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SUMMARY
Some of the problems arising from the inherent instability of
emulsions are discussed. Aspects of emulsion stability are described
and particular attention is given to the influence of the chemical
nature of the dispersed phase on adsorbed film structure and stability.
Fmulsion stability has been measured by a photomicrographic tech-

nigue, Electrophoresis, interfacial tension and

data were also obtained. Emulsions were prepared using a range of oils,
including aliphatic and aromatic hydrocarbons, dispersed in a solution
of sodium dodecyl sulphate, In some cases a small amount of allkane or
allanol was incorporated into the oil phase.

In general the findings agree with the classical view that the
stability of oil-in-water emulsions is favoured by a closely packed
interfacial film and appreciable electric charge on the droplets. The
inclusion of non-ionic @lcohel leads to enhanced stability, presumably
owing to the formation of a "mixed" interfacial film which is more
closely packed and probably more coherent than that of the anionic
surfactant alone,

In some instances differences in stability cannot be accounted for
simply hy differences in interfacial adsorption oxr droplet charge.
Alternative explanations are discussed and it is postulated that the
coarsening of emulsions may occur not only by coalescence but also
throush the mizraticn of oil from small droplets to larger ones by
molecular diffusicn.

The viability of using the coalescence rates of droplets at a plane
interface as a guide to emulsion stability has been rescarched. The
construction of a suitable apparatus and the development of a standard
testing proccdure are described, Coalescence~time distributions may be
correlated by equations similar to those presented by other workers, or

: . T 1 1 ] 3 ili
by an analysis basecd upon the log-normal function, Stability parameters



for a range of oils are discussed in terms of differences in film

drainage and the nature of the interfacial film. Despite some broad
correlations there is generally poor agreement between droplet and
emulsion stabilities. It is concluded that hydrodynamic factors

largely determine droplet stability in the systems studied., Conscguently
droplet rest-time measurements do not provide a sensible indication of

emulsion stability. ’
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INTRODUCTION




1.1  EAMULSTONS IN PHARMACY

The most concise and most frequently cited definition of the

emulsion system is that of Becher (1a):

“An emulsion is a heterogeneous system, consisting of at least
one immiscible liquid intimately dispersed in another in the form
of droplets whose diameters, in general, exceed 0.lpm. Such
systems possess minimal stability, which may be accentuated by
such additives as surface active agents, finely divided solids

ete,®

1,1.1 Tmulsions as drug delivery systems

Fmulsions have heen in use as pharmaceutical and cosmetic prep-
arations and vehicles for a considerable period of time, In fact their
history has been traced back at least as far as the second century, to
the Greek physician Galen whose records contain statements on the
emulsifying power of beeswax and the formulation of the first topical
cold cream (1b,2,3), However, the title of "emulsion" (or rather
”cmulction”) was not ascribed to liquid-liquid dispersions until the
carly seventeentl century (&),

The emulsion is undoubtedly one of our most versatile formulation
techniques, In addition, as a drug delivery gystem, emulsions possess
a number of potential advantages over other formulations, These have
led to a resurgence of interest in emulsions which has resulted in a
number of important developments in recent years,

For many years water-insoluble liguids have been rendered more
palatable for oral administration by emulsification within an aqueous
medium, Studies on the effect of oral dosage forms on the bioavail-
ability of an oil soluﬁle drug (indoxole) in man has shown that higher

blood levels can be obtained from an oil-in-water (o/w) emulsion



formulation than from an aqueous éuspension or a capsule (5,6)c KA
comparable effect was observed many years ago for orally administered
sulphonamides (7). Tigher and more sustained hlood levels, and
consequently an enhanced therapeutic effect, was observed when these
drugs were formulated into an o/w emulgion rather than an aqueous
suspension, Observations have been recorded recently for the absorption
of the sparingly soluble drug griseofulvin (8). The very slow dis-
solution rate of this drug gives rise to erratic and incomplete
absorption, When administered to rats the plasma concentrations
increased in the order aqueous sugpension <oil suspension.<:o/w

emulsion containing the suspended drug, The mechanism by which
absorption of such an essentially 0oil=~insoluble drug is enhanced remains
in some doubt. BEven more remarkable is the intestinal absorption of
heparin (in rats) from the aqueous phase of an emulsion of a digestible
0il in water , since this acidic macromolecular substance is not absorbed
from aqueous solution (9,10). Absorption was believed to depend upon
some unknown association with the oil.

A multiple emulsion is one in which a primary water phase 1is
dispersed in oil and then the resulting water—in-oil (w/o) emulsion 1is
itself dispersed in an agueous medium to produce a w/o/w multiple
emulsion (lc). Engel et al (11) have reported that such a system, with
the drug dissolved in the internal agucous phase,will facilitate the
casiro-intestinal absorption of insulin, another water soluble substance
which is not normally absorbed.

The use of o/w emulsions for intravenous nutrition is now common
practice (12). Jeppsson and others (13,1&) have shown how such an
emulsion may be used to deliver lipid soluble drugs (eg, barbituric
acids) directly into the blood, The principal advantage of this

preparation was reported to be the more effective penetration of cell



membranes by such drugs rather than the more conventional water soluble
salts, It was also suggested that oil droplets might serve as a mobile
depot, possibly acting as a bridge for the unchayged drug between the
circulatory system and the blood brain barrier, One important poss-
ibility is that drugs may be protected from hydrolytic degradation or
protein binding (llf)0 These worlcers have extended the technique of
delivering oil soluble drugs to other sites (eg. intramuscularly and
subcutanecusly) (15) and to the new possibility of intravascular
administration of lipophilic vasoactive drugs (16)9

By dispersing abdrug in the aqueous phase of an 0il continuous
(w o) emulsion, the formulator can achieve a gradual release of drug
over a prolonged period (sustained release), The oil medium retards
the diffusion of the aqueous phase from the site of action to the
surrounding fluids. Vaccines, in particular, have been administered
in this form (17,18,19a). A less viscous, and therefore more casily
injected, sustained release preparation has been obtained by incorpor-
ation of the antigen into the primary aqueous phase of a multiple
w/o/w emulsion (20). 1In this form toxic rcactions are fewer because
less oil is injected., The use of a number of drugs in the form of a
multiple emulsion has been developed, Cancer chemotherapeutic agents
(methotrcxate sodium, cytosine arabinosate;, vinblastine) in this
formulation were found to be more effective and less toxic than up to
five daily injections of aqueous solution at the same dose level (21,
02),

The majority of emulsion formulations in use are dermatological
and cosmetic lotions and creams. The possibility of using such
preparations as vehicles for the administration of drugs through the
skin (percutaneous absorption) is of increasing interest, According

to Beckett ct al (23) this route will become increasingly important in



drug therapy, particularly when the release characteristics of the
drug are understood, Significant absorption of a number of ephedrine
compounds was achieved simply by applying the drug (as the free base)
beneath an oceclusive patch,

1.1.2 Other uscs of ecmulsions

Fmulsions are receiving an increasing degree of attention because
of their potential use as model systems for rescarch, and as analogues
for the biological cell or membrane,

For example, Stossel et al (Qh) have chown how an emulsion of
ligquid paraffin, stabilized with bovine serum albumin, can be used as
a substrate to measure the rate of phagocytosis by leucocytes, The
rate was shown te depend upon the nature of the droplet surface or its
electriec charge., Turthermore, it was suggested that improvements 1in
the technique would provide additional information on the mechanism
of phagocytosis.

