for butane. This would indicate
that there is at least in part a different mechanlism of sorption
for butane and ammonia.

Figure 84 shows the differential desorption curves
plotted against time as volume desorbed per minute. The lower
curve was calculated fromvthe loss in weight of the charcoal
and the upper one from the analysis of the effluent gases,
This means that more sorbate is detected in the gases mssing
out of the cell than appears to be desorbed from the charcoal
frém its loss in weight. The deviation between the two curves
is very great at first but‘gradually decreases to zero as the
eurves approach one another. When the logarithm of this
deviation is plotted against time as in figure 85 a straight
line is obtained except during the very first and very last
stages of the desorption. If it is assumed that during
sorption air is displaced from the charcoal by sorbate mole~
cules and during desorption sorbate is displaced from the
charcoal to be replaced by molecules of oxygen and nitrogen,
then these deviations between sorption weight and analytical
data are readily explained. It may be noted that the analy-
tical methods are sufficientlj accurate to justify this ex-
planation.

Berl and Andress (23) have noted this displacement
of adsorbed air from charcoél by the vapors of several organic

compounds and have determined the amount displaced.
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DISCUSSION

A study of the dynamic sorption of ammonia and
buténe has been made using an apparatus which permitted the
sorption to be followed as a function of time, in addition
to temperature data and analysis of the effluent gas strean,
over a wide range of conditions of sorbate concentration
and flowrate.

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

It seems advantageous to follow the sorption beyond
the service time of any bed to the equilibrium value, for as
pointed out by Mecklenberg (14) the escaping gases are in
faot those in equilibrium with the working layer of the
charcoal. - From the anelysis of the escaping gases the

gsorption gradients throughout the bed may be set up.
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The method used herein for measurement of service
times agreed closely with those indicated by the rise of
test papers, at least for service times above five minutes,
and could be used where suitable chemical tests are not
available.

The.accuraoy of this apparatus may be increased
by the use'of a light cell of plastic material and & more
sensitive balance.

The studies of the sorption of ammonia and butene
appear to indicate some differences in their mechanism of
sorption. On a weight basis butane is sorbed to a greater
extent than ammonia but on & volume basis more ammonia is
sorbed per gram of charcoal than is butane., For a four
centimetre bed using a stream of pure sorbate approximately
66 cc. psr minute 6.26 grams of butane are sorbed to 2.92
grams of ammonia. On a volume basls 146 co. of ammonia and
89.2 cc. of butane are sorbed per gram of charcoal under
these conditions.

The equilibrium sorption weights for ammonia were
found to be expressed closely by the Langmuir and Freundlich
" isotherms over the range 50 - 760 mm. Hg. partial pressure

of ammonia. The equations found were:

0.278 P
1 £ 0.00055P

x= 1.06 P 1/1.31
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The isotherm for ammonia still has not reached a constant
value of the equilibrium sorption as the partial pressure
increases. Below 50 mm, this isotherm fell off rather
sharply to the origin. Butane, on the other hand, did not
follow an isotherm of this type at all closely over the same
partial pressure range. The sorption in this case increased
rather rapidly at first then sloped off to a constaht value
more gradually than either isotherm would predict.

From & consideration of the desorption of both
ammonia and butane usihg streams of pure air, ammonia was
not found to be removed completely from the charcoal when
equilibrium hed been established between the desorbing stream
and the charcoal, while butane was capable of complete removal.
The ammonla sorption appears, then, not to be completely
reversible while that of butane does.

The relation of the logarithm of the service time
gives a straight line for ammonia when plotted against the
actual ammonia flow whereas with butane & linear relation is
obtained between the logarithm of the service time and the
logarithm of the butane flowrate.

It seems possible that the ammonia is held to the
charcoal in part by chemisorption forees, while the butane
might possibly be held by a type of molecular sorption, either
van der Waal's or capillary condensation. The covalent bonds
between the ammonia molecules and the atomsrin charcoal surfacs
would thus be rather difficult to break so thét the sorption

would not be reversibls.
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The theories of sorption as developed by Danby
et al and Mecklenberg were based on entirely different con-
siderations. Mecklenberg assumed sorption to occur by
caplllary condensation while Danby et al postulated active
centres sach of which were capable of dealing with a certain
number of molecules of sorbate. The Danby et al theory
assumed that the sorption was therrate governing step while
Mecklenberg assumed the process to be expressible by the
Nernst formula for heterogeneous rsactions which is de-
pendent on the diffusion rate. Their predictions are, how-
ever, similar for the expressions of the sorptidn déta in
terms of the experimental variables.

From both theories the concentration of the ges
decreases exponentially along the bed from the initial con-
centration of the entering gases, and increases exponentially
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 such as sorption
capaclity, service time, escaping concentration, dead length
and sorption gradients has been discussed in the introduction
in terms of the experimentai 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 escaping coneentration gives
@& linear relation with time during the early stages of break-

down, but deviates as the escaping concentration increases
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which is as predicted by Danby et al.

The service time gives a linear relation with
column length over the ranges investigated. The service
time also varied with the reciprocal of the flowrate at
constant concentration., There appears tobe slight disagree-
ment with theories as far as relation between service time
and concentration is concerned at low concentrations.
Theories predict Co x T = & constant which was found to be
true except at low ammdnia concentrations where the product
falls off as concentration is decreased. The partial pressure
curve bends down sharply in this region.

Above 7 mm. partial pressure of butane the dead
length varies as the logarithm of the initisl concentration;
below this it appears to vary directly with the concentretion.

The sorption gradients obtained agree with those
predicted by Danby et al in their detailed theory and with
those found by Shilow and explained by Mecklenberg. The
gradient differs in shape in the first sections of the bed
from those later, but it gradually is built up to a constant
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. Mecklenberg explained the
change in shape by variation in capillary size and the slow
migration from the outer to the inner layers., ‘Another factor
which is suggested by this work is that of température, which
lengthens the working layer by reducing the sorption capacity
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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 continulng near the end of the gradient

as the layers in this region cool back to room temperature.
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SUMMARY AND CONTRIBUTION TO KNOWLEDGE

PART A

& Study of Pro Knock Activity

Quantitative data of the pro knock effectiveness of
several compounds were obtained in an effort to determine
whether such compounds might be uéed in military tactics to
render automotive equipment inaective.

Techniques were developed for quantitative addition
of gaseous, liquid and solid compounds to the air intake o: an
‘engine. The standard knock testing procedure was adapted for
testing pro knoeks on an Ethyl 30 B Knock Testing sngine. The
relative pro knoek activities of several elements and radicals
were classified and the former related to their position in

Mendeleefts periodie table. From these data compounds of the

type
?r
Br
NOp - C - A%
f . BY
Br

were predicted to have great pro knock activity. Arsenie
tri-chloride was the best pro knoek found in this work; it

caused & ten octane drop in an 80 octane leaded aviation fuel
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(2)
at 5.8 parts per million of air. It was also concluded that

quantitative data on the octane drop required to seriously

damage an aireraft engine is essential.

PART B
Dynamie Serption of Ammonia and Butane on Charcoal
The dynamic sorption of butane snd amonia on

charcoal was studied using an apparatus which followed the
sorption by weight as a function of time and pemmitted
measurement of temperature rise and amalysis of the effluent
gas stream over a wide range of sorbate concentrations and
flowrates. The data were applied to the theories of vanby
et al and of Mecklenberg and were found to be essentially in

good agreement.





