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SUMMARY

This work is chiefly concerned with the propeities of
aqueous solutions of cetyl trimethyl ammonium bromide (CTAB)
in the presence of ceftain additives which are mainly derivatives
of benzoic acid such as sodium salicylate or sodium p-chloro-
benzoate.

In the first part of the work, the adsorption of CTAB from
ite aqueous solutions on to graphite, alumina, titanium dioxide
and silica has been studied. In all cases, the CTAB appears
to be adsorbed by an ion exchange process, A bimolecular
layer is formed. In the first layer, the ionic head of the
cTa’ is held to the surface by chemical forces while the
paraffin chain is oriented away from the surface and in the
second layer, the reverse orientation occurs. The effect of
seven benzoic acid salts on the amount of CTA* adsorbed on
alumina has been fouﬁd'to be qﬁalitatively related to their
effects on the viscosity of CTAB solutions. The sodium
salicylate - CTAB system has been examined in more detéil and
an adsorbed fiiﬁ.containing equimolecular amounts of salicylate
and CTAY has been found to form on alumiga. Thg{aalicylate -
crat complex covers a greater part of the surface than the crat
alone and consequently gives a betier measure of the surface

area of the powder. |
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The sedimentation volume of titanium dioxide in CTAB
solutions has also been investigated and the effect of sodium
salicylate, sodium p-chlorobenzoate and sodium p-hydroxybenzoate
on this sedimentation volume has been related to their effects
on the viscosity of CTAB solutions.

In the second part of the work, the approximate activity
coefficient of Br' in CTAB solutions was measured using
electrolytically prepared silver-silver bromide electrodes.
The critical micelle concentrations of CTAB (in .002M KBr) and
of dodecyl trimethyl ammonium bromide were determined by this
method and found to agree with the values obtained by other
workers. The activity coefficient of Br' was also measured
in solutions containing CTAB and salts similar to those used
in the adsorption and sedimentation work. Changes in the
activity coefficient of Br’ on addition of these salts were

again found to be related to their effects of the viscoity of

- CTAB solutions.

Finally, a preliminary attempt was made to investigate the
elastic properties of the visco-elastic solutioms. These
solutioﬁa were contained in the gap between two vertical co-axial
glass cylinders which were caused to oscillate harmonically.

The response of the liquid was observed by focussing a microscope

on a very small bead which had been suspended in the liquid.
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The results again showed that the salicylate -cra’t complex
acquires some stability when the salicylate and the CTAY are
present in equimolecular amounts. The strﬁcture of the
solutions, particularly the g-chlorobenzoate - crat solutions,
sqéms to be altered on shearing,

An effort has been made to interpret the results of
different types of experimeats in terms of long threadlike

aggregates formed by interaction of the cTA” with the organie

. salte.
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Aqueous Solutions of Paraffin Chain Salts.

Aqueous solutions of paraffin chain salts owe their most
remarkable prOpertiea to the possession of two'widely‘differing
charaeteristics by the one ion, G. S. Hartley‘hae coined the
_term famphipathy! - both feelings - to describe this property
of paraffin chain salts since the presence of & hydrophilic,
iénic group gives the salt a sympathy for wafer, while, at the
same time, the hydrophbbic hydrocarbon chain gives an antipathy
for water. While not all paraffin chain salts show unusual
properties, the term 'amphipathic substance'! is perhaps more
restrictive than others, such as soaps, detergents, or
colloidalielectrolytes, which are often used instead.

Prior to0.1908, it was generally believed that soaps were
ordinary colloids., However, in that year, McBain and his
colla‘bora‘l;o:r:sg’3’“gs began & series of 1nvestiga§ions which
revealed properties very differemnt from other colloids. It
had been known previously that the conductivity of soaps was
rather high for a colloid, but this had been ascribed to |
hydrolysis. Manainf, however, showed that the alkali produced
by hydrolysis could only explain a small fraction of conductivity.
Nevertheless, the osmoti¢ activity of soap sélutions was

extremely low, for example McBain and Salmon® found that the



concentration of osmotically active particles in potassium
stearate solution was considerably less than it would be if the
soap were dissolved as an undissociated salt. McBain was thus
led to postulate an ionic micelle which would have low osm;tic
activity but considerable conductivity. Now the equivalent
conductivity of soap solutions falls with increasing concentra-

tion, et low concentrations, reaches & minimum and then slowly
rises to an approximately constant value7. This latter rise
in conductivity was considered dy McBain to be a consequence of
the formation of a small polyvalent, ionic micelle, since,
according to Stokes' law, the resistance to motion of a sphere
through a liquid is proportional to its radius, so that if m
soap ions aggregate to form a micelle of charge m, the mobility
and hence the conductivity of the micelle will be m%s that of
m single ions. The initial fall in conductivity was due to the
formation of undissociated molecules and later neutral colloid,
for McBain believed soaps to be essentially rather wesak
electrblytes.

The sudden change in & number of properties of paraffin
chain salte in a limited range of concentration was considered
by Jones and Bury’ in 1927, to be a consequence of the law of
mass action as applied to the association of single molecules
to form complexes containing a large number'of molecules. It

the concentration of single molecules is C4 and of aggregates



Cn and K is the equilibrium constant, then for the equilibrium
micelle —* m single molecules

(Gi)m
X - T

]
As Grindley and Bury pointed out, only when Cj is
comparable with;x?hy will the concentration of micelles becoma

appreciable, When C; is greater than I?hj the concentration of

‘micelles will increase rapidly with'increaaing total concentra-

tion. The rate of this change will increase as m increases.
The concentration at which micelles begin to form was termed the
critical micelle concentration (C.M.C.) by Davies and Buryzo,
in the course of their work om the partial specific wolume of
potassium n-octoate in its aquedus solutions.

The work on the partial specific volume of paraffin

41

chain salts — had revealed changes in this property which
were explainable in terms of'the considerations given above.
Lottermoser and Piischelz1 found that the equivalent conductivity
of various alkyl sodium sulphates fell only slowly at very low
concentration until, at a fairly definite concentration, it
dropped with an abruptness which depended on the length of the
hydrocarbon chain, In a somewhat similar investigation,
Hartley and nalschﬁz suggested that the sudden fall in

conductivity indicated the formation of micelles.



In 1935, Murray and Iilzal.rtley"‘a applied the law of mass
wction to a micelle consisting of a large number of ions but with
in appreciable part of its charge neutralised by adherent
tegenions. By representing the micelle as NapAp where m>p,
shey obtained

(C - Cn.Ya)P.(C - Cm)®
Cn

vhere C is the total concentration. It was shown by this

K =

yquation that the formation of micelles is more abrupt if the
issociation of gegenions with the micelle is considered.

In 1936, Hartley, COilie andVSamisl‘ investigated the
sonductivity and transport numbers of sdmé quaternary ammonium
salts, They found that, in the region where the equivalent
sonductivity was falling rapidly, the transport number of the - -
paraffin chain 1ion rose sharply and eventually reached values
gzreater than unity, indicating that some of the gegenions were so
strongly attached to the micelle that they travelled in the
opposite direction to that in which free gegenions would travel,
It was then possible to éxplain.all the known facts about
équaous solutions of paraffin chain salts on the basis of a
spherical micelle (originally suggested by’Reychler}S in 1913)
containing,'for a salt with sixteen carbon atoms per chain,
about fifty paraffin chain ions aggregated together with the

paraffin chains directed towards the interior and the ionised,



"hydrophilic heads on the exterior, and having some 25«40
gegenions attached to the surface (fig. I).

According to Hartley, the fall in equivalent conductivity
was due to the effect of the gegenions attached to the micelle
since they both reduced the mobility of the paraffin chain
aggregate and, in part, ceased to carry current themselves,
these effects overcoming the increase in conductivity of the
paraffin chain aggregate to be expected from Stokes' law and,
indeed, shown by the transport number measurements. At high |
field strengths, the paraffin chain aggregate tends to be torn
away from its atmosphere of adherent gegenions, so that the
""Stokes' law increase' in the mobility of the micelle becomes
more important and the equivalent conductivity actually rises
above the infinite dilution valuetn

Hartley; also suggested that the formation of micelles
was dué, not so much to any actual repulsion between the water
and the paraffin chain, as to the strong cohesion between.the
water molecules. The cohesion between water molecules falls
off rapidly as theii separation is increased so that to intro-
duce, into water, a large aggregate of paraffin chaiﬁs may not
require much more energy than to introduce one paraffin chain.
The strong cohesion between water molecules means that single

paraffin chains sre under a considerable compressive force.
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On aggregation the compressive force per paraffin chain is
decreased and the chains tend to expand, while the water
molecules tend to contract. This is clearly shown by the work
of Bury gg.g;,g’lo on the partial specific volumes of paraffin
chain salts and of water, in these solutions.

Cne of the main phenomena which Hartley had not explained
before 1936, was the rise in conductivity in such soaps as
potassium laurate, palmitate etc. McBain had believed that
his ionic micelle predominated over the 'neutral' colloid in
this region of concentration and- so produced a rise in conduc-
tivity. This implied 'retrograde dissociation! i.e. dissociation
of already associated neutral colloid with increasing concentra-
tion. While Hartley accepted 'retrograde dissociationt of
his spherical micelle as a possibility at higher concentrations,
he believed that an increase in the mobility of the gegenions
was also possible. In 1939,-he considered that the latter
explana%ion.was the most probableié since in concentrated
solutions, the ionic atmospheres of the micelles will tend to
encroach on one anéfﬁer so that increase in concentration
should increase the amount of free gegenions relative to those
more fightly bound.

In 1937, Hess and Gundermann?v discovered that soap

solutions gave more definite X-ray diffraction patterns than



normal solutions. Ilater other workers using X-ray methods
’

e.g. Hess, Kiessig, gﬁ_g},la 19 Dervichiﬁn and.Lachampt?O,
Stauffﬁi, Harkins 22_21,22 tended to adopt the lamellar only
slightly ionised micellerof ﬂbBain since it was believed that
the micelles must possess some regular structure to produce
the diffraction effects.

At first, two X-ray bands were observed, one - the
short (S) spacing - having a value of about 4.6 ;,.ia
independent of the length of the hydrocarbon chain and of the
concentration, and it was thought to be due to a parallel
arrangement of hydrocarbon chains in the micelle., The second
band - the (I) band - varies with concentration and was believed
to give the intermicellar distance. MbBain?a conasidered
that X-ray bands proved the existence of lamellar micelles
even though they did not appear over the whole range of
concentration in which he believed colloid to be present.

In 1947, Harkins and his collaboratoré discovered a
third (M) band 34725 somewhat weaker thaﬁ the other two and
independent of concentration. Thiﬁ was identified as the
distance between the polar heads of the micelle, its value
being approximately twice the length of the hydrocarbon chain,
While Harkins believed, as did Eartley, that there was only

one type of micelle in dilute soap solutions, he pictured it



aﬁ a short cylinder containing anything from 30 to 170 soap
molecules, rather than as a sphere.

Bernalzc pointed out that to explain the X-ray data by
a lamellar micelle meant omitting & considerable fraction of
the water present, as the micelle would have to be separated
by a greater depth of water, laterally, than that held between
the ionic faces. Hartley?v suggested that in fairly comcentra-

ted solutions, repulsive effects between spherical micelles

could give rise to a regular structure in soclution which would
give X-ray diffraction bands. He was able to find reasonable
values for the size of his spherical micelle by using the long (I)
X-ray spacing as the distance between the centres of the micelles.
FPurthermore the spherical micelle was capable of explaining this
x-ray band without omitting a large fraction of the water
present.

Oorrin?e, originally a supporter of the McBain theo:y;
was Also able to account for the X-ray data on the basis of a
spherical micelle and he concluded fhat this type of measurement
would not allow a decision between lamellar and spherical
micelles.,

There are thus two main theories concerning the nature of
the miéelles in Soap solutions., McBain postulates at least

two types of micelle, the first, & small polyvalent, ioniec



micelle containing not more than ten paraffin chain ions and
retaining ifs charge, while the second is the larger, almost
neutral lamellar micelle with the paraffin chains aligned
parallel to one another (fig. I). The ionic micelle is
believed to be formed before the concentration generally known
as the C.M.C.,, is reached. While some investigations have
shown a rise in conductivity before the c.M.c'zs’ao others
have not confirmed thissx. McBain?z has pointed out that
Hartley's spherical micelle agrees none too well with the
dimensions of soap molecules. Eg.has described all published
diagrams as a 'travesty of well known atomic and molecular
dimensions, since, even if these short thick rods could be
close packed radially, as Ward?s calculates, over 70% of the
micellar éurface would be occupied by hydrocarbon!. In general
McBain believes the properties of soap solutions to be too
complicated to be explained by one type of micelle i.e. 'if

there is any way in which ions or ion pairs can come together

or associate with any reduction in free energy...  then that

complex must exist, however slight, in soap solutionst.

1
On the other hand, Hartley has pointed out that McBain's
postulate of an abrupt decrease in the simple dissociation of
paraffin chain salts, is open to two serious objections. First

tthere is no probable mechanism for this decrease as long as
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the paraffin chain ions remain separate from one another!',
and second, 'the decrease is supposed to cease at just the
concentration where, in the formation of aggregates of paraffin
chain ions, a very probable mechanism for its commencement comes
into being!'. |

~ Other workers have tended to adopt views similar to
either Hartley's or McBain's theories. Thus_Lawrencea‘ proposed
a type of spherical micelle in which the paraffin chains were
arranged alongside one another. .He also believed that 'secondary!
micelles were formed by cohesion of the polar end groups of the
spherical micellesas. Klevens36 has suggested an oblate
spheroid. Hhrkinssq, who at one time proposed a cylindrical
micelle, has more recently considered a quasi-bblate spheroid
with the characteristics of both the cylindrical micelle and the
oblate spheroid.

Winsorpa’as has developed a very general theory which is

particularly suitable for dealing with some solubilisation

phenomena.
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This is shown diagrammatically belows
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=

is the hydrophilic section of the micelle

al

is the amphiphilic section of the micelle

ol

is the lipophilic section of the micelle

o+

is the ratio of the dispersing tendencies

of lipophilic and hydrophilic faces of C
respectively.

There are thus three types of micelles visualised.
Winsor‘believes that they exist together im equilibrium with
one another, the amount of each depending on the temperature

and composition of the system.
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Paraffin Chain Salts in the Presence of Additives.

Solubilisation.

M.cBain?2 has defined solubilisation as 'the spontaneous

passage of molecules of a substance, insoluble in water, into

a dilute agueous solution of a detergent, to form a thermo=
dynamically stable solution'. It has been suggested by
Lawrence‘o that solubilisation may be divided into two types
depending on the polarity of the additive or solubilisate.
First therq is incorporation into the hydrocarbon interior of
the micelle, for non-polar solubilisates, and second, incorpora=-

tion into the palisade layer of the micelle with the polar
solubilisate oriented in approximately the same manner as the

soap molecule.

(1) Incorporation into the Hydrocarbon Centre of the Micelle.

Iiia.:r"t;ley"1 found the solubility of trans-azobenzene in
'aqueous solutions of cetyl pyridinium chloride to be roughly
the same as its solubility in an equivalent amount of liquid
hexadecane, suggesting a liquid paraffinic interior in thé
micelles. Extensive X-ray work by Krishnamurti‘z s Hess g_gé_'. "2
Hughes, ; Sawyer and Yinogra.dfa and Hﬁrkins, Mattoon énd

4428 '
has given more direct evidence that the non-polar

colleégues
hydrocarbons penetrate into the interior of the micelle, e.g. the
weak (i) X-ray band has been shown to increase as hydrocarbon is
added to the solution, reaching a maximum when the limit of

solubilisation is reached>'.
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Cationic detergents generally solubilise several times
more hydrocarbon than do anionic detergénts of similar chain
length“.- The w“mbniﬁ;gtion of
hydrocarbons increases with soap concentration, any excess
hydrocarbon being present as a separate phase. Increase in
the chain length §f the solubilisate decreases solubilisation
while cyclisation has the opposite effect‘s"7. Addition of a
polar compound, e.g. & long chain alcohol, greatly enhances the
solubilisation of a hydrocarbon while the presence of & hydro-
carbon increases the solubilisation of a polar compound‘s.

This has been explained on the grounds that solubilisation of
both polar and non-polar additives increases the size of the

micelles and so allows them to take up more non-polar or polar

additives respectively.

(i1) Penetration into the Palisade layer of the Micelle.

" The solubilisation of polar a&ditives, e.g. long chain
alcohols, amines etc., is usually markedly different from that
of non-polar additives. For instance, there is no increese in
the 'M' X-ray spacing and the mate—af solubilisation decreases
with increasing concentrationAalthough.the amount actually
solﬁbilisedvis greater than for comparable hydroéarbon additives.
Studies of the effect of changes in the nature of the soap and

the additive e.g. chain length, polarity, charge, chain branching,
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etc., tend to confirm the difference in mechanism mentioned
above between the solubilisation of polar and non-polar
additivea‘?