Tt seems likely that further refinements in the study of diffusion
from emulsion droplets will provide invaluable information regarding
the transport of drugs through membranes (25,26) and the rate of
release of drugs from emulsions (27).

0f incrcasing interest is the enulsification of fluorocarbon oils
into which oxygen is highly soluble (28), for use as a blood substitute.
This possibility has been enhanced by the discovery of certain fluoro=-
carbons which are eliminated sradually from the body rather than being
deposited in body tissues. Indecd, transfused blood substitutes of
this type have bLeen used to sustain mice for several days. The sub-
stitute was gradually replaced by regenerated erythrocytes and the
animals then survived to normal healthy lives (29,30). One advantage
of such a formulation for humans ;s that accident vietims could be

treated until their blood grouping was ascertained, ILven more




significant is the potential saving of real blood during lengthy
operations such as open heart surgery (30,31).

1.1.3 The problem of stability

Despite the advantages and versatility of the emulsion, and a
long history of use as a vehicle for the incorporation of drugs, the
formulation has ncver been a pharmaceutical favourite, TFurthermore,
something of a decline in the importance of emulsions as a drug dosage
form has been evident in recent years, This trend has been caused
largely by the restrictions imposed by stability problems, These
assume considerable importance since emmlsions are, by definition,
irherently unstable,

Emulsions manifest instability in a number of ways,therefore the
term "emulsion stabiiity" is somewhat ambiguous (Section 1.2.1,) and
problems arise in deciding an appropriate index of stability (Section
1.2.2.). Sherman (32,33) has pointed out that instability way exert
a profound effect on the consistency and performance of emulsions long
before visible changes occur, A number of properties may be chosen
as a measure of stability and not all of these will change at tue same
rate, DPerhaps this partly accounts for thevfact that emulsion theory
is insufficiently advanced to enable the a priori prediction of
stability (1d). Consequently the approach to emulsion formation is,
of necessity, largely empirical.

The principal problem to the formulator is one of maintaining
stability, which requires that the appcarance of the product is
retained an far as ig possible, but more importantly, that the
characteristics of the emulsion in use should be unchanging during
storage, Changes in the particle size and total surface area of
dispersed droplets are a particular cause of changes in emulsion

properties, Tor exaumple, droplet size increases liave been shown to



alter the intestinal adsorption rate of heparin (10) or cause rapid
releasec of antigen from influenza vaccine (18). Bollinger (3hab)
investigated the factors affecting removal of vaccines from the site
of injection. Ile showed not only that instability may increase toxic
effeets (34a) but that the emulsion stabilizer might diffuse from
tissues more rapidly than the dispersed phase, thus decreasing
stability (34b). Droplet size is of considerable importance in
emulsions for intravenous use hecause of the risk of obstructing the
blood vessels, Pmulsion droplets which are any larger than erythro-
cytes (ﬁ!lOPW) will not pass through the capillaries, and thus increase
the risk of embolism (31). A direct relationship has been reported
hetween the toxic effects causged by intravenous f{luorocarbon emulsion
and droplet siz (35). Similarly, emulsions cmployed for intravenous
feeding requive refrigerated storage conditions whilst the addition of
any supplenments (egg antibiotics, vitamins, drugs) involves the grave

risk of instability (14,36,37a),

The formulation of multiple emulsions has been largely an empirical

exercize. The sustained ¥yeleasSe of drugs has been achicved (21,022)
but the mechanism of drug relecase is by no means certain and there
remains the possihility that reclease is due to instability of the
formulation rather than transport through the different phases,

Changes in the size of dispersed droplets can also cause changes

in the rheological properties of cmulsions (38-40) which is particularly

important in lotions and creams whose perforuance and acceptability are

determined hy such propertics (32,33)0
Any alteration in the appcarance of a product is of somewhat less

fundanental importance than the change of emulsion propertics in use,

thougl both must be considered from the aspect of genceral acceptability

of the product., TInstability can affect the appearance of an emulsion

through any of the mechanisms considered below (Section 1,2.1),
i3 \



1.2 EMULSION STARILITY

1.,2,1 Definition

The clasical definition of a stable emulsion is that there should
be "no observable change with time" (41,42), Within this description
an emulsion may manifest “change" through a number of processes, each
proceeding independently by different mechanisms, but any of which may
be inter-related., The most recent reviews of emulsion stability have
been compiled by Becher (1bc), Florence & Rogers (37ab), Garrett (L1},
Vold & Groot (43), Lange (44}, and Kitchener & Mussellwhite (45).

Instability processes fall into two categories, those resulting
in reversible changes in the emulsion and those which give rise to
irreversible changes,

Creaming (or sedimentation) of dispersed droplets will occur
wnder gravitational forces in any fluid system in which the dispersed
and continuous phases are of differing densities., The factors which
affect creaming are sumnarized in the equation derived by Stokes (46)
for the sedimentation of a single rigid sphere, moving under gravity
in an infinite liquid medium, viz:

2
v =2z (p) = 2y)/90 s 1.1
1 2 2

where v is the sedimentation velocity, g is the acceleration due to
gravity, r is the particle radius, Py and p, are the densities of the
sphere and liquid respectively and r@zis the viscosity of the liquid.
Creaming will occur when p1<:p2q The applicability of Eguation 1.l
to the droplets in a liquid-liquid dispersion has been discussed by
Decher (1c), Garrett (h?) found that the creaming rate followed
the Stokes relation provided the emulsion was dilute, The form of
the equation is changed in the casc of councentrated emulsions though
the qualitative dependance of creaming rate on the variables ghould

be maintained (hﬂ), Thus, it can be concluded that stability with



respect to creaming is favoured by small droplet size, small density
difference (Ap) between the phases and by high viscosity of the
continuous medium, In fluid pharmaceutical emulsions the first of
these factors is of most advantage to the formulator, though creaming

should be readily reversible with moderate shaking.

The term aggregation is a general one which describes the sticking

together of droplets into three dimensional clusters within the bulk

emulsion,The ease with which aggregation can be reversed depends upon

o

the type and strength of interaction between the droplets, "Flocculation®

describes the same process, this term often being used to describe
association within the secondary minimum of the interaction energ
curve (Section 1.2.3.2).

Coalescence is the name given to the process of spontaneous and
irreversible joining of droplets, leading to a decrease in the number
of dispersed droplets and, ultimately,to separation of the dispersed
material, The dispersion of onc liquid as droplets within another
results in a greater interfacial arca between the phases and a
correspondingly greater interfacial free energy (Section 1.2.3.2).
Coalescence leads to a reduction in interfacial free area until there
is complete separation of the two phases. This is the condition of
minimam interfacial free area and {ree energy.

An irreversible change in droplet size can alsc result from a
process known as molecular diffusion (49). Small droplets in an
emulsion pessess @ higher vapour pressure than large droplets and as
a result small droplets arc thermodynamically unstable and tend to
“digtill” into the larger ones, Higuchi & Misra (49) have claimed
that this mechanism of droplet growth may be significant even at

fairly low solubilities of the dispersed material,



It should be noted that coalescence, leading to an irreversible
increase in particle diameter represents the fundamental and ultimate
instability process, and as such the phenomenon has received consid-
“erable attention, Irreversible changes within the emulsion are also
more significant with respect to the usefulness of an emulsion for
drug delivery (Section 1,1,3). Indeed, Tingﬁﬁad7(50) defines a
stable pharmaceutical emulsion for oral use as "one that can be
homogeneously redispersed to its original state with moderate shaling
and can be ecasily poured at any time during its shelf life"., IHowever,

all asnects of stability should be considered in any evaluation of
I Y

™

smulsions, since aggregation and creaming may affect the rate at which

= e

¢

irreversible changes occur (1;»1)o
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1.2,2 lMeasurement of stability

From the previous section it will be obvious that no single
parameter will express the relative stabilities of a range of
emulsions. A number of properties may be chosen that can be measured
as a function of time, and not all of these will change at the same
rate (41). The problem of choosing a suitable parameter for the
comparison of dissimilar systems has been discussed by a number of
aunthors (43%,50-52). King (53) decided that there was "no single
property of an emulsion other than the rate of coalescence or sep-
aration of internal phase that can be considered to constitute
stability", More recently Lachman (55) has stated that the degree
of stability may be measured by the "variation of the distribution
of sizes of the dispersed droplets with time".

The irreversible changes in droplet sizes can be measured or

deduced in a number of ways.

1.2.2.1 Phase scparation

The extent of separation of the dispersed phase can be used
as o useful measure of stability provided that the ejection of oil
is relatively fast and well defined (53,55,56). Zografi (57) has
pointed out that this technique may only be useful in detecting very
wistable systems during formulation. The results of Nowe (58) for
nineral oil emulsions stabilized by various concentrations of
godium dodecyl sulphate (SDDS) or polysorbate 80 were used to
illustrate this point. Groves (1#2) bas conceded that the technique,
although requiring no specialized equipment, is of limited use-
fulness in ranking the relative stabilities of any series of
emulsions, One disadvantage of applying phase separation as a

measure of stability is that free 0il is difficult to detect



initially, or accurately enough to follow the kinetics of coalescence
(42), Menczel et al (59) included an o0il soluble dye into the dispersed
phase and followed changes in optical density with a photoelectric
colorimeter, Phase separation was found to decrcase exponentially with
time., However stability may be significantly affected by the inclusion
of the dye. The most significant limitation of phase separation is that
marked changes must cccur within the emulsion before phase separation
becomes evident (32),

1.2.2.2 Droplet size analysis

The methods of measuring particle sizes in emulsion systems have
been amply reviewed by Groves & Preshwater (60) and Walstra et al (61).
The technigues of microscopy, fluorescence microscopy, photo-micregraphy,
Coulter counting and turbidimetry (60,01), electron microscopy, sed=
jmentometry, and surfactant adsorption (60), have all been examined
eritically, In general it is concluded that the accurate determination
of a complete range of sizes occurring in emulsions is extremely difficult,
This was found to he particularly true for small droplets (diameter<_1pm)e
Wide divergencies in the estimated numbers of these were obtained with
different methods of size measurcement,

Direct experimental measurements of droplet size are most frequently
expressed as the population within various size ranges, for which the
proper representation is a histogram or size frequency curve (le,62a),
Berkman (63) found that progressive changes in the size distribution of
an emulsion could be followed as a measure of stability, Ilowever,

Jellineck (6%) censidered it unlikely that emulsions prepared with different
materials, or by different methods, would conform to similar types of

gize distribution. This point has been illusirated recently by Elworthy

& Florence (GSab) who found that comparison between emulsions was difficult

cven when size distributions were of the same general form, Nevertheless,



size frequency distributions are of considerable value since the max-
imum amount of information is conveyed,

erdan (66) noted that many physical systems appearcd to obey
standard distribution forms, particularly the normal (Gaussian) or log-
normal functions. Both forms have the advantage that they may be reduced,
by a gimple mathematical device, to yield straight line plots (67768>0
The data may then be uniguely defined by only two parameters, Doth tyPes
of distribution have been applied to size analysis in emulsion gystems
(60)., The normal distribution can only give an approximate fit of the
data, usually when the distributien is narrow;since thie presence of
droplets larger than twice the mean size predicts the occurrence of
droplets with negative diameters! DRajagopal (69) re-examined the
theoretical basis of the log-normal function for emulsions and affirmed
its suitability for these systems. This view has been supported by
experimental observations on liguid paraffin emulsions stabilized with
potassium laurate (70a). Slight deviation from the log-normal distiribu-
tion was recported by Rowe (58) and Nallworth & Carless (71) for a number
of SDDS stabilized emulsions, Nehfeld (72) found that the log-normal
function was fitted by the sizing data from freshly prepared dispersions
of benzene in SDDS solution after emulsification down to an equilibrium
gize distribution,

Many empirical functions have been proposed in order to fit
observed size distributions of emulsions (60,6&,69) though these often
lack the practical significance of the log-normal distribution,

Tor data which were significantly deviant from log-normal Rowe (58)
sugrested that the gpread of sizes in a sample could be sumarized by
the "polydisporsity ratio", a ratio of the mass median diameter to
nurber median diameter (50% of the droplets by weight and number

respectively have a value larger than the median), Such an expression
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has been used to follow changes in macromolecular stabilized emulsions
(73).

Direct measurements of droplet size have been expressed in a
kinetic fashion by a number of other methods, notébiy by the average
droplet diamcter which can be defined in a variety of ways. The number
average diameters are the simplest to derive, the arithmetic, mean
surface and mean volume diameters being the most useful, If the total
surface area for a given volume of dispersed oil is regquired then the
volume~surface mean diaweter should be determined (Ie?62)o Sherman
(62) has pointed out that the choice of mean diameter should be made in
relation to the property of the emulsion being invpstigatedo Mahrous
& Lemberger (73) supplemented ohservations on punber—size distributions
by calculating the weight distribution (the weight of 0il in the various
size ranges). They stressed that excessive reliance on one size para-
meter may be misleading since volume or weight parameters are the most
sensitive to gimall numbers of large droplets. Xnocchel & \Vurgter(74)
followed the coarsening of SDDS stabilized cmulsions of long chain
paraffin, The arithmetic mean, volume~surface and weight mean
diameters were monitored over a period of 200 days (at 30 day intervals).
whilst the arithmetic mean diameter increased progressively with time, the
volume~surface and weigoht means displayed an initial decrease followed
hy the expected increase. The apparent increase in subdivision of the
emulsions was reported to be due to coarsening of submicron sized
droplets into {the visible range.