While the solubilisation of long chain alcohols increases
as the chain length of the solubiliser is increased, it tends
to level off eventually. The transition which occurs here
has been discussed by Ilevenss° on the basis of the relative
amphiphilic properties of the long chain alcohols &and by
winsor51 who suggests that the relatively hydrophilic additives

tend to form his type II systems (i.és S, micelles plus excess

- aqueous liquid) while the more lipophilic additives give type I

systems (i.e. S, micelles plus excess organic liquid).
82 :
More recently, Lawrence et al. have indicated that the

solubilisation of polar additives, containing more than about

5 carbon atoms per chain, by soaps such as teepol, C.T.A.,B., etc.,

follows & general behaviour, | Initial additions of additive are
solubilised to a clear isotropic solution with.ngarge increase
in viscosity. At a certain concentration alliquid crystalline
phase begins to separate. The volume of this phase increases
to a maximum on further additions but then decreases until
another isotropic solution is obtained. Further additions
cause separation into two phases. The viscosity of these

solutions reaches a maximum which coincides with the separation
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of the liquid crystalline phase. Subsequently another, much
greater maximum is reached at roughly equimolecular amounts of
soap and additive for the longer chain alcohois,-but the ratio
(alcohol to soap) increases as the chain length of the alcohol

is reduced. If the additive chain contains less than 5 carbon
atoms, the liquid crystalline phase does not appear. The

nature of the liquid crystalline phase depends on the composition
of the system but in the region of high wviscosity it has a silky,
striated texture.

The lower alcohols e.g. methyl or ethyl, are considered
to be associated with the soap by attraction of polar groups
-while the higher alcohols are packed in between the hydrocarbon
soap chains. The resulting micelle is not regarded as a
‘complex! nor is the interaction between the soap and additive
attributed to hydrogen bonding.

Lawrence also found that whereas aniline, benzyl alcohol
and phenyl ethyl alcohol give liquid crystalline phases, phenol
andAcresol give systems too soluble for the liquid crystalline
phase to appear. Previously, in & somewhat similar investiga-
tion, Angelescu and his colleaguesss,s‘ had studied the effect
of additions of phenol, c¢resol and other phenolic compounds, on -

the viscosity and conductivity of various anionic soap solutions.

At suitable concentrations, the viscosity rose to a maximum,



then fell to a minimum and finally rose again almost linearly.
They also found (as did Lawrence) that the conductivity was at
& Mminimum when the viscosity was at a maximum and vice versa.
The polar molecules were believed both to attach themselves to
the soap ions on the exterior of the micelle and to penetrate
into the micelle. Angelescu also claimed to have found some

evidence for compound formation,

16
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The Effect of Electrolytes on Soap Solutions.

The effect of simple electrolytes on the C.M.C. of soap
solutions has been studied by a number of workers, Hartlex’i
measured the C.M.C. of cetyl pyridinium chloride by the
solubilisation of trans-azobenzene. Initial additions of
sodium chloride greatly decreased the C.M.C. e.g. 01 N NaCl
reduced the C.M.C. from 9 x 107 to 1.5 x 10"I, but subsequent
additions had much less effect. Other work by Tartar, Cadle,
Wright and othersas’ss has confirmed the reduction in the C.M.C.
of soap solutions on addition of simple electrolytes. Corrin
end Harkinssv have shown that, for anionic soaps, the reduetion
in the c.M.c; is practically independent of the anion of the
added electrolyte while, for cationic soaps, it is independent
of the cation of the added electrolyte. Simple electrolytes
aré generally considered to 'screen' the repulsion of the
charged ionic heads of'the soap ions and, by so reducing the
principle force preventing micelle formation, to stabilise the
micelles with a consequent reduction in the C.M.C.

Debyess’sg, using light sbattering techniques, believed
that thére was an increase in the size of micelles on addition
of electrolyte but the interpretation of such results has
recently been criticised by H’utchinson.s° who suggegts that light

scattering measurements give iriformation about the charge rather

than the size of micelles.
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Kolthoff and Johnson.‘1 claim to have shown 'solubilisation
by exchange of counter fon!, by measuring the solubility of the
slightly soluble dodecyl ammonium thiosulphate in the soluble
dodecyl ammonium bromide. The solubility is first decreased
due to the masé action effect but when the C.M.C. of the
bromide has been reached, micelles are formeé with anions as
counter ions. Anions adsorbed on the micelle then exchange
with anions in solution. Tﬁns anions of the slightly soluble
compound‘are withdrawn from solution and thé solubility increases
above the C.M.C.

The effect of amphiphilic electrolytes on soap solutions
depends on the nature of the charged head of the electrolyte and
on the hyd:Ophobic character of the electrolyte ion. Where
the electrolyte ion has the same charge as the soap ion and is
of éimilar chain length (i.e. where the electrélyte is a soap ion)
solubilisétion occurs, the less soluble soap being considered to
be soluhilised by the more soluble oneca. Where the amphiphilic
electrolyte ion is of opposite charge to the soap ion, precipi-
tation océurs provided both ions have chains containing more than
about twelve carbon atoms. This has been utilised as a means
of estima£ing either cationic or anionic deteréents. Where
the amphiphilic ion is of opposite charge to the socap ion but
has little hydrophobic character, it is simply adsorbed onto the

surface of the micelle. Between the last two extreme cases,
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transition effects occur. Scott, Tartar‘and I.:lnga.fel'l:e::n:'83
have shown that although sodium octane sulphonate and octyl
trimethyl ammonium bromide only show evidence of micelles at
high concentrations, octyl trimethyl ammonium octane sulphonate
is quite colloidal with a C.M.C. of about .02M. The micelles
which are formed in this solution carry only a slight charge
(between one and two). With longer chains, the éolutions
become more opalescent and Anackerﬁ‘ has identified dilute
solutions of decyl trimethyl ammonium decyl sulphonate as emul-
sions.

Winsorgs has studied systems formed by the addition of
cyclo-~hexyl ammonium chloride to solutions of sodium undecane-
-3;sulphate. A vwater-clear isotropic solution S, is formed at
first. Subsequent additions produce, in turn, an (S, + G)
biphasic system, a liquid crystalline solution, a (G +S,)
systeﬁ appearing isotropic at first but later settling into two
phases and finally a type II system. This type II system
became clear on gentle stirring but sepérated into two phases
again when at rest. The clear, apparently isotropic single
phase solutions which show streaming birefringence are regarded
as stable (S + G) emulsions, Where separation occurs, the
difference between the refractive indices and densities of the
two phases is very slight. The possibility of two equilibrium
phases existing together with zero interfacial temnsion is

suggested.
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The Viscosity of Soap Solutions

The viscosity of soap solutions both alone and in the
prescence of additives is often anomalous i.e. it is not
constant as the shear force causing flow is altered. According

to Newtont's viscosity law
do
SA= By
where S is the shearing force
R 8 constant, is the viscosity coefficient

and %—% is the rate of shear.

Fluids which do not obey this equation over a normal
range of shearing force are sometimes called non-Newtonian or
else said to possess structural viscosity. This latter term
derives from the work of Ostwald66 on the viscosity of emulsoids
and it is intended to describe the effect of an ordered structure
on the viscosity of & solution. |

An example of a viscous soap solution is a concentrated
sodium oleate solution which has been studied by Philipoff and
Hessév. ”At high pressure and concentration (é.g.!about 35%),
fhe solutioﬁs showed a well defined structuraliviscosity expressed
by a falling viscosity coefficient. Philipoffee also studied
the effect of m-cresol on sodium oleate solutions and found that
the maximum non-Newtonian behaviour was observed in those
solutions which produced a maximum viscosity on the viscosity-

concentration curve.



21

Oatwald69 has suggested that structural viscosity may
be due to the overlapping of the solvent envelopes which surround
most colloidal particles while McBain?q considers that the
viscosity of colloidal solutions will depend on the ability of
individual particles to éggregate info & reticular porous |

structure which can retain a large volume of solvent.
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Visco-Elastic Soap Solutions.

While soap solutions which possess high viscosity are
comparatively common, there are not so many soap solutions,
which show pronounced  elastic behaviour. Perhaps the best
known example is ammonium oleate. When a beaker containing
ammonium oleate solution (about .005N) is rotated, and then
stopped, the solution will at first continue to rotate under its
own momentum for a short time but then rotate in the reverse
direction showing a kind of elastic quality (elastic recoil).
Such solutions are often much more dilute than those which are
viscous gels,

Hateschek and .'Iame.'1 studied ammonium oléate solutions

in a Coustte viscometer. VWhen the outer cylinder was rotated

" at constant speed, the torque on the inner one, after a short

normal period, increased to an irregularly fluctuating wvalue
many times greater. .After a period of rest, this behaviour
could be repeated. It seemed that a gelatinous structure was
actually built up by the process of shear and dissipated again
at rest.

Later Andrade and Lewia7z showed that the anomalous
increase in torque was associated with the onset of turbulence.
In 1938, H‘artley?!8 remarked that the turbuleﬁce itself, also
anomalous and of abnormal appearance, was another result qf the
structure built up, rather than the direct cause of the increased

torque. 'Bartley also described a remarkable example of
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visco-elastic behaviour in dilute solution shown by a .02%

solution of the copper salt of p-hexadecoxy benzene sulphoniec

++ -
50; - + 0.0y g By

C,gHs30 . sq; Cu
acid at 80~-90°C. If this solution is undisturbed, a stream
of air bubbie; will rise through it in & manner similar to that
in which they would rise through water and ﬁlso in a similar
time. If the solution is gently stirred, however, the upward
course of the bubbles takes much longer and is extremely
irregular. The bubbles frequently collect in small clusters
and whether single or in clusters they are seen td halt at, or
~ be diverted round, 1nvi§ible barriers. About a minute after
stirring is stopped, the normal behaviour is completely restored.
Hartley calls this 'negative thixotropic behaviour!?.

More recently Bungenberg de Jong and othersv"va have
studied the viscous and elastic properties of agueous sodium
oleate in the presence of various additives (electrolytes or
polar organic compouﬁds), while Pilpelve has shown that a
typical visco-elastic soap solution appears to show much the
same mechanical behaviour as other types of visco-elastic
solutions e.g. polymethyl methacrylate in toluene.

6 .
Winsor ¢ has discussed the nature of visco-elastic soap

solutions and has attempted to explain some their properties by
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means of his theory of micellar equilibrium, He considers
these 'solutions!' to be, in fact, intimate emuisions of (S + @)
phases. Cn stirring such a solution as ammonium oleate, he
believes that a finely dispersed emulsion is formed and that
this emulsion reverts, on standing, to a coarse, possibly
multiple, dispersion. The marked hysteresis in mechanical
properties derives, he argues, from the progress of the
dispersion of the (S + G) emulsions when the "solutions' are

under shear and of their partial coagulation when at rest.
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Visco-Elastic Solutions formed by the Addition of Certain

Organic Electrolytes %o Aqueous Ceiyl Trimethyl Ammonium Bromide
T-C-—TAB )‘o

In the course of some work in this laboratory on
the viscosity of CTAB/phenol/water/electrolyte systems,

Dr. W, Gobd and Mr. E, Walker77 were led to examine the system
CTAB-sodium salicylate-water, This solution had a viscosity,
as measured by the time of flow through ah Ostwald viscometer,
which was vastly greater than anything hitherto encountered.

It was aléb noticeable, however, that most of the solutions

were extremely elastic and that they showed properties which are
typical of visco-elastic soap solutions, For example, on
streaming they become birefringent while, when sheared between
vertical coaxial cylinders they 'climb' the inner wall (the
Weissenberg effect).

Subsequently the viscosity of a large number of C.T.A.B.
solutions containing different types of electrolytes was |
measured by ﬁse of the Ostwald viecometer. The viscosity-
conéentrétion curves were generally similar in that the viscosity
first rises to a maximum as fhe electrolyte is added to a fixed
amount of C.T.A.B. and then falls again almost as sharply. The
principal results were obtained using a ;027 M concentration
of C.T.A.B and they are shown in tabular form below. The figures
refeér to the time in seconds for the solution of maximum
viscosity to run through a No.2 B.S.S. viscometer, while the

. , 2
numbers in brackets are the molarities of the salts X10 in
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these solutions. The zeroes in the table indicate that the

isomer in question has no effeet on the viscosity of .027M C.T.A.B.

solution.
TABIE I

Salt Para Meta Ortho
Chlorobenzoate 27,800 (5.4) |12,000 (5.7) 0
Toluate 5,600 (16.8) 140 (7.7) 0
Toluenesulphonate 1,275 (4.3) - 314 (4.3)
Cresylate 1,120 (7.2) 156 (10.8) 31 (7.8)
Nitrobenzoate 32 (3.3) 0 0
Benzenedicarboxylate 0 0 1,420 (5.0)
Aminobenzoate 0 0 61 (6.6)
Hydroxybenzoate 0 1,880 (8.8) |212,900 21.74

(salicylate) 65,000 (8.0

(two maxima)

Benzoate 28 (10.0)

While the precise significance of the time of flow of

these solutions, especially the more visco-elastic ones, through

a viscometer, is not clearly understood, the above figures do

give an indication of the size of the aggregates producing

viscous behaviour, in these solutions. The mechanical behaviour

of the more elastic solutions is so susceptible to changes in

shearing force that the term 'viscosity! is rather misleading
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and has only been used in comnnection with them because a whole
range of solutions from those of Newtonian viscosity to those
possessing highly complex elastic structures, is encountered
in this work.

Among the salts shown above, two are outstanding in
their effect on the viscosity of C.T.A.B. solutions. One is
sodium salicylate and the other, sodium p-chlorobenzoate. The
former is unusual in that the viscosity-concentration curve has
two maxima, the first a very sharp one, the second much broader.
Viscosity effects begin to appear in cTA+-salicy1ate solutions
at concentrations at which the viscosity of the solutions
containing the other additives is still normal i.e. the same as
water,

A number of other more complex salts have been examined.
The introduction of a hydroxy group in the '4' position of the
éalicylate ion to give 234-dihydroxy benzoate almost coﬁpletely
destioys the visco-elastic effect. On the other hand, the

236-dihydroxy benzoate shows two maxima of magnitude comparable

to the salicylate but occurring over a very much reduced range

of concentration and in a region of salt concentration even

lower than that in which the salicylate shows its greatest
Qiscosity effect. The p-chlorobenzoate ion is less sensitive
to the introduction of more chlorine atoms, the 234 and the

334-dichlorobenzoates both giving quite viscous solutions with



the C.T.A.B., though not as viscous as the p-chlorobenzoate
-C.T.A.B. solution itself,

On the basis of the evidence available and by a study
of suitable molecular models, Dr. Good considers that the
hydrocarbon chain of the C.T.AT ion tends to be hooked round

the hydrophobic part of the organic electrolyte i.e.

this unit being associated with the other of similar structure

to give a large threadlike {or possibly lamellar) aggregate

Cddg
I

such as.

28
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Other evidence favouring this view is that the length of
the cationic chain seems to be critical. When dodecyl trimethyl
ammonium bromide or octadecyl trimethyl ammonium bromide are
used in place of C.T.A.B., the visco-elastic effects are greatly
reduced. TFurthermore the introduction of the bulky phenyl
grouping into the salicylate ion to give 3-phenyl salicylate,
leads to a much less viscous solution than that obtained with
salicylate.

Good and Walker have also shown that sodium salicylate
and sodium p-chlorobenzoate both appear to have an unusual
effect on the C.M.Cs of CoTosA.B. solutions., As the salt is
added to the C.T.A.B., the C.M,C. is reduced (as with an
ordinary electrolyte), but this effect is soon reversed and the
C.M.C. increases to a value considerably in excess of the C.M.C,

of C.T.A.B, alone,



PART I

The Adsorption of CTAB from aqueous solutions om graphite,

alumina, titanium dioxide and silica.
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INTRCDUCTION

The adsorption ([)) of & substance is classically defined

for the interface or boundary between two phases by the equation
00

[" - L [e(x) - o(w)]ax

where ¢ is the concentration of the substance, x is the distance
from the 'interfacial plane' and c(ed) is the concentration in the
bulk phase outside the interfacial region. The 'interfacial
plane' was defined dy J. W. Gibbsva as an origin, placed somewhat
arbitrarily in the interfacial region. Defined in this way,
the adsorption of a substance implies no mechanism.

The most studied interfaces between two phases are the
solid-gas, the vapour-liquid and the solid-liquid interfaces.
The first two, although not strictly concerned with this investi-
gation, may be mentioned briefly as some of their characteristics
are enalogous to those of the solid-liquid interface.

The-adsorption of a gas at the surface of a solid has been
interpréted mainly by the theories of Langmuir 7® and Brunauer,
Emmett, Teller, Deming (L.S,) and Deming (W.E.)ao,ai. The
langmuir equation was derived for the equilibrium between gas
rolecules adhering to a homogeneous surface due to short range
forces, and those which tended to rebound into the gaseous phase.

The adsorbed film was considered to be unimolecular. Brunauer

£t al. generalised the Langmuir equation in order to account for
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multilayer adsorption and they were able to eventually explain
the five types of isotherms obtained in the physical adsorption
of gases on solids. |

The gas=liquid interfacse 15 of interest here in
connection with the adsorption of léng chain amphiphilic
compounds, such as palmitic acid, on the surface of water to
form unimolecular films., When subjected to a suitable
pressure, such substances become oriented with the polar group
in the aqueous phase and the hydrocarbon chains aligned parallel
to one another but directed away from the aqueous phase.
Studies of this phenomena have revealed valuable information
ebout the dimensions of certain molecules.

When the amphiphilic compound is soluble in the agueous
phase, there is a rapid reduction in the surface tension of the
solution at low concentrations of the additive. Subsequently
& minimum is found but this seems to be due to small amounts of
surface active impurities which are solﬁbiiised once the C.M.C,
has been reéchedsz. The surface tension eventually becomes

constant since all further added solute dissolves as micelles.