One of the most popular ecxpressions of the degree of dispersion
of an cmulsion has heen the specific interface (S), that is the inter-
facial arca per unit weight or volume of dispersed phase, The para-

-

meter may be calculated as the area per unit weight from:




5 = 6 / Py dvs $ 1.2

where pyis the density of the dispersed phase and dvs is the mean
volume-surface diameter (75), Cooper (76) has examined the photo-
micrographs of a large number of paraffin oil/potassium oleate
solution emulsions having different droplet size distributions. It

was found that S was less sensitive to sampling errors and therefore
superior to average diameters (arithmetic, surface or volume) in
defining an emulsion., King & Mulherjee (75} established that after

an initial rapid rate of coalescence the specific interface decreased
at an approximately linear rate with time, A coefficient of stability
was expressed as the reciprocal of this rate. A number of authors

have since reported comparable changes in specific intex rface (74,77w79)a
Hill & ¥night (80) have developed a theory of coalescence, for uncharged
spheres of varying sizes, from which it was predicted that the reciprocal
of total interfacial areca would increase lincarly with time, A number
of emulsions stabilized with nonionic surfactants have been found to
conform to this theory (65a). King (53) sugogested that the fall in

S was a morc uscful paramcter than phase separation when comparing
emulsions of moderate stability. However, specific interfaces which
fell approximately exponentially with time have been recorded for
cottonseed olive and mineral oils stabilized with gums (81). TFurther
limitations of S arise because its calculation from dvs which is
insensitive to the presence of very small droplets though these
certainly affect the actual interfacial area and emulsion properties

(6 L)(J 0

1.2.2.5 Adsorption of surfactant

A number of workers have calculated the total interfacial area
of an emulsion from the analytical egtimation of the amount of

surfactant adsorbed by emulsion droplets. Independent information is



required on the area of interface occupied by each surfactant
molecule., From a knowledge of the total volume of oil dispersed the
average droplet size may be calculated (82--84)o The principal
limitations of this technique are that no information can be obtained
on the distribution about the mean size and that the degree of inter-
facial packing of surfactant assigned to a particular emulsion 1is
subject to error (Section 1.3.3).

1.,2.2,4 Droplet concentration

A useful technique for following changes in emulsion systems is
that developed by Smith & Grinling (85), altheough the experimental
modifications introduced by Cockton & Wynn (86) are normally applied,
The procedurc involves the accurate dilubtion of an emulsion in order
that the numher of droplets in a known volume can be counted micro-
scopically. The results are usually expressed as the number of
droplets into which unit volume of 0il is subdivided (86), or as

=1 =3
or cm ~ of emulsion) (87bc,88).

the droplet concentration (in g
Van den Tenmpel (87abc$88) developed a kinetic thcory of coalescence
which enabled him to calculate the rate constant from a first order
decay of droplet number with time, This approach has been adopted in
a number of instances (65b,71,89ab,90~—93)o Elworthy & Florence (65b)
found that rates calculated in this way werc more suitable for the
comparison of different systems than were size distributions, The
sensitivity of this method has been stressed; a 10% change in inter-
facial arca being comparable with a 27% decrease in droplet number
(87v). lowever, in some instances a non-lincar deerease in log
droplet number has meant that the rate constants were difficult to
obtain and of doubtful significance (71,91~93),

1.2,2.5 Other methods

The relative changes in emulsion systems may be deduced from



other properties such as the creaming rate, electrical resistance or
optical properties (turbidity, light reflectance or scattering) (52,60).
These indirect observations provide only minimal information, for example,
aggregation will markedly affect creaming rate or optical properties yet
may go undetected in such studies.

The measurement of changes in rheological properties with time
has been of considerable empirical value. It has been pointed out that
such obscrvations are of limited importance in understanding the
mechanism of the instability processes because rheological properties
depend upon various factors other than droplet size (&3)° Nevertheless,
the sensitivity of rheological properties suggests that slight changes
may be detected in the earliest stages of emulsion brealkdown by these
measurements (32939)°

Accelerated testing of emulsion systems is now a well established
means of evaluating stability. The techniques available have been
veviewed comprehensively by Groves (42) and Sherman (33). Although
accelerated tests (reduced or elevated temperature and high speed
centrifugation) have provided useful information for the comparison of
emulsion formulations, extrapolation to predict the relative stabilities
wider normal storage conditions is of doubtful significance. The
mechanism by which changes occur may be completely altered under abnormal
stress., The most significant advances in the evaluation of stability
through accelerated testing have been made by utilizing the ultra-
centrifuge, as reviewed by Garrett (94), Observation of the sample
during centrifugation has been achicved (82) so that separation of the
emulsion can be followed, Many {factors have been examined, such as the
effect of emulsion age (83), temperature (95), dispersed phase volume
(96)9 electrolyte (97, ond the effect of a mixed surfactant film (98)

on the ultra-centrifugal stability of Wujol emulsified in SDDS solution,



Emulsion composition was also shown to affect ultracentrifugal stability
(99)0 The significance and limitations of centrifugation in the evalu-
ation of emulsions has been discussed by Vold & Groot (&3). These
reports offer a considerable amount to the understanding of the processes
involved in ultracentrifugal separation and the possibility of relating
the observaticns to “"freec standing emulsions'.

1,2.2.6 Coalescence at a plane interface

The coalescence of single oil or water droplets with the respective
bulk phase at the oil-water (or surfactant solution) interface has been
studied by numerous investigators in various disciplines. This work
has heen reviewed by several authors (100~103).

Stability can be asscssed by mecasuring the rest-times, timed
from arrival of droplets at the interface to their coalescence, This
technique has been suggested for the preliminary investigation anad
prediction of emulsion stability (10,50,52,102b), A small number of
studies have been concerncd with the application of single droplet
stability to emulsion stability (10h~110). It is generally accepted
that the stability of elementary droplets at an interface will be
different from emulsion stability, but a number of correlations between
the two have been reported. Osipow et al (105) showed that the bulk
stability of a tetradecane emulsion passed through a maximum in the
region of the critical micelle concentration (cme) of sodium alkyl
sulphate stabilizers. The permanence of single ¢il droplets at the
tetradecanc~surfactant solution interface increased in accordance with
bulk stability below the cme, Interestingly, it has been reported
elsevwhere (10&) ithat light petroleum or benzene droplets at an oil-
aqueous solution interface may attain a maximum stability ncar to the
cme of potassium laurate or cetyl trimethyl ammonium bromide (CcTAB)

solutions, JTshida ct al (109) found that the coalescence rate of single



droplets reflected the stabilizing effect of different non-ionic
surfactants in emulsions.

A parallel has been drawn between the known effect of an emulsifying
agent in stabilizing emulsions of the phase in which it is least soluble,
and the observed stabilities of single oil or water droplets (104)a It
was postulated that coalescence cammot occur until the interfacial film
is displaced, and that this can be achieved most readily through film

segments passing ints, or being wetted by, the dispersed phase. Cockbain

(o]

. MclRoberts (104) also found that high droplet stability was not

dependant upon a high interfacial viscosity. The converse appears

to be true for single droplets stabilized by macromolecular agents,
Correlations between droplet stability and film viscosity and/or thickness
have heen obtained using serum albumin, gum arabic, pectin (for petroleum
ether droplets), and cellulose derivatives (for benzene) (107). Comparable
behaviour has been reported for adsorbed films of gelatin with a number

of 0ils (heptane, cycloliexane, benzene or cyclohexene) (108a), and egg
albumin or polyvinyl alcohol films with benzene (108b), Similar corr-

elations have been observed for the stability of cmulsion systems in the

prescnce of these agents (Section 1.2.3.2),



1.2.% Maintenance of stability

1.2,3,1 The third component

As stated earlier (Section 1,1), the stability of an emulsion way
be enhanced by the addition of a third substance. King (53) observed
that in the absence of this component an g/w dispersion rapidly coalesced

into separate phases, Cheesman & King (56) demonstrated that simple

organic electrolytes can confer a low order of stability on certain
emulsions (Section 1.2.3.2 }. Towever, in order to attain even a

moderate degree of stability it is necessary to incorporate an
emulsifying agent which is capable of forming'an interfacial film around
individual droplets. A wide range of substances have been found to be
cuitable for this purpose, including certain macromelecnlar agents
(eg. gums, synthetic polymers and proteins) and {inely divided solids,
but by far the largest group of stabilizers in use are the so-called
"amphipathic" surface active agents (1b,111a). The term amphipathic
was introduccd by Iartley (112) to describe molecules in which both
hydrophilic  and hydrophobic groups are present, Such molecules are
strongly adsorhed or oricniated at air-water (a—w) and oil-water (o-w)
interfaces (Section 1.3.2).

The means by which a stabilizing material is effective in main-
taining discrete droplets will depend upon the chemical nature of both
{he adsorbate and the adsorbent (37a)° The stabilizer may:-

(i) Decrease the free energy of the system,
(ii) TForm an interfacial barrier between droplets;

(iii) Affect the electrostatic charge on the droplets.

1,2.3.2 Stabilization of cmulsions by surface active agents (Surfactgntsﬁ

A. Decrcase in free cnergy

The adsorption of surface active agents to the o-w interface causes

{the interfacial tenglon (Scctiod 1.3.0
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a marked fall in ). The resultant



decrease in interfacial free energy within the system was, at one time,
considered to be largely responsible for emulsion stabilization (1b),
Nowever, King (53) found that a low interfacial tension was not, in
itself, a sufficient criterion for stability. It has also been observed
that emulsions having the same interfacial free energy may exhibit
widely differing stabilities (37a}. As illustrated by Becher (113%),
even a small interfacial tension may represent considerable free energy
and the resulting emulsion can be highly unstable through coalescence.
Lawrence (118) even suggested that a low interfacial tension could be
eonducive to low emulsion stability bhecause of the lesser tendency of
droplets to retain a spherical shape, It is now generally understood
that a marked lowering of interfacial tension is symptomatic of
adsorption but cannot represént the totality of the stabilizing effect
of a surface active agent., Stability is highly dependent on the formation
of an interfacial film which can prevent coalcscence,

B. The Interfacial Darricr

The intlerfacial film must be capable of withstanding the dynamic
or static forces between droplets., In general, the stability of an
emulsion has been related to the "strength" of the emulsifer film (53).
It is now helieved that the barrier represents a combination of steric,
viscoug and elastic properties which depends upon the emulsifying agent
(37a), Stability will depend upon the ability of the film to slow the
drainage of continuous phase from between droplets and its resistance

to desorption, displacement, penetration or wetting by the dispersed

(a) Steric stabilization and rigid films,
The presence of an emulsifying agent around droplets may present
a physical harrier which enables the droplets to collide or lie in close

1

. . - . _ . . s
proximity for appreccioble time without coalescing. The carliest con-



siderations of adsorbed films (114,115,116b), which were directed towards

an explanation of emulsion type (o/w or w/o) and reversal of type (inversion)g

regarded the film as a purely mechanical barrier., The stabilization
achieved by finely divided solids and some macromolecules is presumed
to be due, at least in part, to rigidity or coherence creating a steric
barrier (Lﬁ)o Pecher (113) has suggested that any closely packed
adsorbed film will give rise to some degree of steric stabilization,
Nevertheless, it is doubtful whether surfactant films, particularly
with ionic agents owe much of their stabilizing properties to mechanical
effects (1b)., This may not be entirely true in the case of mixed
films (Section 1.2.5)., The presence of a “"selvation barrier® of loosely
held water molecules has been proposed as a further barrier to coalescence
(117a),

A valid objection to the desirability of a rigid interfacial film
is that it may not be sufficiently adaptable to accommodate small defects
or disturbances in the interfacial region (118), This opinion is suppori-

1
ne

stability of a nonionic (hexaoxyethylene glycol monchexadecyl ether)
stabilized emulsion of chlorobenzene, However, hexadecanol alone gave
rise to a rigid film and the emulsion was poorly gtabilized,

(b) Viscous & Viscoelastic Films.

A viscous layer around the droplets may prevent thinning of the
interfacial film and displacement of the adsorbed species during the
collision or contact of two droplets (117&), \Many macromolecular films
doubtless exert their effect by means of a combination of wviscous and
mechanical propertics (hS,SQa,lQO,lQl), The most important properties

of the film are probably ils permanence (doaorption is not readily

achieved) and coherence (&5)9 Certain non-ionic surfacc active agents

3
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provide viscous and elastbic films at o-w interfaces and have found use ir



w/o emulsions (38,122,123),

The experimental evidence linking the interfacial shear viscosity
of adsorbed charged films with emulsion stability is in conflict. The
results of Blakey & Lawrence (55) are often quoted in support of the
view that an emulsion is not necessarily unstable if the film 1is not
viscons, These authors found many instances where effective stabilizers,
which gave a high viscosity at the a-w interface, possessed very low
viscosity at the o-w interface, It was concluded that interfacial
viscosity plays no part in the stabilization of o/w emulsions, Iowever,