For a number of reasons, adsorption at the solution-solid
interface is, in general, more complicated than at the gas-solid
or the gas-liqui& interfaces. First, competition for the
éurface between the solvent and the solute molecules must be

taken into account at higher concentrations. Fortunately, the
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most interesting changes in the adsorption of surface active
agents occur at low concentrations, so that any error involved
in neglecting the adsorption of solvent is generally less than
that of the usual experimental methodsaa. Second, even if

the surface of the solid is homogeneous, there are usually
large numﬁers of corners, faces and edgés, which give rise té
adsorption sites of different energies since their residual
attractive forces are differente‘. Third, many solid surfaces
are heterogeneous and econtain functional groups scattered at
random over the surface, These many give rise to 'active sites!
where special types of adsorptions may occur, This is
particularly the case where the surface has been chemically or
physically pretreated, For instance, by using different
temperatures and gases, Bartell and I.loyd86 showed that the
surface of charcoal could be made to appear either polar or
non=-polar.

Solid adsorbents are usually divide& into two classes i.e.
polar and non-polar, The former type tend to adsorb by specific
ionic forces, the latter by physical or Van Der Waals forces.

Examples of polar adsorbents are alumina, titaﬁium dioxide,
gilica gel, glass,.barium sulphate and of non-polar adsorbents,
graphite, paraffin and some charcoals. Polar adsorbents usually
adsord electrolytes by ion exchange, one ion being more strongly

adsorbed than the other,
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The technique of adsorption measurements for dilute
solutions 1s usually comparatively simple and involves shaking
a certain volume of solution with a weighed amount of adsorbent
until equilibrium is reached, removing the solution by filtration,
centrifugation or decantation and then measuring the concentra-

tion of the resulting solution by any suitable method. Where
the solute is an electrolyte, it is ﬁest to analyse for both
ions.

In the absence of a general theory, the results are
usually fitted to the Langmuir equation or the empirical
Freundlich equationfa. The latter is 7@ = ke™ where a is
the amount adsorbed in suitable units (usually mbla:#gn::nﬁ
sdsosbent), ¢ is the equilibrium concentration, m is the weight
of adsorbent used, and k and n are constants. A modified B.E,.T.
equation has been applied to the adsorption of dyes from aqueous
solution onto pigmentssv.

The adsorption of aqueous solutions of paraffin chain
salts on ' solids has been the subject of only a few investiga-
tions. Held and Samochlalovps measured the adsorption of the
laurate ion from sodium laurate solutions - on: barium sulphate
powder, They pointed out the well known fact that soap
solutions tended to 'float' or coagulate pqwdera at low concen-

trations, but at higher concentrations, to disperse them. This

v
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was believed to be related to a layer of soap ions being at first
chemisorbed with the polar groups attached to the surface and
the hydrocarbon chains tending to be oriented into the solution,
hence the reason for the coagulation of the powder. When the
first layer was saturated, the soap ions would then be adsorbed
in the reierse sense in order to eliminate the hydrocarbon-water
interface. The experimental evidence for this view was first,
that the area of the powder determined by adsorption of the soap
from aqueous solution was approximately twice that determined bj
adsorption of lauric acid from benzene and by means of the
microscope, due to a double layer of soap ions in the aqueous
system, second, that there was & maximum in the flotation of the
powder and third, thaf sulphate ions appeared in solution after
adsorption, due to ion exchange.

Similar measurements were made by Held and Kha;].nsky89 on
the adsorption of sodium oleate and sodium nonylate on. -
cinnabar powder. The adsorption of the soap was found to be
accompanied by hydrolysis, the solution being more alkaline after
adsorption than before.

The effect of CTAB on aqueous suspensions of Prussian
Blue was studied by Tomlinson?o. He showed that, as CTAB was
added to the system, the sedimentation volume of the powder

increased (showing an increasing degree of flocculation), reached
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a maximum and then fell agaiﬁ} A highly deflocculated suspension
was eventually obtained in which complete sedimentation did not
occur, Independent adsorpfion measurements showed that the
CTAB was quantitatively comp}etely adsorbed until a concentration
corresponding to the maximum sedimentation volume was reached.
Subsequently the adsorption was much less powerful. The initial
édsorption was irreversible while the subsequent sdsorbate could
be washed off. Furthermore the maximum sedimentation wvolume
in water corresponded to the minimum sedimentation volume in
benzene and to the maximum ease of transfer from aqueous to
non-aqueous media. It was thus concluded that up to this point
the CTAB was chemisorbed as a unimolecular layer with the hydro-
carbon chains oriented towards the water, but once the surface
was saturated, a second unilayer was formed on top of the first
due to amphipathic (or non-specific) adsorption. The polar,
ionised groups are then oriented toiards the water; reversing
the effect of the first adsorbed layer. |

This type of adsorption has been termed ‘tadsorption with
reversed orientation' by Moillietgi, who, noting that it occurs
more with cationicvdetergents, suggests that it is due either
to the surface active cation being attracted dy the negative
charge which most solids assume in water, or to specific salt
linkages between the paraffin chain cations and ionogenic groups
in the surface of the solid.

The adsorption of aqueous solutions of sodium dodecyl
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sulphate and of sodium myristate on graphite and polystyrene
of known surface area, was investigated by Corrin, Harkins
gﬁg&,ss. This work is an example of amphipathic adsorption,
both solids being essentially hydrophobic and free from surface
impurities. The adsorption isotherms had two unusual features
i.e. & discontinuity when the equilibrium concentration was
close to the C.M.C. and a maximum at a somewhat higher concentra-
tion. The area occupied by one molecule of the paraffin chain
ion was found to be rather higher than that for a compressed
film on an aqueous subphase, and this was attributed to repulsive
forces between the ionic heads of the adsorbed long chain ions,
In a similar investigation on the adsorption of sodium
alkyl aryl sulphonates on cotton, Meader and Fr:les’3 also found
a maximﬁm and a discontinuity at the CMC. Ewing and Rhoda.’3
obtained the relative surface areas of zinc oxide pigments by
adsorption of Daxadll , a wetting agent containing various
molecular species of unknown composition. Fischer and Earkins’4
have shown that the adsorbed film between a hydrocarbon o0il and
sodium oleate solutions, 1s'monomolecu1ar, with the ionic group
oriented towards the water and the paraffin chain towards the oil.,
Since it was believed that sodium.saliéylate and sodium

p-chlorobenzoate were able, in effect, to 'bind' together CTA*

micelles in solution to form enormous aggregates, it was decided



to examine whether these salts had a comparable effect on cpa”t
which had been adsorbed at a solid surface. The following

results are chiefly concerned with this problenm.

37
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JMENTAL

Preparation of CTAB.

222 gms. of 30% (q/i) alcoholic trimethylamine were added
to 273 gus. of pure cetyl bromide contained in a stoppered flask,
and the mixture was left standing for 24 hours. The alcohol
was then removed, in part, by vacuum distillation at 60°C. The
erude product was broken up and recrystallised twice frgn a
mixture of ethyl alcohol and ethyl acetate. The purity of the
CTAB, as determined by titration of the bromine with silver
nitrate and ammonium thiocyanate, and by precipitation as CTA

dichromate, was 98.5% i.e. a 1% aqueous sclution is .0270 M.

Estimation of CTA+

(1) By titration with sodium dodecyl sulphate,

The CTAY solution was titrated against a mixture of 10 c.o0.

of ,005M sodium dodecyl sulphate, 25 c.c. of a solution éantain-
ing .003% methylene blue, l.2% éulphgric acid, 5% sodium

sulphate and 15 c.cs chloroform, all contained in a 250 c.c.
stoppered reagent bottle. The CTA*.solution was added & C.C.,
or less, at a time,-unfil the two layers were indistinguishabie
(as viewed in reflected light). ‘This is according to the
method of Epton?a. This estimation was used to study adsorption
of the CTAB alone. It was found to be unreliable in the

presence of organic salts,
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(i11) As Cetyl trimethyl ammonium dichromate.

An excess of standard potassium dichromate solution was
run into the CTAY solution. The precipitéte, initially colloidal,
became coagulated in the presence of excess dichromate. In the
presence of organic salts the precipitate remained colloidal and
it was necessary to add sufficient dilute hydrochloric acid to
produce coagulation. After filtration, the excess dichromate
was estimated with iodine and thiosulphate.

Estimation of Bromide.

The bromide was precipitated as silver bromide by standard
silver nitrate solution, the excess silver nitrate being
estimated by titration with ammonium thiocyanate in the presence
of ferric alum and dilute nitric acid.

Adsorption Method.

The CTAB solution-powder mixtures were shaken overnight
in an air cabinet fhermostated at (Zig .1)fc. The powder was
" than separated either by filtration tthngh fine filter paper
in the case of the alumina or through a No.4 sintered glass
funnel under vacuum in the case of the silica and titanium
dioxide powders. Bromine estimations were made on the filtered
solution. The CTAY was estimated by the dye method except when
organic salts were mresent, the solutions being either diluted
or else made up with CTAB solution, to an approximate

concentration of ,OO5M.
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Adsorption of CTAB on Graphite.

It was hoped that a study of the physical adsorption of
CTAB on a hydrophobic surface could be made, both on account of
the simpler structure cf the adsorbed layer!and also because
chemisorption involves specific surface interactions whose nature
are not clearly underatood.

Since paraffin chain salts had been found to be amphipathi-

cally adsorbed on graphite by Corrin, Harkins etc.a,3 efforts

wvere made to secure a pure specimen of this material. The beat
graphite obtainable was a special suspension in water supplied
by the General Electric Company. It had an ash content of
about 1%. The adsorption isotherm obtained for Br’/ with this
suspension, which contained 49.¢% by weight of graphite, ig given
in fig, 2. Its shape is quite different from that found by
Corrin snd Harkins (fig. 3), but it is similar to isotherms for .
the adsorption of Br”/ from CTAB solutions on alumina, silica
and titanium dioxide. These isothermé are given later and are
shown to indicate that the CTAT is being chemisorbed., It appeared
that the surface of this graphite sample must contain a great
deal of impurity.

An animal charcoal sample of the type used for decoiourising
solutions, was also used as an adsorbent and the adsorption of
Br’ from aqueous CTAB on 1it, is shown in fig.4. It is probable

that the CTA+ is both chemically and physically adsorbed on’
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the surface of this powder. The difficulty in obtaining a
pure specimen of & hydrophobic powder led to the investigation

being confined to hydrophilic powders.
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Adsorption of CTAB on Alumina.

Chromatographic alumina, standardised according to
Brockma.nn.g,6 vas used for all adsorption experiments. Its
surface area, as determined by nitrogen adsorption at -183°C
vas 69.6 m3/g (see Appendix). .

An equilibrium curve, for 10 gm. alumina in 50 c.c.
+0270M CTAB, is shown in fig.5. The time taken to reach
equilibrium was between three and four hours. This is rather
longer than that required for all the other adsorbents studied,
and is presumably due to the porous nature of the alumina
surface.

Adsorptién isotherms for 2.5 gm. alumina in 50 c.c, solution
are shown in fig.6. 1In this case both CTA" and Br” ions were
analysed.

The principle features of these isotherms are:

(1) The initialhrate of adsorption of OTA*, with

respect to concentration, is very high, while that
of Br’is zero.
(11) The maximum adsorption values of both ions are
| §ery different i.e. (1.60 x 10") mol/gm. for the
cra’ and (1.02 x 10") mol./gm. for the Br”, showing
that ion exchange is involved in at least part of the

adsorption process., The maximum adsorption values

are reached at the same initial concentration of CTAB
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These results are adequately explained by the mechanism
given earlier for adsorption of a long chain paraffin salt
with 'reversed oriéntation'si. Thus the first tunilayer!'! of
cra* ions is formed by ion exchange with impurities on the
surface of the alumina, the polar N(CB§)3+’group holding the
ion to tﬁe surface by powerfﬁl electrostatic attraction. As
the initial concentration of CTAB is increased, the active
surface available for chemisorption becomes sﬁaller and the
cra* begins to be amphipathically (or phys;caily) adsorbed.
This part of the adsorption process is characferised by the Br”’
isotherm which is actually, for most of the adsorption process,
a plot of the amount of crat amphipathically adsorbed (measured
by the adsorption of Br”) against the amount'of cTA* chemisorbed
(measured by the final concentration of Br). This assumes, quite
reasonably, that the Br” ion is only adsorbed in company with
the ¢TA* ion (this will be discussed in more detail later). |

The total amount of CTA' chemisorbed - a measure of the
active surface area - can be found;-

1. PFrom the-difference between the total amount of CTAY
adsorbed f.e. 1,60 x 107 mol./gm. and the total amount of
physically adsorbed CPA* i.e. 1.02 x 10" mol./gm. This
difference is equal to 0.58 x 10.‘ mol/gme

or g: From the amount of Br” in solution after adsorption

since this represents, within appropriate liﬁits, the amount of
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chemisorbed CTAY. The actual selection of a point on the Br’
isotherm which represents the maximum amount of chemisorbed

cTAY 1s rather difficult since-Br' begins to accumulate in
solution towards the end of the adsorption process, due to
unadsorbed CTAB. If, however, one seleéts the point of inflexion
of the graph, the value obtained for the total amount of chemi-
sorbed CTA* 1s 0.64 x 10™ mol/gm., which is in reasonable
agreement with the previous result.

In order to confirm the shape of the Br’ isotherm at low
initial concentrations of CTAB, it is necessary to use & higher
ratio of alumina to solutioh and fig.7 shows a Br’ isotherm
determined using 10 gm. of alumina in 50 c.ce solutioh. It can
be seen that the initial slope is certainly very small and
probably zero. This means that the CTAT is all chemisorbed
at low initial concentrations of CTAB. Thus the alumina
itself is not sufficiently hydrophobic to allow the paraffin
éhain ions to be adsorbed amphipathically at its surface.

If, for the system containing 10 gm. alumina in 50 c.c,
solution, the f£inal concentrations of Br’/ in fig.7 are divided
by four, the same isotherm as was obtained for 2.5 gnm. #lumina
should result. However, as also shown in fig.7, there is
a significant difference between the two isotherms. It is
not possible to say what is the precise explanation of this

effect.
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The Br’ isotherms in figs. 6 and 7 also show that the
formation of the 2nd layer of crA* ions (the physically
adsorbed layer) occurs leng before the 1st lajei of CTAY ions
(the chemisorbed layer) is complete, indeed the 1lst layer is
only saturated when the 2nd layer is almost half formed. This
is in part due fo the amphipathy of the GTA+, which effect is
able. to édmpete with the specific electrostafic interactions
which are the cause of the chemisorption. Ii may be that with
a léss surface active compound a cléarer differentiation between
the formation of the two layers would be poséible.

As mentioned previously, the Br’ isotherm, in for example
fig.7, fepregents in effect & plot of the physically adsorbed
crat against the chemisorbed CTA+. If ap represents the former
while ac¢ represents the latter, then the plot of log ap against

log a, is, for that part of the isotherm with which fig.7 is

c
concerned, seen from fig.8 to be a straight line., ' The actual
relation is8 a, = kapn where k = 15,1 and n -:0.30, ap and &g
being, in this case, in mol./gm. x.ICﬁ. This adsorption
equatioﬁ?s is of the same form as Freundliéh's equation.s8

which is known to represent for many simple adsoryiions €eo
acetic acid on charcoal, the relation between a solute in an
adsorbed layer and in solution. That this relation should hold
for the adsorption of CTAB may be due to some similarity between

the forces which cause CT£+ to be distributed between the
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chemisorbed and physically adsorbed states and the forces
which cause a solute such as acetic acid to be distributed
between an adsorbed layer and a solution.

Finally, since the amount of adsorption at high ratics of
alumina to solution was not quite proportional to the weight of
alumina used (fig. 7), two more isotherms were determined, one
for the adsorption of crat on l¢5 gme alumina in 50 c.c.
solution, the other for the adsorption of Br’ on 1 gm. alumina
in 50 c.c. solution (fig. 9), The amounts adsorbed are approxi-
mately the same as for 2.5 gm. alumina in 50 c.c. solution
(see fig.6) indicating, at these lower ratios of adsorbent to
solution, proportionality bvetween the amount of adsorbent and the
amount of adsorption.

Adsorption of Cetyl trimethyl ammonium nitrate on Alumina,

CTARO; was prepared by mixing CTAB and AgNQ; in equimolecular
amounts adding water, filtering off the precipitated AgBr using
a No.4 sintered glass funnel, evaporating to dryness under vacuum
and crystallising the product from ethyl acetate. A carbon
analysis gave 66.,5% as against the theoretical value of 65.8%.
Since the same amount of CTA® was adsorbed from CTANG; solutions
as from CTAB solutions at the same initial concentration, the
two compounds were similarly adsorbed, The amount of Br’ in the

CTANOy; solutions was negligible before adsorption and remained
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so after adsorption. It was thus shown that the impurity
displaced from the surface by the OTAf had no effect on the
Br’estimation.,

Purifiedt Alumina.

In an effort to confirm that the CTAB is adsorbed by ion
exchange due to ionic impurities on the surface, the powder was
neutralised with dilute hydrochloric acid and then washed by
decantation at regular intervals for three weeks until the
supernatant liquid showed no trace of chloride ion. While
this treatment washed away most of the finer grains, the surface
area of the adéorbent was practically unchanged as measured by
nitrogen adsorption (see appendix). Nevertheless this material
adsorbed neither CTAY nor Br’ from CTAB solutions.  This is in
agreement with the work of Schwab and Jockers97 who found that
coppef ions were preferentially adsorbed by commercial éiumina
from copper sulphate solutions and that the filtrate showed the
reaétions of sodium. It was found that even the purest commer=-
cial alumina contained sodium ions which could be i-eplacea. by
copper ibns.

It, tharefore, seems that adsorption of the CTAB is essen-
tially due to the active sites available on the surface for
exchange, the alumina, itself, not being sufficiently hydrophobiec

to adsorb the CTAB amphipathically.
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Adsorption of CTAB on Titanium Dioxide.

Four samples of titanium dioxide, supplied by British Titen
- Products, were tested for adsorption. Pure titanium dioxide,
containing 94% of rutile, gave no adsorption. Two rutile
samples, known as 'Rutiox CR' and 'Rutiox H,D. gave only small
adsorptions., The other sample, known as "Anatase E, gave
sufficient adsorption to allow its use for further measurements.
The chief difference between the Rutiox and Anatase powders, in
regard to composition, was that the Rutiox contained appreciable
amounts of zinc oxide and alumina of the order of 1%. The
Anstase E contained .4% of soluble salts and the other two half
as much, The surface area of the anatase E,by N, adsorption,
was T.6 ni/g.

The adsorption curves obtained with 10 gm. anatase in 50
Gec. Solution are shown in fige 10. The shapes of the isotherms
are essentially similar to those fouﬁd-for alumina, ‘The amount
of CTAY chemisorbed calculated from the difference between the
total amount of CTA' adsorbed, 4.8 x 10'ﬂ mol/gm., and the total
amount of amphipathically adsorbed GTA+, 2.T x 10_5 mol/gme,
is 2.1 = 10-‘ mol/gm. This is in excellent agreement with the
value found from the position of the point of infleiion of the

-5
Br’ isothera i,e. 2.2 x 107 mol/gm.
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Adsorption of CTAB on Silica

The silica powder contained about 93% silica together with
other oxides e.ge. Fe, Oy, Alzba. It is non-porous, with a
surface area of 8.0 ni/g.

Isotherms for 5 gm. silica in 50 c.c. solution are shown
in fig. 11. They are very similar to those found for alumins
and titeanium dioxide although, in this case, amphipathic
ads§rption commences more rapidly than before. This may
indicate a more powérful chemisorption foice than exists
between the CTA+ and the alumina or titanium dioxide. The
amount of CTA' chemisorbed calculated from the difference between
the total amount of CTA* adsorbed, 8.3 x 10~ mol/gm., and the
total amount of amphipathically adsorbed CTAY, 4.9 x 10-5 mol/gm.,
is 3.4 x 10-8 mol/gm. while the value from the Br’ isotherm is
3.5 x 10~ mol/gm.

A Br/ isotherm for 15 gn. silica in 50 c.c. solution is
shown in fig. 12. When these results are compared with those
obtained with 5 gm. silica in 50 c.ce so0lution, each final
concentration being divided by three, there is seen to be 2o

slight difference similar to that found for alumina.
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Adsorption of Sodium Dodecyl Sulphate on Alumina.

The sodium dodecyl sulphate (S.D.S.) used for these
adsorption experiments was the B.D.H. material recrystallissd
twice from alcohol and ethyl acetate. It was estimated, uaing‘
standard CTAB, by the dye method. Owing to the hydrolysis
which.aquéous solutions of S.D.S. underwent ai low concentrations,
the lowest concentration of S.D.S. used was ,008 M where the
degree of hydrolysis was believed to be negligible.

The isotherm found for 2.5 gm. alumina in 50 c.c. solution
is shown in fige. 13. The broad maximum is more noticeable here
than with CTAB adsorbed on alumina and it is probabiy‘similar
to the maximum obtained by Corrin And Harkins for the adsorption of
sodium dodecyl sulphate on graphitesa, indeed it occurs at
approximately the same equilibrium concentration i.e. 014 mol/
litre. The adsorption is, however, likely to be with *reversed
orientation' i.e. the alumina seems capable of behaving as both

a cation and an anion exchanger.
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Effect of Organic Salts on the Adsorption of CTA+'2§_11umina.‘

Alunina was chosen as adsorbent due to its availability
in large quantities, its versatility as an adsorbent and the
comparative ease with which it could be separated from the
CTAB-salt mixtures, some of which are wvisco-elastic.

The following organic salts were used - sodium benzoate,
p-nitrobenzoate, p-aminobenzoate, o-aminobenzoate, p-hydroxy-
benzoate, o-hydroxybenzoate, (sodium salicylate) and p-chloro-
benzoate. The sodium salicylﬁte was B.D.H., the others were
prepared by neutralising the appropriafe acid with sodium
hydroxide and orystallising the sodium salt by cooling in ice.
The initial concentration of CTAB was .0135M in each case.
Initial concentrations of salts up to .025M were used.
Resulis. |

The first salt tried was sodium salicylate. 'since this
salt interfered with the estimation of the CTA' by the dye
method, the results were obtained at very low salicylate
concentrations where the estimation was reliable. The effect
of a constant concentration of salicylate, .00125M, is shown
in fig. 14. There is a small but definite increase in the

amount of CTA adsorbed.

. 51

In order to study higher concentrations of salts, the CTA*

was estimated as insoluble cetyl trimethyl ammonium dichromate
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by the method given previously. Blank experiﬁents with each
additive confirmed the reliability of the estimation.

With the wvisco-elastic solutions formed by the CTAB -
sodium salicylate and the CTAB - sodium p-chlorobenzoate systems,
it was found that the alumina tended to 'clump' together. This
curious phenomenon is quite unlike the effect of a normal wiscous
solution e.g. glycerine-water mixtures or paraffin on alumina,

In these solutions, the alumina paiticles are quite randomly
scattered and have no tendency to aggregate, while in the
visco-elastic solutions they tend to lump together in blobs or
chains, VWhile it is possible that this is an adsorption effeect,
a more likely explanation is that it is a purely mechanical
effect due to the inhomogeneity of the visco-elastic solution
(see page23 for example) the alumina tending to accumulate in
the regions between the visco-elastic aggregatesf In spite of
this effect, the results obtained with visco-elastic solutioﬁs.
were reproducible except for the most concentrated solutions
gtudied at a later date.

The effect of the salts is shown graphically in fig. 15.
With the possible exception of sodium o-aminobenzoate, the salts
fall into three classes in their effects.

1. Sodiﬁm'g-hydroxy and p-amino benzoates decrease the amount
of cTa* adsorbed, reducing it by about half at an initial

concentration of ,025M.
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2. Sodium benzoate, p-chloro and p~nitro benzoates also
decrease the CTA' adsorbed but to & much lesser extent. In
addition, the iatter two initially increase the adsorption of
the CTA+, although at higher concentrations of the salts they
give the same effect as benzoate. These maxima have both bdeen
reproduced.

3¢ Sodium salicylate is unique among these salts in always
increasing the cra’t adsorbed, although saturation is eventually
reached.

It is fairly obvious that there is, at any rate, a
qualitative relation between the effect of these salts on the
viscosity of CTAB-salt mixtures and their effect on the adsorption
of the CTA” on alumina. Thus sodium p-hydroxy and p-aminobenzoates,
which have been classed together above, both show no effect on
the viscosity of CTAB solutionsv7. Sodium p-nitrobenzoate
and sodium benzoate both show slight viscosity maxima while
sodium p-chlorobenzoate is secoﬁd only to sodium salicylate in
its effect on the viscosity. The sodium salicylate itself giwes
the greatest adsorption effect as also it does viscosity effect.
It may therefore be said that, in general, an additive which
tends to increase the viscosity of CTAB solutions, also tends‘to
increase (or rather, not to decrease) the adsorption of crat,

The immediate object of the investigation - to show a relation



between the effect of the organic salt on the structure of
the CTA™ micelles in solution and its effect, if any, on

" the adorbed CTA' - was thus achieved.

54
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Adsorption of CTAB - sodium salicylate mixtures on Alumina.

Since ferric ions produce on intense violet colour with
salicylate, it was possible to estimate, colorimetrically, the
amount of salicylate in aolution-after adsorption by adding
ferric chloride and acetic acid in appropriate amounts and
measuring the optical demsity (at 520 mp) of the resulting
solution by means of a Spekker absorptiometer. The presence
of CTAB reduces the intensity of this colour but it was found
possible to allow for this effeect by appropriate calibration
with known quentities of CTAE;?

.- All experiments were carried out with 2,5 gm. alumina in
50 ce.ce. solution. The 1nit}a1 conéentfation of CTAB was kept
constant at various values while the initial concentration
of salicylate was varied., The visco-elasticity éf the solutions
gives rise to some difficulties in separating the alumina from
the solution after adsorption. Where possible, the adsorption

tubes were left for several days in a water thermostat-at 25°C.
In many cases the alumina settled in a mass at the bottom of fhe
tube leaving—a water~clear supernatant liquid. It is of some
inﬁerest to note that with CTAB and alumina there was always a
fine suspension left, even aftér'severai days in & thermostat,

The clearing up of this slight turbidity by the addition of

salicylate is probably connected with the tendency of the alumina
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to 'lump' together in visco~elastic solutions, In cases where
the supernatant liquid contaiﬁad considerable amounts of alumina
even after days of standing, it was necessary to filter the
solution. This requires some care since the first few c.ces

of filtrate are much less viscous than the original solution,l
presumably because the large aggregates of crat - salicylate do
not easily pass throngh'the filter, This behaviour emphasises
the. inhomogeneity of the visco-elastic solution.

Results,

Fig. 16 shows the ratio of the CTA' adsorbed to the sali-
cylate adsorbed plotted against final concentration'of selicylate
in solution, From this graph it can be seen that the CTA+‘
and the salicylate are adsorbed in approximately equimolecular
amounts except at concentrafibns of salicylate which are low
relative to the initial CTAB concentration. There is, however,
a certain tendency for the ratio of the.CTA+ adsorbed to the
salicylate adsorbed to decrease at high concentratioms of sali-
cylate and this is reflected in fige 17 in which the amount of !
salicylate adsorbed is plotted against the final concentration
of salicylate. The plot of the amount of CTA' adsorbed against
the final concentration of salicylate is almost horizontal at
higher concentrations of salicylate (fig.18).

If, in fig.16, two systems containing different initial

concentrations of CTAB but having the same final concentration of
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salicylate, are examined, it can be seen that the ratio of crat

adsorbed to salicylate adsorbed is greater in that system which
contains the greater amount of CTA® provided the surface is not
satnréted. This is not because the amount of CTAY adsorbed is
greater in the system containing the greater amount of crat
(indeed as fig. 18 shows, it is slightly smaller) but because
the salicylate adsorbed is much smaller i.e. before the surface
is saturated with ¢TA* ana salicylate, the amount of salicylate
adsorbed is decreased as the concentration of CTAY in solution
is increased. This is also shown by fig. 19 in which the ratio
of the CTAY to the salicylate in the adsorbed layer is plotted
ag#inst the same ratio in solution, for concentrations below

the saturation values. Only two isotherms are shown here as in
the other two the final concentration of salicylate is very low,.
The ratio of CTAY to salicylate in the adsorbed layer is approxi-
mately proportional to the same ratio in solution although the
'constantt! of proportionality is dependent to some extent on the
total amount of cTA* present. That straight lines are obtained
in both cases suggests that the structures of the crat -
salicylate adsorbed layef and the CTA' - salicylate complex in
solution are similar i.e. the structure of the CTA' - salicylate

complex in solution is essentially two-~dimensional. .
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Adsorption gg.CTA+- salicylate on 'Purified'! Alumina.

While the purified alumina did not adsorb CTA+, it was found
that it did adsorb sodium salicylate, in fact about twice as much
as did the commercial alumina. Although CTA' alone was not
adsorbed by the purified alumina, it was found that it was
adsorbed in the presence of salicylate, the ratio of the amount
of cTa* to salicylate in the adsorbed layer being plotted against
the final concentration of CTA+ in Fig. 20. The CTAY and the
salicylate do not appear to be adsorbed in equal amounté at any
concentration, The actual amount of crat adsorbed is, even at
its highest value, only about a gquarter of that adsorbed from
crat - salicylate solutions by commercial alumina. The unusual

shape of the curve is rather difficult to account for.
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Sedimentation Volume of Titanium Dioxide in CTAB Solutions.

Experimental.

Tubes 6" high and %' internal diameter were used. They
were made from specially selected tubing of accurate internal
bore, The enda of the tubes were flat.

The CTAB solutions at 25°C were run into the tifanium
dioxide powder in a beaker which had previously been kept at
25°C in an air thermostat. The mixture was slowly rotated for
ab&ut a minute, care being taken to avoid bubbling of the
saape. The mixture was then rotated as vigorously as practicable
to secure efficient mixing and then poured into the sedimentation
tube which was returned to the air thermostat. In most cases
the powder sedimentated rapidly and the height of the powder in
the tube could be read off after an hour. Solutions which
contained finely dispersed powder were left a sufficient time
to become clear before readings were taken.

Results.
Most of the sedimentation heights reached equilibriuﬁ
values fairly quickly, although in presence of relatively large
| amounts of CTAB and in the absence of CTAB, equilibrium was
reached very slowly. Fig.2l shows the equilibrium curve for
5 gm. of fanatase E!' in 25 c.c. water. Fig.22 shows the graph

of the sedimentation volume, as measured by the height of the
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titanium dioxide in the tube! against the concentration of CTAB,
Its general shape is well known?o 1.e..a maximum sedimentation
volume at a low concentration of CTAB, approximately 6.7 x 10°‘H
and an even lower sedimentation volume in more concentrated
(i.es > .008M) CTAB than in the water-titanium dioxide system.

If the formation of the unilayer of chemisorbed cTAt had
been completed before amphipathic adsorption commenced, it would
be expected that the concentration at which the sedimentation
volume was a maximum would have been equal to the total
concentration of chemisorbed crat. Of course, as shown in
the adsorption measurements, the cTAt is adsorbed amphipathically
long before the completion'of the chemisorbed layer but it is
possible to calculate, from the adsorption measu:ements (£ig.10)
the initial concentration of CTAB at which a maximum area of
hydrocarbon surface is exposed to the solution provided one
assumes (a) that each physically adsorbed CTA ion 'shields®

one chemisorbed CTA+ ion, and
(b) that the hydrocarbon chains are orientated normally
- to the surface.

Thus fig.23 shows the hydrocarbon surface exposed to the solution,
as measured by the difference between the amount of cra’t
chemisorbed and the amount  physically adsorbed, plotted
against the initial concentration of CTAB., A maximum is

reached at .0044 mol,/litre. Now, although there is some
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doubt as to the precise value of the maximum sedimentation volums,
it certeinly lies below .00l mol/litre, initial CTAB concentration.
It therefore seems that the maximum sedimentation volume is not
connected with the maximum area of hydrocarbon exposed to the
solution. While the two assumptions made above could be in
error, & more likely explanation of this discrepancy is that the
addition of a small amount of physically adsorbed cra* to the
surface film has a vastly greater effect in decreasing the
sedimentation volume than the addition of the same amount of
chemisorbed CTA+ has in increasing the sedimentation volume, 1In
fact, it may well be that the maximum sedimentation volume occurs
at' a concentration at which physical adsorption has just

commenced.
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Effect of Sodium Salicylate - CTAB on the sedimentation

volume of %230,.

Experimental.

The experiments were carried out with various fixed
concentrations of CTAB containing different amounts of sodium
salicylate., TFour different concentrations of CTAB were used
i.e. .00068M, ,0027M, ,0054M and .0081M. Solutions which were
visco-el#stic were stirred into the powder. It ﬁas noticeable
that the CTAE - salicylate solutions did not ‘wet' the titanium
dioxide s essily as water or CTAR did, & similar behaviour
to that found with alumin#. However, after stirring for about
half a minute, the visco-e;asticity disappeared, in most cases,
due to theiadsorption of the salts and the mixture appeared very
similar to those found with CTAB alone. |
Results,

The graph of the sedimentation volume against the initial
concentration of sélicylate is shown in fig.24 for the four
concentrations of CTAB. The cﬁrves are similar chiefly in that
there is an initial rise in the sedimentation volume to a
maximum value, followed by a steady'dgcrease. While the effect
of the salicylete in increasing the sedimentation volume of
+00068M CTAB T40, is slight, it must be remembered that this is
the concentration at which the sedimentation volume is at a

maximum with CTAB alone. The most spectacular effect is found
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by the addition of .0025M salicylate to the .0027M CTAB-TjO,
system since the sedimentation volume rises to almost the
maximum value found with ,00068M CTAB. That the CTAB and
the salicylate are present in approximately equimolecular
amounts suggests a close parallel between this system and the
adsorption systems previously studied and discussed on pages.55-57,
Confirmation that the maximum sedimentation volume is reached
when the salicylate and the crat are present in equimolecular
amounts, is shown by the maximum sedimentation volume which
occurs on the addition of .005M salicylate to .0054M CTAB.
{(curve 3, £ig.24).

This rise in the sedimentation volume with addition of
salicylate is accompanied by a very marked change in the
appearance of the supernatant liquid above the settled powder,
For instance, with .0027M CTAB alone, there is a fine suspension

above the powder which never.really sediment#tes.' Addition
of ,0025M salicylate completely clears this away giving a
water-clegr liquid. This is particularly an effect of higher
concentrations of salicylate i.e. about .0125M since the
supernatant ligquid is cleared without a c¢orresponding increase
in the sedimentation volume. The appearance of the settled
powder at high concentrations of salicylate is also changed in

e fecognisable but almost indefinable way.
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The Effect of Sodium p-hydroxybenzoate and deium‘g-chloro-

benzoate on the sedimentation volume.
To compare the effects of these additives Iith>that of sodium

salicylate, an initial concentration of ,0027H CTAB was used.
The results are shown in fige.25 in which the graph for.002T7K
CTAB -sodium salicylate is also shown. The p-hydroxybenzoate
has a slight effect in increasing the sedimentation volume but it
is not really comparablé with that of the sodium salicylate, On
the other hand, the p-chlorobenzoate has a similar effect to
sodium salicylate although the sedimentation volume is not so
great, Furthermore the maximum sedimentation occurs at a rather
high concentration of p-chlorobenzoate i.e. 0046 mol/litre. At
this point the ratio of the p-chlorobenzoate to theICTAf in the
adsorbed layer is f%%%% or 1.7 assuming that all the p-chloro-
benzoate is adsorbed. 1In fig;26ﬂviscoaity curves for the
salicylate and the p-chlorobenzoate in .01354 CTAB are shown.
The meximum viscosity in the salicylate - cTAt solution occurs in
the region of equimolecularity but for the p-chlorobenzoate = CTAﬁ
it occurs atAabout «024M i.e. when the ratio of the p=-chloro-
benzoate to the CTA in the solution is fg%%; or 1,8, This may
indicate that the grchlordbenzoate - crat ayatém has its most
tinteresting' properties when the ratio of the p-chlorobenzoate

to the CTAY is about 1.7.
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Discussion

As indicated previously, the principal results may be
explained on the basis of the tadsorption with reversed orienta-
tion' theory given in the introduction to the adsorption work.