Sherman (124) has pointed out that "stability" was assessed empirically

as the volume of separated dispersed phase at a particular time, which

n
»
R

does not necessarily reflect the true rate of coalescence. Carle
Jiallworth (125,126) have determined interfacial viscosities for a wide
variety of surface active agents at both a-w and o-w interfaces, A
high interfacial viscosity was accompanied by marked emulsion stability
for some systems but numerous others showed no such relationship,
Kitchener & Mussellwhite (ﬁS) subscribe to the opinion that inter-
facial viscosity is not a significant factor in emulsions stabiliged
by micromolecular surfactants in general, They argue firstly that a
high interfacial viscosity is rarely encountered, except with macro-
nolecular adsorbed films, and secondly that an adsorbed surfactant tends
to ipmobilize the droplet surface and minimize surface flow when two
droplets collide. Any distortion of the droplets during collision will
result in stretching a "dilation" of the interface. The viscous
resistance to this expansion within the film is termed the dilational
vigcosily (127?128). The contribution of this property to stability
is unknown, Ranner & Glass (]28) have made the gencral statement that
stability will increase as the interfacial viscosity and yield value
(

plastici?y) inerease, Recently Sherman (124) has summarized the
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probable contribution of interfacial rheological properties towards
stability, Trom a consideration of the total forces acting as an
emulsion droplet, he concludes that, for a rigid film, the maximum
compressive force the film can stand will determine stability. In a
visco-elastic film there is a critical compressive force in excess
of which the film will begin to rupture. If such a rupture is sufficient
the adsorbed film is displaced from the contact region of the droplets
and coalescence will occur, Sherman (124) also stresses that more
detailed rheclogical studies are required, probably from mere advanced
techniques in the examination of films, in ofder to fully understand
the coalescence mechanism,

The principal drawbacl to studies to date has been the difficulty
in measuring the relevant properties directly. Tirstly it is necessary
to study film preperties at an exlended flat interface (129), Not only
is it doubtful whether such resulis can bLe applied to films in sheared
emulsions (62b), but limitations of the equipment available 1is also a
problem (1b,45). Conflicting experimental results may have arisen
because the surface and interfacial viscosities significant for emulsion
stability may be an order of magnitude lower than that which is detectable
(1b). ost workers have used an oscillatory type of instrument (123,
128) which may displace molecules from equilibrium, the stress developed
then depending on the molecular rearrangements taking place (GQb)o
Kitchener & Mussellwhite (hi) have also stressed that much of the
carlicr experimental work may have been performed using impure materials,
It is probable that even minute quantitics of impurity can markedly
influence the results obtained (125,120),
(c) The existence of lamellae, elastic properties.

As two droplets of a purc dispersed liquid approach they may distort

because of the pressure between them, This distortion involves an increase



in surface area and is opposed by the interfacial tension (130). The
region of closest approach of the two small droplets is on the line of
the two cegtres and coalescence will occur here immediately the inter-
vening film has drained away, If two droplets approach closely in the
presence of a surface active agent, the time required for coalescence is
oreatly extended, A flattening of opposite faces of the droplets may
oceur, thus producing a thin liquid film or tamella of the continuous
medium, It has been suggested that a “stable" lamella may remain at

ageregated or crecamed cmulsion droplets

equilibriwm thickness between Jay
(&”), rmuch as lamellge promote foam stability (ll?a,lﬁl),

In order to achicve a stable condition, in opposition to van der
Waals forces of attraction between droplets, a "disjoining pressure”
acting perpendicular to the plane of the interface, has been proposed
(132). me conscquence of attractive forces between droplets is that
ligquid lamellac arc inherently unstable. As film thinning procceds into
the range of attractive forres,a sharp increase in attraction will result
(sce below)., This leads to the concept of a critical thiclness for the
onset of film rupture, From the compression together of two paraffin

: ~2 =3 apne .
droplets in a surfactant (10 7 mol dm SPDS) medium van den Tempel
(133) found evidence for a non-electrostatic "disjoining pressure" at
very small separation distances. Sonntag & Netzel (134) found that the
thiclkness for rupturc was incrcased by the addition of electrolyte and
that ihiclmess varied with the oil used (eg. octane < chlorobenzene <

cyclohoxane)c

Tor lamellac to exist there must be an element of surface clasticity,

since a parallel liquid {ilm cannot arise from attraction and inter-
facial forces only. Surface clasticity results from a non uniformity
of interfacial tension which can only oceur in the presence of an

adsorbed surfactant (hS), The oxtension of an interface causes a



temporary increase in the interfacial tension as the new interface

adsorbs more of the surface active species, This adsorption lag,

known as the Marangoni effect (135)9 ig difficult to quantify although

it becomes more significant if the concentration of surface active

agent is low,

lamella, as b

The Gibbs effect (136) arises within an expanding

etween colliding oil droplets for example, Irrespective

of the rate of adsorption a lamella cannot thin indefinitely without

bhecoming depleted in surfactant, This again causes a rise in tengion

but, in contrast to the Marangoni effect it becomes more significant

in very thin lamellae and with higher surfactant concentrations, The

restoring effect is highly time dependant since the depletion is counter-

acted by adsorption from solution., Iowever, if the lateral dimensions
Iy g

of the depleted element of film are in the order of its thickness, the

cquilibrium time for the film is veryv short compared with adsorntive
o e i

ry g N 5 . - . - . .
transport (137). The dilational clasticity produces a healing mechanism

tending to restore the monolayer and underlying liquid, thus promoting

regular laminar thinning of the draining film (15).

More recently MacRitchie (138) proposed a third elastic restoring

mechanism which could act as a barrier to coalescence, Unlike the

coalescence of droplets of pure liquid, the coalescence of stabilized

droplets may momentarily increase the chemical potential of adsorbed

molecules in the interface, This increase provides the restoring

mechanism, since a return to equilibrium may be achicved by desorption

or an increase in interfacial areca, 7t was argued that surfactants with

a very low solubility in the dispersed phasc would be less easily

desorbed and more effective as stabilizers,

Florence
do not act by

the stability

& Nogers (37b) have proposed that many erulsion stabilizers
maintaining thick liquid films bptvcen droplets but through

of thin films due to elasticity. 11t was sugcested that



the behaviour of this film, probably the rate of thinning, determines
the probability of coalescence, Because of the complexities of real
emulsions, model systems were recommended for further study. The

simplest and most informative of these may prove to be thin films

between two identical oil phases (as cited above), soap films and foams,

One of the principal problems in elucidating the significance of
Gibbs elasticity has been the problem of its mecasurement, A few
estimates have been made on films of slightly impure SDDS (1379139),
sodium dedeeyl sulphonate and CTAB (137). Trom the theoretical
treatment of Gibbs elasticity van den Tempel (140) showed a qualitative
agreement between clasticity and foam stability. Jones et al (131)
concluded that foam stability was highly dependent wupon elasticity
and/or electrical repulsion (sce below) but that surface viscosity
played only a minor role by slowingfilm drainage. A qualitative
velation has alse been observed between foam/emulsion stability and
interfacial elasticity/viscosity (12?)@ Llasticity has been shown
to reach a maximun at an SDDS concentration below the cme, and to be
highly dependant on trace impurities (137,140).

¢, Meetrical stahilization

The possibilily that electrical cffects may be significant in

stabilizing cmulsions was recognized many years ago by Lewis (1u1),

=3

by Alexander & Johnson (142), Charge was belicved to arise in three
ways, by adsorption, ionization or friction, In the case of o/w
omulsions stabilized by anionic surfactants adsorption has been
pictured (Sections 1,3.2 and 1.,%.3) with the polar "head" groups
penetrating through the interface into the aqueous phase, JTonization
of these groups will surround the droplets with negative charge, In

the absence of surfactant it has been observed that droplets of pure

he origin o¢f an electric charge in colloidal systems has been discussed



paraffinic oils carry a negative charge (117f,14%). This has been
attributed to adsorption (or desorption) in a more fundamental sense,
that is preferential concentration of the hydroxyl ions from the aqueous‘
phase to the interface (142), 1In the presence of trace amounts of non-
ionized organic additive or ions this effect probably becomes negligible
(117I}a Equally possible is the existence of a frictional charge which,
according to the empirical rule of Coehn (1%4), would tend te malke the
0il phase negative relative to the highex dielectric ligquid (1b).
(a) Blectrical double layer:

The concept of a "double layer" was introduced hy lelmholtz (155).
It was pointed out that if ions of one charge were closely bound to a
particle surface, ions of opposite charge (counter ions) would line
up parallel toe them to form a double Jayer, lelmholiz theory depicted
the double layer as two distinct and concentric shells of ions which
predicts a sharp potential drop at the interface, Gouy (146) considered
that the general mobility of jons would preclude such an arrangement.
He proposed that the double layer was of a diffuse nature with the
electric density of the outer ionic layer falling off exponentially
with distance from the surface, Double layer theory was further
modified hy F{orn(1h7) who combined the Hzlmholtz and Gouy models into
a two-part double layer (Figol)‘ The jnner part, an attached layer of
counter ions{(Storn layer) was characterized by a sharp drop in potential
across its thickness, The outer layer was analogous to the Gouy diffuse
layer and exhibited a gradual fall in potential,
(b) Double layer repulsion:

The important conscquence of a double layer in colloid or emulsion
stability is that the repulsion which arises may prevent close approach
of particles or droplets. The calculation of the repulsive effect

between two douhle layers has been achicved in a semi-gquantitative



fashion by Derjaguin & Landau (148) and Verwey & Overbeek (149), The

so-called DLVO theory is an evaluation of the net attractive (van der
Waals) and repulsive (clectrical) forces between particles. Thug the
total interaction between two particles (yT) is:

VT = VA + VR 1.3
where VA and VR are the attractive and repulsive forces respectively,
Furthermore, according to lHamaker (150) the attractive forces (VA) are
approximated by:-

VA -Ar /[ 12H 1.4

4
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where A is the Iamaker constant for the digpersed material, r is the
I 9
particle radiug and 11 ig the separvation distance. The repulsive inter-
acticn can he estimated from
1 2
wm = €& r %; In (1 + exp
where © is the dieleetriec constant of the medium, r is the particle

radius,wo is the surface potentialy, Klis the reciprocal of effective
double layer thickness (15) and I is the interparticulate distance,
The summation (Bguation 1.3 Jat increasing distances gives rise to the
total interaction encrgy curve which may be of three gencral types as
illustrated in Vigure 2,

Two extremes occur when VR>> VA (Curve A) and when VAS>VR (Curve
C), conditions which lead to complete and indefinite de~aggregation
and rapid aggregation respectively. Curve B shows a high potential
energy barrier which, if it exceeds the mean thermal energy (k1) of
particles, will prevent closer approach into the region of strong
attraction. At considerably longer distlances (>>10nm) the attractive

forces, which fall off more sradually than repulsion, may give rise

to loose flocculation in the "sccondary minimum",
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D. Electrical theory applied to emulsions ,

(a) Double layer in emulsions,

The majority of the theoretical work on double layers has been
concerncd with solid-liquid interfaces, Verwey (151) pointed out that
a liquid-liquid system was a specialized case in which two diffuse layers
could exist, one on cach side of the interface, It was suggested that
the form of the charge distribution was made more like that of the

solid-liquid

model by the presence of surface active ions. Van den
Tempel (87&) has examined the electrical double layer at the o-w inter-—
face in more detail, In the absence of surfactant the potential, though
sienificant at both sides of the interface, was swaller on the aqueous

gide, Tor a non-conducting oil stabilized by an ionic

=]

potential at the aqueous side of the interface was dependant only on
the amount of ions adsorbed and electrolyte concentration in the
aqueous medium (a higher econcentration decreased double layer thjckness)o
The capaciiy of the diffuse layer in the oil and its contribution to the
total interaction energy were ncgligible under these conditilons.
The overall double layer repulsion has been estimated for stabiliz-
1
ed 1iquid dispersions,by using realistic values for r,Ay, and K (16,149) .
These curves, and that obtained using a paraffin 0il emulsion stabilized
by bovine serum albumin (89b), were of the gencral type (Curve By
FPigure 2), Mowever, further problems do arise when applying DLVO theory
to o~-w emalsions., If water is slightly soluble in the oil (cg benzene)
the net potential may be reduced because of dissolution of hydrated
counter iens in the oil (117h)., DIiven more significant is the apparent
lack of agrecment on the correct value of the Ilamaker Constdnt (Equation
1.4 ) since the interaction curve, and particularly the significance
of the sccondary minimum (sec below), depends on its magnitude. The

presence of solvated layers orxr adsorbed films may modify AH although



these probably need to be of considerable thickness relative to droplet
size. The likely effect of solvation layers has heen calculated and
reductions in interactions of up to 5-50 times were reported (152).
The flattening of the faces of approaching droplets gives rise to an
increased repulsion potential the magnitude of which is unlknown (&5)0
The approach of droplets adds a further problem because inter-—ionic
repulsion may cause lateral displacement of the adsorbed ions around
the droplet surface, thus making the prediction of overlapping double
layer repulsion impossible. Rebinson (153) suggested that such a
displacement might be reduced or prevented by a condensed monomolecular
film which could not he compressed so casily. The effect should also
be less for small droplets (ll’/‘a)c Here again, the importance of a
distribution of droplet siZes on the overall interaction is not known,
Greenwald (h8) considered that the ionic displacement was the most
jmportant factor in causing problems in relating DLVO theory to emulsion
slability.
Furthey difficultics arise in attributing an appropriate value to

é, Tt has generally been shown that zeta potential (7) can be used
with little crror (1Dh,43) but the calculation of this value from electro=-
phoretic mobility (Section 3.4) also requires that certain approximations
be made. Finally, DLVO theory assumes ihat the surface potential remains
constant during the approach of two droplets, which implies rapid
desorption of surfactant as the particles interact., Mo et al (153)
have shovn that if slow desorption occurs the surface charge would
remain essentially constant during droplet approach and the energ
barrier could be much greater than that predicted.
(b) Flectrical charge and emulsion stability.