It has been stated that the Br/isotherms represent a plot of

the amount of cTA* amphipathically adsorbed against the amount of
CTA+ chemisorbed, until the region in which the adsorption begins
to decrease. The justification for this is that it is just what
would be anticipated to occur if a double layer of ions is formed,
the first layer being chemisorbed by ion exchange, the second
being physically adsorbed. mhe process of adsorption could be
visualised as follows,

Initial additions of CTAY ions come into contact with the
surface layer of the adsorbent. The precise mechanism by which
the ions diffuse into the surface remains unknown but there must
be 2 considerable reduction in the free energy of the system
when the cTa* exchanges with a cation from the surface (probably
sodium in the case of the alumina), because wéter tends to be
expelled from the surface and hydrocarbon chains are interposed
between the solid and the solution. The insoluble salt formed
by the ion exchange remains attached to the surface while the
soluble salt (NaBr with alumina) apparently diffuses away.

This is shown by the almost zero slope of the Br'isotherm at
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low concentrations. After a certain amount of CTA+‘has been
absorbed, amphipathic adsorption begins with the second layer
formed so as to reduce the hydrocarbon - water interface. It
has, however, been pointed out (page 45 ) tﬁat only something
in the region of half the cheﬁisorption sites which are
ultimately filled, have been filled when the second layer begins
to form. |

There are at least three reasons for this. First the
necessity to reduce the hydrocarbon - water interface, second,
the chemisorption sites will be of different energy levels and
third, chemisorption sites may actually be blocked bj the
bulky hydrocarbon chains., While the work of Tomlinson90
reported in the introduction, had suggested that the maximum
in the sedimentation volume coincided with the completion of the
first adsorbed layer, it has been pointed out (page§)) that
this maximum could, perhaps, be better regarded as the point at
which amphipathic adscrption begins, Of course, these two views
become more alike as the change from the chemisorbed crat layer
to the physically adsorbed crat layer becomes more abrﬁpt and
this will depend on the nature of the adsorbent,

Once amphipathic adsorption begins (i.e. adsorption of
Brfbegins), a difficulty in the interpretation of the results

is presented since it i1s not possible to say whether all the
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Br’ is adsorbed in company with an equivalent amount of crat
ions, There seems no reason to believe that the Br’ is
adsorbed by anion exchange with the adsorbent since this would

be expected to occur even at the lowest concentrations. However,
it is possible that some of the soluble salt (say NaBr) produced
by ion exchange is adsofbed by the second layer. The surface
film might then be represented as

Na: Na+
Br_ B‘f- Br'_' Br-
Br Br Br 3Br

@O

- smmm  smms e ‘ S G em—— =S

[It should be emphasised here that this sort of diagram
is intended primarily for explanatory.purpéses, not for
exactly representing the surface film, which will be much
more ¢chaotic than the ordered structure shown. This
diagram does, however, contain the essential features
of the adsorbed film].

While it is probable that salts are adsorbed to some extent

by micelles in solution, it has not really been established to
vhat éitent. It is likely, however, that the amount of adsorp-
tion is comparitively slight (this is supported by some measure=
ments on the activity coefficient of Br/ in (CTAB +.KBr)

solutions presented in part II)




€8

Furthermore the surface of the adsorbed film is likely
to differ considerably from the surface of the micelles in
solution in regard to its curvature, This adsorption may,
however, explaian a very slight discrepancy betwaen the cra’t
and Br’ isotherms at concentrations above that required to
produce saturation of the adsorbed film. Figs. 6, 10 and 11
sﬁow that the CTAf adsorption tends to decrease slightly at
higher concentrations while the Br”adsorption does nbt, showing
that Br’ is being adsorbed in excess of that adsorbed in company
with the cTA*,

In general, however, the fact that it is possible to
calculate (pages 43,48,49 ) the amount of crA* adsorbed by’
measurement of the Br’ adsorbed and in solution is strong
evidence in favour of the identification of the Br’ adsorbed
wi£h the cTa™ amphifathically adsorbed and the Br’ in solution
with the CTA' chemisorbed. '

| TheseACTA+ adsorption values may be used in at least two
‘ waya fo give some information about the adsorption layer.
(1) If each CTAY ion is taken to occupy an area of 35;?,
the active surface area may be calculated from the product of
this number, the amount of cTa* chemisorbed and Avogadro's

number, The results se obtained are summarised in table II,

together with those obtained independently by N, adsorption.
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TABIE II
Powder tActive' surface Surfacg area by % Surface
area m/g X, ads. m?/g. covered
Alumina 12,2 69.6 18
740, 4.4 7.6 58
Silica 702 8.0 90

The porous nature of the alumina may contribute to the small

fraction of the surface apparently available for crat adsorption,

the GTA+ ion being unable to penetrate the finer pores,

(2) If a double layer of cTa’ ions were formed on a smooth

sufface it might be anticipated that the amount of amphipathically

adsorbed CTAY (a.p) would be equal to the amount of chemisorbed

cTa’ (ag) when saturation is reached.

In the actual experi-

mental cése, however, this is far from being the case. The
results are summarised in table III for convenience.
TABIE IIX
Powder | 2p ac
at sa.:gratigp at saturation °y
mol./gm. x 1 mol./gme x 10°
Alunina 10,2 5.8 1.8
T40, 2.7 2.1 1.3
Siliga 4.9 3¢4 1.4
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The ratio aB/ac is greater than unity in allithree cases and

this may be due to the adsorbed film tending to have one or all
of the following three structures.

(a) Since only part of the surface contains active sites for

adsorption, small 'surface; micelles, rather than one enormous

micelle covering the surface, na& be expected to be formed.

This may be represented as

Q\TTI I

® 8¢
77777777 7777777777/
This will contribute to an increase in the ratio ‘g/hc .

(b) The convex nature of the surfaces of all powders will tend

to produce a double layer like this

i

. leading to an increase in the ratio ég/@c .
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(¢) Certain irregularities will give rise to such an arréngement

as

3£'@; B¢ Br_

il

p/a.c .

Such is the complexity of the surface of a solid that this

can be considered only as a crude outline of the nature of the
adsorbed 1a&er. There afe many other complications about which
little is known, which will influence this picture e.g. surface
active éites may be expected to form on more exposed parts of the
surface while the deformation of spherical, cylindrical ox
lamellar miceilas, due to aftachment to the surface, will affect
the stability of the micelles,
Although it may be said that this ratio ajfap is related

to the nature of the surface and to the number and distribution
of active sites thereon, more precise suggestions are necessarily
tentative owing to the lack of data available. Thus while it is
quite likely that fhe high ag/hc ratio for aiumina is related to
the %ow surface area actually covered by the adsorbate [due to (a)]

there is also the possibility that the porous nature of the alumina,

involving a rather rough surface, enables micelles of the type (b)




to predominate. However, the crude picture outlined above
does, at any rate, indicate the preponderance of the structures

(a) and (b) for all the adsorbents studied.

72
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The Effect of Organic Salts on the adsorption of CTA' on

Aluming and on the Sedimentation Volume of TiQ, in CTAB Solutions,

.The principal facts which seem to have been established are

(1) sodium salicylate has a unique effect, among additives studied
in always increasing the amount of crat adsorbed on alumina,
all the other salts having the opposite effect,

(2) In the presence of sufficient salicylate, the adsorbed layer
contains CTAY and salicylate in epproximately equimolecular
anounts.

(3) Sodium salicyldte and sodium p-chlorobenzoate both tend to
produce considerable increases in the sedimentation volume
of T40, in certain CTA* solutions while sodium p-hydroxy-

benzoate has only a slight effect.
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The Effect of Sodium Salicylate on the CTAB Adsorption layer.

The principal sedimentation results with T10, were obtained
using two concentrations of CTAB i.e. .0027M and .0054M, and
independent adsorption measurements show that.all of thiﬁ CTAB
is adsorbed. In the first case about .0022 m/l. cTA* is chemi-

sorbed and .005 m/i is physically adsorbed while in the second,
0037 n/1 cTA* is chemisorbed while .00L7 m/1 is physically
adsorbed. At both these concentrations the sedimentation volume
has fallen below its highest value due, preaumably, to the effect
of the amphipathically adsorbed cra®. |

Adsorption measurements (in fig. 16 ) on alumina with CTAB -
sqdium salicylate mixtures at ,0081M, total CTAB concentration
(wvhen the surface layer is not saturated with CTA+) have shown
that practically all the salicylate is adsorbed i.e. until
equimolecularity has been reached. It is therefore likely that
in the Ti0, systems, all the initially added salicylate is
adsorbed, |

The rise in the sedimentation volume in both .0027M and
+0054M CTAB solutionshon addition of salicylate is most probabdly
due to the removal of all the amphipathically adsorbed CTA* in the
first case (since the sedimentation volume rises to the highest
recorded value) and in the second case, to the removal of part

of the amphipathically adsorbed crat. This cTA® presumably
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interacts with the salicylate in such.g way that it either
becomes oriented in the 'reverse! sense or else occupies a very
much smaller portion of the surface layer. The TiQ, particles
will then tend to coalesce to o greater extent and a loose,
porous, structure with a high sedimentation volume, will form.
There is, howeyer, no indication that the salicylate which is
initially added, interacts only with an amount of dTA+ equivalent
to that physically adsorbed in the absence of salicylate, since
the sedimentation volume only reaches & maximum when the crat
and salicylate are present in equal amounts and the adsorption
results also show the significance of equimolecularity.

Although these results only indicate a very closé association
between the CTAY and the salicylate, the type of micelle visual-
ised by Good and Walker77 and shown in the introduction accords
quite well with steric considerations of the adsorbed layer.

The increase in the sedimentation volume may be roughly represent-

ed by

salicylate

T -LLLON-

TITTITITT 777 7777777777777 7777777777777 777777
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Some of the salicylate may be chemisorbed by anion sites
thus enabling the CTA+-salicylate complex to cover a larger part
of the surface. It is.also likely that this complex can cover
parts of the surface where neither ion is actually chemisorbed
i.e. the salicylate will 'bind! cTat ions together to form a large
aggregate on the surface in the same way as it 'binds* them
‘together in solution.

The adsorption results generally tend to substantiate the
views outlined above. When the sufface is not saturated with
CTA+, all the salicylate is adsorbed until equimolecularity
is reached although there does seem to be a tendency for the
adsorption of salicylate to continue beyond this. This is
probably due to the 'mass action' adsorption by ion exchange on
surface of the second lsyer of theAGTA+-aalicy1ate complex.

When the surface is not saturated with CTAY, there is, at
first, competition for the salicylate between the cTA* adsorbed
and that in solution. The salicylate appears to be distributed
between the adsorption layer and the solution in a somewhat
similar way to that in wﬁich a substance is distributed between
two phases i.e. the structure of the aggregates in the adsorbed
layer and in solution appear to be rather similar, The adsorption
layer could be regarded as consisting of polymeric aggregates

attached to the surface at various points but these aggregates
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cannot extend into the solution to any great degree as the
amount of CTA* adsorbed is remarkably constant during large
variations in salicylate concentration.

The remarkable increase in crat adsorption in.the presence
of salicylate may be attributed to the ability of the crat -
salicylate aggregate to cover most of the surface or to
adsorption of salicylate or to a further layer or part of a
layer formed on top of the bimolecular layer. If the first
of these reasons is correct i.e, if the adsorption ldyer

completely covers the Tﬂ);%;b;?% Tj
LOARL

it shonld be possible to obtain the surface area from these
adsorptionlmeasurementg. Taking the area per OTA+ ion as 353f
and as 243z for the salicyleto”, the surface area should be

3. 2,16 x 10™. 6.02 x 10 (35 x 10™®° + 24 z 10~ °)a/ ¢

or 38.5 mz/gc
The value obtained by N, adsorption was 69.6 mz/g. Such

is thé porous nature of the surface of alumina that this result
suggests the possibility of using the adsorption of CTAB - sodium
salicylate from aqueous solutions onto powders in order to obtain,

et any rate, a rough estimate of the surface area.
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The Effect of Sodium p-hydroxy and p-amino benzoates on the

CTAB Adsorption Layer.

The considerable reduction in the amount of CTA* adsorbed on
alumina on addition of sodium p-hydrcxy or p-amino benzoates
(and to a lesser extent sodium o-aminobenzoate) is very interest-
ing but rather difficult to account for since only one concentra-

tion of CTAY has been used.

It is possible that these salts increase the stability and
number of the micelles in solution at the expense of those
adsorbed on the surface but the amount of CTAY displaced from the
surface is so great as to discredit this.

A more likely explanation is that the salts somehow separate
fhe ionic groups of the adsorbed CTA+ ions, Since the surface
micelles are fixed in size, there will be a reduction in the
amount of CTA+ adsorbed simply dﬁe to the space occupied by the
salt in the micelle., Actual penetration of such an ion as
p-hydroxybenzoate into a cTA* micelle in & way 'similar to that sug-
gested for the salicylate, has, however, two drawbacks. First,
the energy required to remove the polar hydroxy group from the
water will reduce the stability and therefore the amount of the
resulting micelle. Second, there is no particular reason to
suspect any other #ype of force which might allow the p-hydroxy-
benzoate to penetrate into the micelle since the viscosity of

CTAB - sodium p-hydroxybenzoate solutions is the same as water,
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The Effect of sodium benzoate and sodium‘gfnifro and p-chloro

benzoates on the CTA+ Adsorption Layer.

These salts appear to have effects intermediate between those
of sodium salicylate on the one hand and sodium p-hydroxy and
p-amino benzoates on the other, The adsorption layer in the
presence of all three additives is thus likely to be a fusion of
the different types of adsorption layers formed between salicylate
and CTA" and between CTA* and Pp-hydroxy or p-amino benzoates.

The p-chloro and p-nitro benzoates seem to behave more like

| salicylate at first in that they increase the adsorption of OTA+,
but the aggregating tendency of the surface micelles breaks down
at higher concentrations of the sdditive.

The sedimentation effect with p-chlorobenzoate confirms
that this salt has g similar, but not such a powerful, influence
as salicylate on the cra’t adéorption layer. It may be that
although the CTA'-p-chlorobenzoate aggregate has a highly
extensive structure in solution (as shown by the viscosity.
effects), this structure tend to break down when the aggregate is
confine& to two dimensions. It could therefore be that the
cause of the visco-elasticity in p-chlorobenzoate - cTa* solutions
is different from that in salicylate - cTa”® soiutions even though

their mechanical behaviour is rather similar.



PART II.

The Approximate activity coefficient of Br” in

aqueous CTAB and CTAB-salt solutions.
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INTRODUCT ION

Although thermodynamics does not permit the evaluation of
individual ionic activities, it is, nevertheless, convenient to
use 'hypothetical! ionic activities, with the understanding.that
it is only ionic activity products or ratios which have any
physical significance. In this work the activity of the bromine
ion (referred to as ap,’ ) has been obtained (for KBr solutions)
from the mean activity of KBr in aqueous solutions»by the
assumption that ag,s = ag,

The measurement of the activities of ions in soap solutions
has always involved‘a liquid junction potential whose value is
doubtful but is assumed to be eliminated by means of a suitable
salt bridge. It is for this reason that the term 'approximate
activity coefficient! is used here. Thére hafe, nonetheless, been
a number of investigations whose value chiefly resides in estab-
lishing changes in activity coefficients rather thaen in accurately
measuring their values.,

Lottermoser and Piischelii1 measured the silver ion activity
coefficients of silver salts of some alkyl sulphuric acids and
found an‘abruﬁt fall at the same concentration at which the
conductivity also fell, The silver ion activity reached s
minimum in approximately the same region as the conductivity.

100
McBain and Williams determined hydrogen ion activities in
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aqueous solutions of cetyl sulphonic acid at 90°Q. The
activity remained high even above the concentraéion regarded

as the CMC. McBain and Betzzoa, in similar work, found that
the hydrogen ion activity in’solutions of other paraffin chain
_shlphonic acids, fell along with the conductivity, but an abrupt
change was not observed. .

Carr, Johnson and Kélthoff’zo2 have measured cation acti?itieé,
in solutions of sodium caprate, laurate, cleate and rosinate and
potessium laurate and myristate, by means of collodion membrane
electrodes. A suitable collodion electrode'behaves towards
cations in much the same way as the glass electrode behaves
towards hydrogen ions, but it is not specific for one ion and
can thus only be used to determine activities when only one
simple salt is present. Their results aré éhown in fig.27.

The activity coefficient begins to decrease at a concentration
which coincides with the CMC. and, at higher concéntrations, it
appears to approach a limiting value. The CMC of some of the
longer chain salts is too low to be detected by this method.

The activity of the sodium ion in sodium laurate solutions is
practiecally the same as the activity of the botassium ion in pot.

laurate solutions of the same concentration. 1In discussing this

103
work laeter, Kolthoff and Johnson point out that “the small
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activity ocoefficients of the sodium ions in solutions of
nicellised. sodium salts of detergents,are not caused by the
formation of 'undissociated! salt, but by the facts that the
negative charges in the micelle are.very close together and
that these charges are in fixed positions". Kolthoff and
Johnsoni08 used the cell;

AglAg laurate(s) K laurate, KNO,” KC1 (saturated),ngclleg
to méasure the anion activity in solutions of potassium laurate
et 30°C. Their results sre also shown in fig.27. The CMC is
cleariy shown as an abrupt break in the emf-concentration curve
and it decreases with increasing amounts of potassium nitrate,
The activity of the laurate ion becomes practically constant
once the CMC has been reached, showing that laurate which is
unmicellised below the CMC does not micellise above the CMC.

It was believed that the liquid junction potential'did not

obscure the conclusions which were drawn from the results.



Experimental.

==EZmosossSsEs

Preparation of the Electrodes.

(1) Thermal Ag-AgBr electrodes.

Silver oxide was prepared by adding the necessary amount
of caustic soda to silver nitrate solution and washing the
resulting precipitate thoroughly. Silver bromate was preparod
in a similar way from potassium bromate and silver nitreate.

A mixture of 90% silver oxide and 10% silver broﬁate was then
made in a paste with water and coated onto a platinum wire.
spiral which had been sealed into low melting pyrex glass.

The paéte was decomposed in a furnace at 600°C for 10 minutes,
When ﬁot in use fhs electrodes were kept in ;OIMKBr. This is
the method of Keston}o‘.

(2) Electrolytic Ag-AgBr electrodes.

Platinum gauze 0.5 cm. x 1.0 cm was welded to platinum wire
and then sealed into soda glass tubing. After these platinum
bases had been cleaned by heating to brightness in a flame and
then immersing them'in boiling concentrated nitric acid, they
were electroplated with silver at a current of 4mA per electrode
for 24 hr. The silver plating bath was made up by dissolving
10 gm. recrystallised potassium silver cyanide in a litre of
distilled water and adding enough dilute silver nitrate solution
to produce a faint cloud of gilver cyanide. When this had

settled, the bath was ready for use,
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After electroplating,the electrodes were washed for
10 days in frequent changes of distilled water to remove
adsorbed contaminatidns. Finally‘they were bromidised

— 108
electrolytically in NHBr at 4mA per electrode for one hour.

Apparatus.
Two calomel half cells, prepared by qtandard methods, .

were used. Their potentials differed by 0.1 mv. The Ag-AgBr
electrode was connected to the calomel half-cell by means of a
saturated solution of KCl as shown in fig.28. The Ag-AgBr
electrode and the calomel half cell were both immersed in a
water thermostat at (25 + .1)°C while the salt bridge was kept
outside. The emf of the cell ﬁaa obtained by means of a
Tinsley Potentiometer standardised from a Weston Cell., A
Cambridge ‘spot' galvanometer was found to be sufficiently

sensitive.
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Results.

The Thermal Ag-AgBr Electrodes.

Some difficulty was encountered in preparing electrodes
€iving the same emf in KBr solutions.. However eventually three
electrodes were prepared which gave values agreeing to + 0.2mv
in 01, ,02 and .04M KBr. The average values were ,0487, .0658
and ,08l7v respectively for the emf of the cell,

The electrodes were then put into different CTAB solutions
and the emf readings taken (equilibrium taking about 6 hr.).
After washing in distilled water, the three electrodes were
placed in .02M KBr. The emf's were .0706, .0714 and +0739v
after equilibrium. Clearly the electrodes had been affected
by the treatment.with CTAB. They'were washed in acetone but
the emf readings remained at .0706; +0714 and .0739v on returning
the electrodes to .02M KBr. It was suspected therefore that
the CTA+ had been chemisorbed by the electrodes &nd, since a
dilute solution of alcoholic potash was known to remove cra’t _
chemisorbed on glaés, the electrodes were treated with.such a
solution for about ten minutes followed by washing in distilled
water for half an hour. On replacement in .02M KBr, the emf
was 0663 + .2mv which, although 0.5mv higher than for fresh

electrodes, nevertheless showed that most of the adsorbed crat

had been removed.
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An example of the behaviour of two of these electrodes on

identical treatment is shown below,

1} alcoholiec .0662}tashed <0596 } washed .0416

_— —_— —_—
electrode ,( ~ tash 0664 ( with water .0544(withwater.0366
in .02M in .027H in .OL35M
CTAB CTAB
KBr .

The drop in the emf on changing from .0270M CTAB to .0l35M
CTAB is approximately the same for both electrodes i.e. +0179v
although the absolute values of the emf's are very different.
Thus, while these electrodes give different emf's in the same
CTAB solutions, they appear to respond to changes in the
concentration of CTAB in approximately the same way i.e. they
might ie used to measure changes in Br activity in CTAB solutions,
but not to measure the gbsolufe value of the Br activity.

The unreliability of the thermal electrode in CTAB solutions
is further shown by occasional random fluctuations in potential
(as much as 0.5mv) over a period of some hours. This type of
electrode is thus>considered not suitable for work in CTAB

solutions.



87

The Electrolytic Ag-AgBr Electrode.

This type of electrode was found to be easier to reproduce
than the thermal electrode. Furthermore CTAB has no permanent
effect on the electrode i.e. it appears tc be perfectly reversible
in all concentrations of CTAB.

The average emf's of four electrodes at various concentra-

tions of KBr are shown in Table IV. The mean activity
coefficients of KBI"O6 are used to calculate the activity of the
Br’ at each concentration. Since the solutions are dilute and
great accuracy is not required, the molarity and the molality

have been assumed equel,

TABIE IV.

enf (e) Molarity 8Br’ aBr’ -log &Br'
Volts + of KBr '

0.1 mv
«0657 o02 .87 0174 1.760
<0492 .01 90 0090 2,045
.0325 +005 .93 .00464 2.334
.0100 .002 95 00190 2,721

-.0069 .001 .97 . 00097 3.015

The emf is plotted against the -log aBr'in fig.29. The

equation of this straight line is
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e = 00168 + 005784 log 8Br oo.ooooo».ooaooooo(l)
Since the cell is

;g'HgBClz, KCl(s)I Kcl(s)"mar(m), AgBr Ig

_ RT
e = ecalomel - e‘.Lg + 'n'f in aBr

then
or at 25°C e = (ecgiomel - e'Ag) + +05914 log &py

The potential of the calomel half cell is+.2422, while
that of the standard Ag-AgBr electrode is +.0713.1°7

Thus 6 = 0o171 + .05914 log !Br 000000000000000000(2)

The difference in the emf's calculated from equations (1)
and (2) is about 1 mv for a .02M KBr solution. This discrepancy
is due, perhaps, to the existence of a liquid junction potential
which mey be approximately calculated for the boundary between

KBr and saturated KCl from the equation.

(a1)
RT 1
Es = =2 t
' ai)z 21 (1ns1)

wvhere Ej is the junction potential
ti is the transport number of the ith ion.

Z;i is the valency of the ith ion

aj 1s the activity of the ith ion

and the numerical subscripts refer to the solutions.

This gives By = - %—T- {(tK = t31) In 8zoy + (tg - tgp) 1n aKBr}

for this boundary.
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Insertion of appropriate numerical values in this equation
gives |
Ej = -(.0005 4 0002 102 8Fp ) cvescscessensscncsses(3)
It therefore seems that the constant term in equation (1)
is somewhat lower by about 2 mv than anticipated on the basis of
equation (3). This may be due to some defect in the standard

potential of the Ag-AgBr electrode and the calomel,
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The CMC of Dodecyl Trimethyl Ammonium Bromide (DTAB) and of

CIAB in .O002MKBr

The emf's of the cell for various concentrations of DTAB
are plotted sgainst -~log Cgpy in fige30. The change in slope
of the line at a concentration of .0145M indicates a sharp
alteration in the rate at which the activity coefficient is chang-
ing with respect to the concentration. This presumably is the
CMC of DTAB and it agrees with the value of ,014M found by
Tartarm8 and by Corrin and Ha.rk:lns’lo9 The emf of the cell may
be plotted against =log apy’ s for concentrations below the CMC
if it is essumed that the activity coefficient of the Br’' is
the same in DTAB as in KBr. The straight line so obtained
exactly obeys equation (1) indicating that this assumption is
correct. |

While it was not possible to measure the CMC of CTAB
alone, because of the high resistance of the cell, the eddition
of .002i KBr to each CTAB concentration gave a measurable-
potential and in fig;31 the emf is plotted against - log Cpy-
Although the reedings are somewhat more scattered than for DTAB
because of the smaller emf differences between comparable
concentrations, it is clear fhat there is, again, an alteration

in the slope of the line at a concéntration of 4.3 x 1of‘n.
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This appears to be a reasonsble wvalue for the CMC since in a

somewhat similar system (sodium chloride in cetyl pyridinium
41

chloride) Hartley = obtains about 5.5 x 10~ M as the CMC

determined by the solubilisation of azobenzene,
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The Approximate Activity Coefficient of Br’ in DTAB and CTAB

Solutions.

The emf's of the cell at various concentrations of DTAB and
CTAB were meesured and the activity coefficient qf the Br’ was
determined by means of the calibration graph (£ig.29). TFig. 32
shows these activity coefficients plotted against the concentra-
tion of the Br’ and also, for comparison, the activity coeffici-
ents for KBr solutions.

The activity coefficient of the Br’ in DTAB appears to be
dropping more rapidly than the corresponding activity coefficient
in KBr before the CMC is reached. This gives some support to
the view that the CMC is better fegarded as & narrow range of

concentration than as one distinct concentration.
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The Effect of Some Organic Salts on the Activity Coefficient of

Br’ in GTAB.

In.pursuance of the main object of this work, the effect
of various salts - of the type which give viscosity effects
with CTAB - on the activity coefficient of Br’ in CTAB was
investigated by measuring the emf of the cell with appropriate
concentrations of the additive in a fixed amount of CTAB (.0135M).
By use of the calibration graph (fig.29), the activity coefficient
of the Br’ may be obtained and this is plotted, in fig.33, against
the concentration of the salt. There are three main features in
this graph.
(1) Every salt increases the activity coefficient of the Br”,
This is due to the Br’ ion, held to the crat micelle by electro-
static attraction,'being replaced to some extent by the negative
salt ion., This is in marked contrast to the decrease in the
activity coefficient of Br’ in & normal electrolyte, e.g. KBr,
on addition of a similar salt (see fig.36 later).
(2) There is a fairly abrupt change in the slope of the graphs
on addition of sufficient additive. This is shown rather more
clearly by fig.34 in which the activity coefficient is plotted
against the logarithm of the salt concentration. The concentra-
tion.of the salt at which the 'break' occurs lies near the

concentration of the GTA+ itself, = Furthermore the abruptness

of the change increases in the order NaNO;, Na p-hydroxybenzoate,
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Na o-nitrobenzoate, Na Bynitrobenioate, Na benzoate, Na p-chloro-
benzoate, Na salicylate. There is also some indication that
thelconcentration of additive at the 'break' decreased in the
same order, although not every salt obeys this i.e. NaNQs or

Na p-chlorobenzoate and, in any case, the effect is rather small.,
(3) Just prior to the 'break' in the curves, the tendency of
equimolecular amounts of the salts to increase the activity
coefficient of the Br’ decreases in the order given above i.e,
the salts increase the activity of the Br’ in the same order as
they increase the viscosity of the solution. There is, however,
no quantitative relation between these effects as figs. 26 and
35, in which viaco#ities at 25°C in No,2 and No.l Ostwald
viscometers respectively are piotted against concentrations, show.
It is also worth noting that differences in the activity
coefficient can be detected long before the solutions show

viscosity effects.
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Effect of Na salicylate, Na‘grnitrobenzoate and NaNQ; on the

Activity Coefficient of Br’ in KBr.

Fig. 36 shows the effect qf additions of Na salicylate,
Na p-nitrobenzoate and NaNO; on the activity coefficient of
Br’ in .008M KBr. The decrease in the activity coefficient of
the Br’ in these solutions contrasts with the increase in the
activity coefficient of Br’ in CTAB solutions on sddition of the

same salts (fig.33).
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The Effect of KBr on .0135M CTAB Solution.

The emf's corresponding to & number of solutions containing
different amounts of KBr in a constant amount of CTAB (,0135M), °
are plotted against - log Cpp’(where Cpp¢ is the total concentra-
tion of Br’ present) in fig.37.

If the CTAB behaved as a simple electrolyte a straight
line would be anticipated. The slight curve which is actually
obtaiﬁed indicates that the rate at which the activity coefficient
of Br’ decreases (with respect to concentration) in(CTAB + KBr)
solutions is greater than the rate at which the activity
coefficient of Br’ decreases in KBr solutions as the concentration
of KBr is increased i.,e, the CTAB micelle adsorbs a certain

(though small) amount of KBr in (CTAB + KBr) solutions.
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Discussion

The Validity of the Results.

The thermal Ag-AgBr electrode appears to adsordb crat and
the adsorption affects the reversibility of the electrode.
While the electrolytic Ag-AgBr electrode does not adsord cra’t
irreversibly, it is possible, although not particularly likely,
that it might adsorb the CTA' reversibly i.e. amphipathically.
While the activity coefficient of the Br’ in CTAB (in the
presence of .002M KBr) has been measured below the CMC of the
- CTAB, the results are rather unreliable owing to the small
value of this CMC. It has, however, been established that
DTAB behaves exactly as does KBr below its CMC and since the
adsorption work of Corrin, Harkins gﬁ_géga shows that a surface
active agent adsorbs amphipathically below its CMC, it seems
that, if the DTAB is ampﬁipathically adsorbed on the electrode,
the adsorption does not affect the electrode potential. We can
thus be fairly certain that the electrode is responding only to
changes in the bulk of the solution.and not to changes, if any,
in the surface layer of the electrode.

The more serious criticism of there being a liquid junction
potential, large enough to affect the results, cannot strictly
be refuted by the experimental results obtained. Where, however,

comparison is possible with other work, as, for instance, the

H
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activity coefficient of Br' in CTAB solutions compared with

102
the activity coefficient of sodium in sodium oleate s there is
general agreement in the way the coefficient varies with

concentration etc.
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The Activity Coefficient of Br' in CTAB-salt Solutions,

The effect of certain subst%tuted benzoate salts on the
activity coefficient of Br' in CTAB solutions is, as has been
pointed out on page 94 , related to the effect of the same salts
§n the viscosity of CTAB solutions. It is therefore appropriate
to inquire whether the first effect (referred to,for convenience,
as the tactivity effect!) throws any light on the second effect
(the tviscosity effect'!) or vice-versa.

The abrupt change in the rate at which the activity coeffic-
ient of ﬁhe Br' ion is altering with respect to concentration of
salt (fig. 34) in a region near to the concentration of the crat
itself, is a clear indication of a close aésociation between the
negative benzoate-type ion and the positive cTA*. The more
abrupt the change and the closer it lies to the concentration of
the CTAf, then the closer should be the association between the
cTa* and the benzoate-type ion. While this could indicate either
incorporation of the benzoate-type ion into the palisade layer of
the micelle or strong external attachment to the cTA* on the
surfece of the micelle, it is the former view which will be
adopted subsequently (particularly for salicylate and p-chloro-

77
benzoate) as both viscosity work and adsorption work



(Part I) have already indicated.it. It is not suggested that
P~-hydroxybenzoate for example, which gives no viscosity effect,

is incorporated into the micelle. It does, however, seem from
fig.34 that the p-bydroxybenzoate ion is more strongly attached
to the surface of the micelle than the nitrate ion.

Cnce this "solubilisation''of the salicylate or p-chloro-
benzoate is accepted, the explanation of the activity effect is as
follows. Exemining first the system .0135M CTAB with additions
of sodium salicylate, it can be seen from fig. 33 that at a
concentration of salicylate of .002M (perhaps even less) the
effect of this. additive in 1ncregsing the activity coefficient
is distinctly greater than that of the others e.ge. nitrate or
Pp-hydroxybenzoate. This indicates that the salicylate ion is
already more powerfully solubilised than the other additives,
presumably because of the peculiar interaction which it seems to
be necessary to assume operates in the CTA+-aalicylate micellev7.
Now since the 'break' in fig. 34 for salicylate occurs at about
«0130M i.e. close to the concentration of crat present, it may be
assumed that below this concentration, virtually all the sali-
cylate is sclubilised into the micelle., .Thns at the concentration
of«002M where where is only salicylate ion to about seven cra’t
ions, the interaction which seems to be responsible for the

formation of enormous CTAY- salicylate sggregates, is already
operating. The importance of this is that it seems to indicate
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that this interaction is, at least partly, between the CTA+ and
the salicylate. This tends to discredit any theory fhich
suggests that the stability of the crat- salicylaté micelle

is due to hydrogen bonds between salicylate ions.

Once the amount of salicylate has reached approximately the
concentration of CTA+, the activity coefficient of the Br' ia
about 0.82. ' Since the activity coefficient of the Br’ in ,0135M
RaBr is about 0.89, it would seem that the crat - salicylate
complex behaves somewhat like a weakly dissociated salt. As the
-concentration of the salicylate is further increased to .045M, the
activity coefficient of the Br' drops from 0.82 to only 0,81,
while for & similar addition of sodium salicylate to NaBr it would
be expeéted to drop from 0,89 to 0.83. This phenomenon'will be
discusséd at greater length in the case ofigrchlorobenzoate in
CTAB which will be discussed next, |

. Sodiumngrchlorobenzoate behaves somewhat similarly to
sodium salicylate at concentrations up to about .OlOM. Thers-
after the most significant difference is that the activity
coefficient of the Br' reaches a rather higher'vélue, 0.86 at a
concentration of 0.033 M. Now the activity coefficieant of Br]
in ,0135M NaBr plus .0l95M sodium p-chlorobenzoate i.e. (.033~
.0135) should be about 0,85 which means that & negative amount of

Br' is attached to the CTA' - p-chlorobenzoate micelle - an

impossibility.



The high activity coefficients of Br’ in these CTAB -

sodium p-chlorobenzoate solutions (and to a lesser extent CTAB -

sodium salicylate solutions) may be explained by two effects.
First there must be a considerable amount of p-chlorobenzoate
ion attached to the surface of the cTA* - p-chlorobenzoate

micelle, represented diagrammatically thus,

bededubel
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and second, the GTA+ - p~chlorobenzoate micelle may tend to

behave as a neutral colloid thus,
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The first of these possibilities might be expected to
occur éince it appears that these benzoate-type ions are more

strongly attached to the surface of cTa* micelles than are the

e
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ions of a simple électrolyte e.g. NaBr (see pagel00). If an
'ideal' micelle were formed, such as that shown, the free
p-chlorobenzoate would ﬁa, for the concentration considered here,
only .006M (i.e. o033 = 2 x .0135)., The activity coefficient
of Br' in .0135M NaBr plus .0O06M sodium p-chlorobenzoate would be
about 0,89, so that a certain amount of Br' would be attached to
the surface of the CTA- p-chlorobenzoate micelle, a condition
which would be expected in such a system as is considered here.

The second posaibility has been introduced here because it
gives rise to & possible explanation of the cross-linkages which
it would seem ta be necessary to assume exist in such a visco-
-elastic solution as that formed betieen CTAB and sodium p-chloro-
benzoate. = The model shown above i3 clearly capable of extension'
in three dimensions, The first type of micelle wduld not be
expected to give r;ae to v;sco-elastic solutions since the
diffuse layer of ions on its surface would prevent any cohesion
between separate aggregates.

Some supports for this second type of micelle are
(1) There is some reason for believing that the CTA* - p-chloro-
benzoate system is more elastic than the crat - salicylate systen.
Thus the time of flow of these p-chlorobenzoate - CTAB solutions
through a viscometer is very much greater than the time of flow
for comparable salicylate ~ CTAB solutions (fié.26). Although

the rheological properties of these visco-elastic. solutions are



104

extremely complex, it is not at all improbable that the time of
flow through a viscometer is closely connected with the length
of the polymer chains and the amount of cross«linking in these
solutioné, particularly at low rates of shear. Furthermore,
the p-chlorobenzoate - CTAB solutions give an impression of being
more elastic than salicylate - CTAB solutions. Thus, after
being gently disturbed, a p-chlorobenzoate-CTAB solution,. in
& half full 100 c.c. graduated:flask, will oscillate some 15
times while & comparable salicylate - CTAB solution will only
oscillate two or three times.

(2) The activity of the Br' in CTAT - p-chlorobenzoate solutions
reeches its maximum value in the region of the maximum in the
time of.flow through the viscometer. This is also true for
salicylate = CTAB solutions in the sense that ; maximum time of
flow seems to occur at the actual concentration of the CTA™
itself i.e. .0135M while this is also the concentration of
salicylate just necessary to raise the activity coefficient of
the Br' to its maximum value. Tbe maximum in the activity
coefficient might thus be ascribed to almost neutral colloid
being at its least ionised.

(3) Unless a certain amount of neutral colloid is postulated,
thére will be large areas of positive and negative changes,
Bacroscopically neutral, but microscopically centres for the

attraction of the excess salts in these visco-elastic solutions.
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It is not easy to see why these localised charges should not
attract considerable amounts of Br' leading to lower activity
coefficients than are actually observed.

It is probable that an equilibrium exists between these
two types of micelles (andpossibly others) in visco-elastic
solutions of the type studied here.

The other additives lie between the p-chlorobenzoate
and.the salicylate on the one hand, ard thenitrate on the other, in
their activity effects as indeed they do iﬁ their viscosity
effects. Their behaviour may be described by attributing two
characteristi&s to them namely, strong attachment to the micelle
| surface and incorporation into the palisade layer of the micelle.
Such salts as benzoate, p-nitrobenzoate and g:nitrobenéoate'
may be expected tostow both these characteristics, the o-nitro-
_benzoate being incorporated into the micelle to & lesser extent
than the other two. The g-hydroxybenzoate may be exﬁected to

only show strongvattachment to the micelle surface.




PART III.

Some Visco-~Elastic Properties of CTAB -~ Sodium Salicylate

and CTAB - _E-Chlorobenzoate Solutions,



4 U0O

INTRODUCTION

The classical treatment of visco-elasticity dates from
the time of Maxwell who described a simple type of visco-elastic

behaviour by means of the equation

-d-—s-- ng'-g--.s_
dt dat tr

where S is & component of stress, n is the coefficient of
elasticity, o is a component of strein and ty is the relaxation
time of the systen. A mechanical model which obeys this equation

is a spring and dashpot coupled in series thus

—/3syo o vaas o V/ /i

spring viscous element

the elastic constant of the spring is n while the viscosity of
the viscous element is ntr. The behaviour of the visco-elastic
material is thus divided up into a viscous and an elastic elenment,
Most visco-elastic materials do not obey this equation and in
order to obtain equations which do describe their mechanical
properties it is necessary to use generalised models consisting
of numerous spring and dashpot systems coupled in series or
‘parallel. The properties of the generalised Maxwell modei, in
which the systems are arranged in parallel, are described by

the equation
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80r) L ney) - S2 . 8D

dt dt tr

o0
S = g S(tp)dty
Q

where s(tr) are partial stresses associated with the relaxation
time ty and n(ty)dt, is the contribution to the modulus of the
Maxwell elements wﬁose relaxation times lie between ty and

(ty + dtyp).

By use of arbitrary values of n(tp), the distribution of
relaxation times, it has been possible to describe certain types
of visco~elastic behavioursio’lii. Other models have been used
to describe systems which show complex phenomena such as creep.
The great disadvantage, however, in.usiﬁg these models to describe
visco-elastic systems has been clearly summed up by Scott-Biair}iz
- "it dbes not follow that because a gomplex material shows a
simple exponential behaviour, such as would be predicted from a
model of a few springs and viscous elements, that such a model
in any waj represents its structure". ,

Attempts have been made by Lodge, Tobolsky and oth.er%uu“’118
to extend the kinetic theory of rubberlike elasticity"io the more
complicated problem of visco-elasticity. A true rubber is
believed to contain flexible linear polymer chains linked together
by chemical cross-bonds. While the crosslinkages must be
sufficient to unite the polymer chains into a gigantic network,

they must not be so extensive that there are not a sufficient
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number of flexible chains between the cross-links. Tobolsky
then considers the visco-elastic liquid to consist of a network
structure in which the cross-linkages are continually breaking
and reforming.

Pilpel76 has shown that the mechanical properties of a visco=-
elastic soap solution (potassium éleate,oleyl alcohol, potassium
carbonate, water) are similar to those of polymethyl methacrylate
dissolved in toluene and to aluminium laurate in petrol. He
believes that the mechanical properties of such solutions may
eventually be explained in terms of the molecular or micellar
networks which they are generally believed to consist of and has
sﬁoﬁnﬁ‘s that when individusl sbap molecules aggregate 1into
long threadlike micelles, there is & decrease in the free energy
of the system.

‘ Other work on the visco-elastic properties of soap solutions-
by Hatschek and Jane?i, Andrade and Lewisvz, ngtley?s, Bungenberg
de .)’ong%“'"s and Winso:u:'sls has been noted in the general introduc-

tion.

The actual measurement of the elastic properties of wvisco-
elastic materials generally involves the application of some
kind of sinusoidal stress. Thus Freundlich and Seifrizii7

suspended & small nickel particle in the material being examined

and deflected it by means of an electromagnet, Bingham and
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Ro‘bertson‘18 applied oscillatiné forces to the end of a capillary
tube in which the liquid was contained and'Ferry;ls set up
vibratiops in a gel by means of a vibrating glass plate.

A type of Couette viscometer is also used to measure elastie
properties, the outer cylinder being caused to oscillate while
the deflection of the inner one is recorded. Toms and
Strawbridgexzo have used such an instrument to investigate the
visco-~elastic properties of polymethyl methacrylate in warious
organic solvents e.g., pyridine. The visco-elastic effect is
divided into an elastic and a viscous effect. Two relaxation
times are used, the first a stress relaxation time, the second a
rate of strain relaxation time. An attempt is made to relate
the relaxation times to solutions whose properties are attributed

to the ever-changing 'entanglement - cohesions' of long chain

molecules.



Exgerimental.

Visco-elastic Solutions in a Freely Oscillating Cylinder.

Apparatus (Fig.38)

A glsss vessel, consisting of two cylinders of different
diameters sealed at one end, contained the liguid to be investi-
gated. This vessel had been taken from a Dewar flask and its
annular gap mede as uniform as possible by heating its sealed
end until the glass was pliable. The glass vessel was contained
in a brass basket which had been suspended by means of three
vertical threads from a fixed support. The support wvould be
momentarily twisted in order to set the apparatus oscillating.

A series of seven brass weights, of the same weight but different
shapes, could be screwed into the bottom of the brass basket

to alter the period of its oscillation. The oscillation of a
small steel ball, fixed at the end of a rod projecting from the
bottom of the brass basket, was recorded by means of a camera

with photographic paper rotating on a drum at constant speed.

Procedure

The glass vessel, filled to a mark with the liquid under
ezamihation, was placed in the brass basket. On twisting the
support, oscillation began and the constant speed drum of the
camera was started as soon after this as possible. The shutter

of the camera was then opened for a measured period of time
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depending on how long the oscillations were taking to dampen

to a small value. This procedure was repeated with the'other
weights. The camera was then taken into a dark room and the
photographic roll of paper was removed, developed, fixed, washed

and finally hung up to dry.

Results.

A typical trace is shown in fig.38. Since the time to
obtain this trace had been measured and the total number of
oscillations could be read off from it, the period of the
oscillation could be found. Furthermore, it was found, for
this type of trace, that the logarithm of the amplitude of the
oscillation at a time %, after the beginning of the observation,
was proportional to t. It was thus possible to obtain two
constants, i.e. the gradient of the logarithm of the amplitude
plotted against i, and the reciprocal of the period, for each
weight.

In fig.39 these constants are plotted against one another,
for different weights, for three Newtonian liquids of different
viscosities - acetone-chloroform, water and aniline in order of
increasing viscosity. Three apparently straight lines are
obtained which, on extrapolation, intersect at the same point
on the period axis. This suggests that there is a certain
weight for which there is no damping when an ordinary Newtonian

liquid is used. It was believed that if this weight could be



(,-23S) Qoi¥3g 20 VI0BdII3Y

i1 0-l 60 20 LO 3.0 S0 -0
Y T T T v =7
\\\\ -
—_— 7
-7 _ -7 s
—_— - -7 d
o —~ -7 d
-~ - 7
.\ e\ - \\
—_— e
O\ s g w
\ d [ W
s/ m
rd
Z
O -
P
n
leo. @
(o) N
\ 2
o NP
\ . {10

o WHOJOEOIHD -3NOL3OY — @ —

\ PILIYM — O -

O INITINY — O —

50

6 913



112

found, a visco-elastic liquid might give a damping effect where
‘the Newtonian liquid would not and that this damping might be
related to the elasticity of the wisco-elastic liquid.
Consequently two more weights were designed to give longer periods
and fig.40 shows the results for aniline obtained by use of these
woights as well as the others‘already in use. The 'straight!
line now appears as a curve which may well approach the origin
tangentially. This is, perhabs,'more in line with theory, since
the damping observed in practice is due to the decay of strain
under finite stress in the viscous (Newtonian)liquid (or, in
another way, to the inability of the viscous liquid to store
potential energy under stress). The damping theiefore will only
disappear when the stress 1is #ero i.e. when the cylinder is
oscillating infinitely slowly. It is thus probgﬁle that the
tcertain' weight mentioned above is a very thin disc of infinite
diameter.

Also shown in fig.40 are other curves for various mixtures
of glycerine and water - all more viscous than aniline - and a
curve for'.OOéZSM sodium salicylate in .,0135M CTAB - a visco-elastic
solution. It is apparent that the damping effect goes through
a maximum as the viscosity i1s increased. Measurements of the
viscosity of the visco~elastic solution in an Ostwald viscometer

showed that it lay between the viscosities of 60% and T0%
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glycerine-water mixtures, just as its damping effect lies
between those for these two solutions,- owing to the very large
variation in the viscosity reading?, at 20°C, for this visco=-
elastic solutign due to its inhomogeneity (aee page 52 ), any more
quantitativé statement is unreliable., The damping curve for
the visco~elastic solution is similar in shape to the other
curves except for & slight difference at lower periods. There
is thus no real indication of elasticity in this type of
experiment and it became apparent that the period of oscillation
was far too high to allow the elastic effects to come into playe.
Rather than attempt difficult and cumbersome modifications to the
exlsting apparatus, it was decided to achieve higher frequencies

by subjecting the visco-elastic liquid to a forced oscillation.



Visco~elastic Solutions Under Fo;ced Oscillations.

Apparatus (Fig.41)

A gless vessel, similar to that used previously (fig.38)
save that it was 4 in. high, was fixed centrally onto a wooden
disc by means of four steel springs. In ordervto observe the
motion of the ligquid in the annular gap, & small metal ball
was suspénded, from a hook at the top of the vessel, ﬁy means of
a very fine thread, This ball was made by dipping fine platinum
wire into molten solder and catching a very small piece of the
solder on the tip of the wire. A gentle heating produced a
small bright sphere of metal of diameter 0.6 mm.  The platinum
wire was cut off close to the ball leaving'just enough wire to tie
on the fine thread.

The wooden disc was oscillated by the friction drive of the
piston of & reciprocating device which could be so altered as to
give a range of six amplitudes. The reciprocating device was,
in turn, driven by two Hoiyroyd reduction gears, used separately,
a Kopﬁ gear capable of a continuously variable, ninefold, change
in speed and a constant speed induction motor.

The glass vessel and supports were contained in an air
thermostat at (25 + .2)°C. The motion of the metal ball was

observed through a travelling microscope.
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Procedure.

Thevsolutions to be studied were kept in a water thermostat
at 25° until ready for use. Many of these visco-elastic
solutions had been previously heated to 60°C to ensure as much
homogeneity as possible. When the approPriate solution had been
poured into the annular gap, the metal ball was lowered, ox
pushed into position depending on the visco-elasticity of the
liquid. In many cases, the thread was not fully stretched, but
this had no influence on the results, provided that the thread
was prevented from clinging to the vertical glass walls.

The motor was then started ahd the Kopp gear adjusted to give
a suitable oécillation. The amplitude of the ball was measured
by obsexrving it at the extremities of its oscillation by means
of the travelling microscope. The frequency of the oscillation
was obtained by counting the number of revolutions of the wheel
of the reciprocating device in & measured time. The frequency
of the oscillation was then increased and the amplitude and period
of the bead measured. The results are then obtained for each .
solution as a graph of the ratio, 4;, of the amplitude of the
beadt!s oscillation to the amplitude of oscillation of the
annular vessel, plotted égainst the frequency of the oscillation,
The amplitude of oscillation of the annular vessel was the
émallest the apparatus was capable of, its value being 0.28

radians.
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Results.

Sodium Salicylate ~CTAB Solutions

All soap solutions studied in this work coantained ,0135M
CTAB. The results obtained with solutions containing different
‘amounts of salicylate are shown in figs.42, 43 and 44, it being
necessary to separate these graphs due to the similarity of
some of them., Fig.42 also shows the behaviour of two Newtonian
liquids i.e. +0135M CTAB which has the same viscogity as water
and & glycerine-water mixture some fifteen times more viscous
than water. There is a steady decrease in the amplitude of the
bead as the frequency of the oscillation is increased but this
decrease is less és the viscosity of the liquid increases. A
Newtonian liquid of very high viscosity would be expected to
give an almost horizontal straight line.

The .,0135M CTAB, .0075¥ salicylate solution appears to
behave in the same way as the glycerine-water mixture even
aithoﬁgh it possesses elastic properties easily detected by the
telastic recoilt of bubbles. Indeed this recoll effect can be
detected iﬁ‘aolution# as dilute as .0135M CTAB, .0040 M salicylate,
It thus seems that these visco-elastic solutions behave like
viscous Newfonian liquids in this apparatus until a certain degree

of elasticity has been attained although it is possible that a
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more sensitive instrument could detect differences in behaviour
before this, Once the elasticity becomes really . established,
pronounced maxima are obtained which are analogous to those obser-
ved when a model consisting of springs and dashpots, e.g.
Maxwell's model,is subjected to a forced oscillation.

The two most significant features of these results are
(1) After a concentration of about »0125M salicylate has been
reached,_there is very little difference between the curves over
a considerabie change of salicylate concentration, This possibly
indicates that the structure of the solution alters vexry little
compared to the changes which occur before this concentration has
been reached.
(i1) The asymmetric nature of the peaks of the curves for the
more concentrated solutions. A likely explanation of this was

found during the study of-ggchlorobenzoate - CTAB solutions.
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Sodium p-Chlorobenzoate ~ CTAEB Solutions.

The results obtained with various concentrations of
p-chlorobenzoate in .0135M CTAB are shown in figs. 45, 46 and 47.

These results are very similar to those found for salicylate-
CTAB solutions save that the p-chlorobenzoate - CTAB solutions
show maximum structural effects at concentratiomswhich are
noticéably higher than for salicylatei- CTAB solutions - & result
also shown, at any rate qualitatively, by viscosity measurements
(£ig.26). |

The p-chlorobenzoate solutions, however, show a peculiar
phenomenon which only appears to be shown in very slight degree
by salicylate - CTAB solutions. As the frequency of the
oscillation is increased there comes a point at which a slight
incxease in the frequency produces a very large increase in the
amplitude of oscillation of the bead. This increase does not,
however, entirely occur immediately the frequency of the
oscillation is increased and, in fact, the amplitude of oscilla-

tion of the bead only reaches a constant value again, in many

cases, one or two minutes.after this increase in frequency is
>made. It may be that this effect is due to an alteration in the
structure of the liquid as the frequency of the oscillation
is changed. It is likely that the asymmetric shape of the

peaks of all the curves for the more concentrated solutions, is

connected with this phenomenon and, indeed, a comparison of
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curves obtained for p-chlorobenzoate - CTAB solutions with those
obtained for salicylate - CTAB solutions shows that the shapes
of the former are more asymmetric than those of the latter.

The gradual breakdown, when the stress is removed, of the
structure formed when the applied frequency gives a maximum
amplitude of oscillation of the liquid, can easily be demonstrated
by suddenly reducing the frequency from this walue to a very low
valus. The liquid continues to oscillate with a considerable
amplitude but gradually this amplitude dies away until a steady
value is'reached. This is not an ordinary damping effect since
it is not observed with CTA+ - salicylate solutions.

When one of these visco-elastic solutions is poured from the
glass vessel immediately after an oscillating experiment, it
appears, to the eye, to behave in a different way from & solution
poured from the same vessel but without any mechanical treatment.
It is not easy to define just what the difference is dut, logsely
speaking, the solution which has been subjected to the oscillatory
treatment appears tougher and ﬁore elastic i;e. work_hardened.
Yet the oscillatory experiments give no clear evidenéé of hyster-
esis in the mechanical behaviour of these solutions, there being
little difference between curves obtained by increasing the
frequency of the oscillation and those obtained by reducihg it

from a high value.
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The Effect of Phenol on CTAB - Sodium Salicylate Solutions.

It had been observed by Walker77 that small quantities of
phenol appeared to destroy the elasticity of CTAB - salicylate
solutione without greatly affecting the time taken fof these
soluticns to flow through an Ostwald viscometer. To investigate
whether the present type of experiment could clarify this
observation, a number of solutions containing the same amounts
of CTAB (.0135M) and phenol (.005M) but with different amounts
of salicylate, were prepared. These salicylate concentrations
were ,0125M, ,0156M, .0188M, and .025M.

It certainly appeared, by merely handling all these
solutions, that the elasticity was greatly reduced, but when
ezﬁmined in the osc¢illating annular vessel, the curves obtained
for the first two solutions (.0125M, .0156M) were practically
the same as for similar solutions without eny phenol. There was
a slight difference with the ,0188M solution and this is shown

in fig.48. With the .025M solution, a greater effect was observed.

. This is shown in fig.49 together with curves for solutions

containing .0135M CTAB and .025M salicyiate and various other.
concentrations of phenol. There‘is no doubt that the elasticity
of the solutions is destroyed eventually, but the amount of phenol
required to do this cannot be described as small. Furthermore

the time of flow through the Ostwald viscometer is gfeatly
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reduced in a way, roughly comparable, to that in which the

maximum amplitude of oscillation of the liquid is reduced.
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Discussion

While the interpretation of the results might be rendered
more precise by applying to them a treatment which divides the
visco-elastic effect into a viscous and an elastic effect (see
for example Toms and Strawbridgeiza), it so happens that useful
information can be obtained without using a procedure, the velid-
ity of which has not yet been definitely established.

The principal reason for this is that, with salicylate and
p-chlorobenzoate solutions, there is very little difference
between the curves once a certain concentration of the salt
has been reached. This is clearly shown in fig.50 in which the
ratio of the meximum amplitude of oscillation of each solution
to the amplitude of oscillation of the glass vessel i.e.4) max,
is plotied against the molarity of the salt for both CTA+ -
salicylate and cTat - p-chlorobenzoate solutions. If the value
of ¢>max. is taken as an approximate measure of the dimension of
the elastic structure, then the structure éf the salicylate =~
CTAB solutionsvbﬁild up to a8 maximum at a concentration approxi-
métély equivalent to that of the cTAt present, while the structure
of p-chlorobenzoate « Cf&B solutions reaches & maximum when the
.g-chlorobenzqate is present in amount slightly greater to that
of the CTA¥*. This is very similer to what is indicated by
viscosit& measufements but there is a difference. For, whereas

the viscosity experiments indicated that the structure of the
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aggregate in solution attained a maximum extension and then,

on éubsequent addition of more salicylate (say), disintegrated
considerably, these oscillatory experiments indicate that,

whilé a sfrﬁcture is built up by addition of salicylate to CTAB,
this structure remains stable on the addition of more saiicylate.
This difference between viscosity and oscillatory experiments
may be accounted for if the structure of the solution is
dependent on the-shearing force to which it is, and has been
subjected. More direct evidence, by visual observation, that
a structure is built up by suitable mechanical treatment has
already been descridbed on pagelis.

This mechanical property (i.e. change of structure on
mechanical treatment) is very similar to the effeets shown by
ammonium olee.te?1 and to the negative thixotropic behaviour
described by Hartley7a, although it should be mentioned that at
least the latter behaviour was concerned with solutions whose
elastic properties would probably only give small maxima, if any
at all, in a typical exﬁeriment of the type used here. The
behaviour of‘diluté salicylate - CTAB solutions (e.g. +004M -.,008M
salicylate in .O0l35M CTAB) is similar to that described by
Hartley, so that this negative thixotropic behaviour appears to
be shown over the whole range of elastic behaviour.

p-chlorobenzoate = CTAB solutions also seem to show positive

thixotropic behaviour, The ability of some such solutions to
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oscillate for ten-fifteen seconds has already been mentioned
on page104. If such & solution is given a violent rotation,
the elastic recoil all but disappears but if the solution is
then left standing for a few minufes, the elastic oscillations
cauéed by mild rotary disturbance, can be shown again.

| These visco~elastic solutions thus appear to show either
positive or negative thixotropic behaviour depending on the
shearing force to which they are, or have been, subjected to.
It is possible that many other properties of these solutions
change when the solutions are, or have been, mechanically treated.

While high concentratiohs of phenol undoubtably destroy the

elasticity of salicylate - CTAB aolutiogs, it is difficult to say
just what happens at low concentrations. Certainly the frequency
at 'hichémax. occurs increases as the phenol c‘oncentration
increases, but there is no particular reason to he;ieve that this
means that the elasticity is decreaseds in fact, if anything, the
opposite view is suggested. It will be seen again that observ#-
tions made on these solutions undef different mechanical conditions,

differ.
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The principal result emerging from the present work has
been the demonstration of the stability of the salicylate - CTA+
micelle. Every measurement which has been made on viscosity,
adsorption, sedimentation volume, activity coefficient and elas-
ticity has shown that, as salicylate is added to CTAB, a
structure gradually builds up whose stability is optimal.when
the salicylate and cTAt are present in roughly equimolecular
amounts.  Viscosity measurements suggest that, on further addit-
ions of salicylate, this structure gradually breaks down, while
adsorption, activity coefficient and elaéticity measurements
suggest that it does not. Reconciliation of this contradiction
may be afforded by the following considerations,

Salicylate = cTAt micelles are believed by us to consist
essentially of long threadlike'micellealwhoae sufface contains
positive and negative charges arranged.alternatéiy (see diagram
on page 28). The enormous length of these micelles would appear
to arise from @oﬁe factor which gives the micellar structure
considerable stability in at least one dimension. In the case
of the salicylate - CTA+1ﬁicelle as with other benzoate ion
derivative577 this factor is apparently some peculiar property
of the benzene ringe.

The long threadlike character of the micelles does not,

however, by itself explain why these salicylate - crat solutions
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show elastic recoil effects since, although the precise
explanation of visco-elasticity is not known, it is generally
agreed that elastic effects require some cohesion between long
molecular chains. In salicylate = crat gsolutions, the peculiar
positive-negative surface may well be responsible for this
cohesion, for, while the micelles of cationic or anionic soaps

t charge
are repelled from one another by the g=g==2;===ﬂh==h=t=s!huid on

their surfaces, micelles which have a positive-negative array of
surface charges will tend to interact with one another in a mﬁnner
suggested by the diagram below, and this interaction will persist
though less strongly even if the surface of the long micelles is
hydrated.
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If this large three-dimensional structure is regarded as
being'composed of units of long threadlike micelles, then it

would have, with respect to these units, a low entropy which
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would not favour the formation of the structure to an unlimited
extent. Therefore it might be supposed on these grounds that
only at a very few parts of the surface of the long micelles,
does ionic interaction occur to produce the structurs. VWe have
here what we consider to be the condition necessary for the
production of elastic recoil effects i.e. long, threadlike
micelles loosely attached at only a few points on their surfaces.
The weakness of the large three-dimensional aggregate in the
plane of the charged ions, due to both low entropy and to
possible hydration of the surfaces of the individual units which
make up the aggregate, would explain the occurrence of wviscous
or flow properties in these solutions. Strong interaction, on
the other hand, in the plane of the charged ions would result

in gelling of the system. ‘

The visco-elastic properiiee of these salicylate - crat
solutions are thus to be consideréd the result of the operation
of two factors, first the interaction between the cTA* and the
salicylate which causes long threédlike micelles to form,
and second, the less powerful interaction between these micelles
which causes the formation of a three-dimensional structure.
Now the second of these interactions is likely to be more
sensitive to the presence of éxcess salts than is the first
interaction since the ionic or charged éxterior of the micelle

is involved. Furthermore, destruction of, or interference with
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this second interaction will chiefly affect properties dependent
on the large average size of the three-dimensional aggregate,
such as mechanical behaviour as shown for example in viscosity.

Properties depending on the existence of threadlike micelles,
may be expected to be differently affected by changing ﬁhysical
conditions, Thus different physical measurements on these
solutions may require different interpretations depending on
whether the experiments are chiefly concerned with the threadlike
micelles or with those formed by aggregation of the threadlike
micelles.

We are now in a position to return tg the question of why
adsorption, activity coefficient and elasticity measurements
should suggest thdt the CTAﬁLsalicylate aggregate is unaffected
by excess salicylats while viscosity measurements suggest that
the aggregate breaks down in the presence of excess salicylate.
If the above discussion is correct, one set of measurements is
concerned with the three~dimensional structure, the other with
the threadlike unit out of which the larger structure is built.

Tﬁe viscosity measurements, involving as they do a bulk
property of the solution, will be principally concerned with the
large three-dimensional aggregates, As has been pointed out,
the three-dimensional aggregate is likely to be sensitive to the

presence of excess salts, and this accords with the observation
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that the viscosity of the crat - salicylate solution falls in
presence of excess salicylate. The adsorption measurements on
the other hand will be concerned with the threadlike micelles
rather than the three-dimensional ones since an adsorbed film

is generally of two dimensional character. The threadlike
micelles would appear therefore to be unaffectéd by excess salicy-
late.

Thus, in conclusion, we believe that the interaction between
cTat and salicylate in aqueous solutions leads to the formétion
of both long threadlike micelles and a larger three-dimensional
aggregate composed of units of these.

The long, threadlike micelle is stable in the presence of
excess salicylate while the three-~dimensional micelle breaks down.

The behaviour of p-chlorobenzoate - cTA* solutions has
proved to be more difficult to interpret. In adsorption it has
been seen that the, influence of p-chlorobenzoate is much the same
as that of salts such as anitrobenZOate or benzoate, while in
viscosity, activity coefficient and elasticity, its influence
rather resembles that of salicylate. However, if the view that
there exists micelles of different structures (two and three-
dimensional) in salicylate - crat gsolutions, is correct, then the
difference in behaviour between p-chlorobenzoate - cTA* solutions

and salicylate -cTA* solutions must be due to the presence of



micelles in the former solutions of somewhat different structure
from those in the laiter. That the salicylate = cra* system is
in some ways different from the p-chlorobenzoate - cra* systen
may be connected with the undoubted existence of hydrogen bonding
in the salicylate ion. But beyond this wvague suggestion

nothing further can be said at present.

NP



The Dqterminatioh of the Surface Areas of Powders by

the Adsorption of Nitrogen at -183%°C.



Procedure

This method for the determination of the surface areas of
the powders used in the adsorption expgriments (Part I) has been
developed from the work of Brunauer, Emmett and Tellereo and
was chosen here chiefly because of its reliability. The
procedure used was essentially that of Emmettu:1

‘White spot' nitrogen, which contains .0015% oxygen, was
used as the adsorbate, liquid oxygen and liquid nitrogen as the
cold baths and spectographically pure Helium as a means of
calibration. The powders were those which were mentioned in
Part I. A diagram of the apparatus is shown in fig.51.

The powder, whose surface area was to be determined, was
weighed into the adsorption bulb which was then sealed onto
the apparatus. The adsorption bulb was evacuated at 110°C until
the pressure above the powder was 10'6 mm Hg.  Next, tha'
appropriate cold bath was placed in position with the stppcogk
to the evacuated adsorbent closed and the 'dead space! in the
adsorption bulb determined by allowing Helium to enter the gas
burette, After measuring the volume and pressure bf this
Helium, the stopcock was opened énd the system allowed to
equilibrate. Then the stopcock was closed and the volume and

pressure of the Helium left in the bureite measured., Finally

-6
the whole system was evacuated to 10 mm Hg and the stopcock
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to the adsorbent again closed.

The procedure for the adsorption of the nitrogen gas is
exactly similar except that the system takes slightly longer to
equilibrate. To measure the adsorption at various pressures,
nitrogen is either added to the burette system or else the lejel
of the mercury in the burette is raised. Desorption experiments
always showed that there was no hysteresis at the preséures studied.
All gas volumes were converted to S.T.P.

The volume of gas adsorbed at S.T.P. Vg = V¢ - V(1 + a) -Vg
where Yt is the total volume of nitrogen admitted to the systenm

Vy is the volume of'nitrogen required to fill the 'dead
space! to the pressure p of the experiment.

« is the correction factor to account for gas imperfection
at the bath temperature.
and Vg is the volume of nitrogen left in the burette at the
time of the measurement.

At the temperature of liquid oxygen, - 183°C, o is 2.87%

for nitrogen at 760 mm. and varies linearly with pressure.



Results.

el

The results cbtained using tanatase E' powder as adsorbent

are shown below in soms detail while the final results obtained

with other powders are shown at the end.

In spite of decreased

adsorption, liquid oxygen was preferred to liquid nitrogen since

it maintained a constant temperature over longer periods.

Weight of 'anatase E' used = 12,0130 g.

'Dead space! determination.

Initial volume of Helium (S.T.P.) = 22,7 CeCe
Volume after opening stopcock to adsorbent (S.T.P.) = 14.4 c.c.
Pressure of Helium at equilibrium = 13,1 cm.
s Volume of Helium at S.T.P. to fill dead space
13,1 cm, Hge. = 8,3 C.cCo
end volume of Helium at S.T.P. to fill 'dead space!
to 76 cm. Hg. = 482 c.c.
Nitrogen adsorption
.TABIE V.
Vol.at STP[Vol.at SIR [Equil.press| (a+l)| Vy B}loﬂ x10% L
initially |finally p cm. Hg. Po V{po-p) | (c.c.)
CeCe CeCo
3445 9ed 8.6 1.00 | 5.4| 30.8 | 1.61 19.7
9.4 364 15.9 1.01 [10.2] 56.8 2.88 21.0
38.6 30.0 27.2 ‘t1.01 |17.6| 97.8 4.88 22,2
30,0 21,6 37.8 1.01 [24.2{136 6454 24.0
21.6 16,2 44.8 1.02 [29.0]161 T.81 24.6
16.2 10.9 51.7 1.02 |33.5]185 8.98 25.4
46.7 36.6 64.3 1.02 |41.6]231 11.0 27.4
36.6 27.5 76.1 1.03% »49.7 273 13,3 28.4




- g

In the above Table V, p, the liquefaction pressure of nitrogen at
~-183°C was calculated from the equation.m2
| log. p = AT +B +CT + DT
where A = -316.824, B = 4.47582, C = =,0071701 and D = 2,94 110-5
p being in atmospheres and T in °®K.

A
The B.E.T. equation is

¥, is plotted against % ~ in fig.52 for all the adsorbents used.
(o]

VA(PO' r) Ve Ymep,

i} e-(E1 - E_ )R

where c

’ En being the average heat of

adsorption of the nth layer.

R/;A(Po.' p) is plotted against P/bo in f1g.53 for all the adsorbents
used.

From this graph Vp, the volume of gas required to form a monolaier,

is 20,9 c¢.c. a2t S.,T.Ps for thé tanatase BY.

Taking the area occupied by one nitrogen molecule as 16,2;?, the surface
area of the fanatase E! powder is

23 -
4 .
2,24 x 10 x 12.0130

2
or T.6 m/g.

This lies within the range of values specified by British

Titan Products and was thus considered to demonstrate the reliability

of the apparatus.
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The results are summed up below

TABIE VI.
Powder Surface Area m°/g.
Anatase E T.6
Silica 8.0
Alunina 69.6
'Purified' alumina T6e4

Duplicate determinations with

within 0.5%.

the alumina powder agreed

+20
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