The sicnificance of DIVO theory and the role of charge in

determining emulsion gstability has been discussed by a nunber of authors



(1b,45,18,117b,149),

The stability of oil hydrosols (53,56,154) and oil dispersions in
electrolyte solution (56) has been attributed to double layer repulsion
between the droplets. However, Limburg (155) found no relationship
between the mebility of droplets in an electric field (measured by a
roving boundary technique) and emulsion stability, whercas such a
relationship was evident with oil-hydrosols. It was reasoned that
stability must be due to the protective film of emulsifying agent,

From the microelectropheretic examination of a range of emulsions

King & Wrozesinaki (154) decided that there was no relation between
stahility to coalescence and electric charge on the droplets. After
addition of electrolyte the emulsions showed an increascd tendency to
aggregate and cream, buf only those electrolytes which could precipitate
the emulsifier affccted the coalescence rate., Necent observations give
considerable support to these earlicer findings. In a review on the
stabilization of emulsions by non-ionic surfactants T'lorence & Rogers
(37a) make the general statement that the stability of many dispersions
cannot be cxplained on the basis of VI, JHallworth & Carless (71,91)
found that electrical charge could not explain the cobserved differences
in stability of a range of hydrocarbon ecmulsions.

Tt has been emphasized that the aggregation of droplets does not
necessarily lead te coalescence hecause of the further presence of an
adsorbed film, The DLVO theory has been considered to provide a
reasonable description of the electrostatic barrier towards aggregation.
Lawrence & Mills (?9) measured the fall in droplet number with time for
dilute (lﬁv/ﬁ o/w dispersion of Hujol or ditelyl within which creaming
was prevented, In the absence of any stabilizer the kinctics of

coalescence indicated a moderate energy barrier when analysed in terms

theory of coagulation (Scction 5.3.4). This was




accounted for by the presence of a residual negative charge on the oil
droplets, In the presence of adsorbed surfactant (sodium oleate) a far
greater borrier to coalescence was indicated, Van den Tempel (87c¢)
found that the kinetics of aggregation followed the Smoluchowski theory
of rapid coagulation for emulsions moderately stabilized by ionic
surfactants though the observed rates were unexpectedly high., The

aggregating cffect of different concentrations of added electrolyte was

o

in close agreement with that predicted from double layer theory.
The role of electrical forces in determining the overall stability

of emulsions stabilized by polyoxycthylene ethers has been discussed

at some length (GSubc)e It was concluded that electrical forces made

a definite contribution to stability if the film was neither mobile nor

readily desorbed, As early as 1914 it was suggested that a stable

T3

emulsion could be maintained by a zeta potential in excess of 30mV

(156), Verwey & Overbeek (1459) predicled that the maximum in the

potential energy curve (Figure 2) would have to be about 15 or 25kT

(&)
for moderate and good stability respectively., This compares well with
the estimate of 10-20KT (corresponding to 7, 2 50-100mV) necessary to
prevent aggregation of colloidal particles (157). More recently

niddick (158) sugmested that a Z of 30-40mV would give moderate stability

of solid particles but a value as high as 80-100mV would be reguired for

very high stability, The corresponding valunes for emulsions are helieved

to be somewhat higher, about 50 and over 100mV respectively (1139158)°
Towever, % as high as 70mV may be unable to stabilize droplets if the
surfactant filwm is relatively mobile (650),
According to Riegelman (159) a relatively low concentration of
jonic surfactant will provide a thicl elcctrical double layer leading
s

to complete deagpregalion, There is evidence to surmest that under

{hese conditions droplels may acpregate in the secondary minimum, The

b



special feature of this behaviewris that the particles remain separated
by fairly thick (>20nm) lamellae (45). The significance of the

secondary minimum in emulsions is not certain, particularly because

w

of doubt concerning the Humaker censtant{1b), Hewever the effeet i

&
D

probably negligible for droplets of diameter OoanH but appreciable
for those ahove 10Pm (45), There is some evidence for this phenomenon
dilute emulsions. The aggregation of petlroleum ether (1%%) emulsions

(stuh;- ized by albumin in the presence of electrolyte) attained a readi

reversible cquilibrium in the region of 20mV. This indicated aggregation

n the secondary minimum in accordance with DIV0 theory. A similar

(=

reversible ameremation has been observed in highly dilute emulsions

3 =3

- ’7)' o AT ”’k 7 . . Ao - . -
(1077 to 10 2% of liguid paraffin or olive oil (160). When two

-2 -3 .
macroscopie paraffin droplets stabilized by 10 mel dm - SDDS were

forced together an intervening waler film about 10-20nm thick was

maintained (133). The droplets were believed to be in the secondary

minimmm which became thinner with an increase in electrolyte concentration,

The droplets in e creamed emulsion will be largely agpregated
thourh collisions will still occur by Brownian motien, The lamella
thickness may be reduced due to overlapping double layers (159) and
increased agpregation due to the distribution of g1zes (88)o As the
concentration of surfactant (or added electrolyte) is increased the
double layer becomes thinner and the energy barrier reduced (87a). At

high ionic strength the lamellae beceme very thin and depend for

stability upon the steric hindrance of £ilm molecules (45).



1.2,k The effect of 0il phase on stability

Nobinson (3) has reviewed some of the physical and chemical properties
which may influcnce the stability of an emulsion. In addition to the
physical properties of the adsorbed film, the chemical nature and
viscosity of the digpersed phase and the interfacial tension were all
listed, Whilst many of the factors which influence emulsion stahility
hnve heen considered in detail the relevance of the naturc of dispersed
phase has received little attention, King (53) obhserved that mariked
differences in stability resulted from emulsification of a range of oils
and their miztures in sodinm oleate selution, The density of the
internal phase appearcd to be imporiant in determining stability whilst
internal phase viscosity appeared to bear no relation to either bulk
viscosity (VZ) or stability, Ilowever the chemical nature of the oil
was also considered, for example, a high polarily sgemed to contribute
to the poor stability of nitrobenzene cemulsions,

Toms (161) studied the effecet of a number of dispersed phascs on
QQ‘ for a range soap stabilized emulsions, It was concluded that the
influence of dispersed phase depended upon its interaction with the
emulsificr film, Shotton & White (162ab) further observed the influence
of the dispersed phase on film structure and the stability of emulsions,
hcacia stabilized dispersions of paraffin oils (heptane and light liquid
paraffin) were significantly more stable than those of benzene. Cyclo-
hexanc emulsions were of intermediate stability. These differenccs were
attributod.to a variation in the thiclkness of the interfacial film with
the type of oil dispersed, The poor stability of benzene emulsions as
compared with those of liquid paraffin, with potassium laurate as the
atabilizer, has also been reported (70)° The dispersed phase has been
shown to influence stability in the prescnce of non-ionic surfactants

f \ : x .
(polvoxyethylene olyvcol hexadecyl ethers) (37a), Differences in



adsorption at polar and non-polar o-w interfaces were believed to explain
"the low stability of anisole or chlorobenzene emulsions in relation to
those of hexadecane,

In a review on o/w emulsion stability, and excluding oils of high
polarity, Garrett (41) stated a popularly held view, that the nature of
the oil is of negligible practical interest in all aspects of emulsion
stability. Dernstein el al (163) have shown thal the initial coalescence

rates (<3 hour

o

} of highly dilute emulsions (diectyl or dibutyl phthalate,
ditolyl, hexadecane)y in low concentrations of $DDS, are independant of
the o0il phasc, Ilowever there is some evidenéc that the nature of the
0il phase can be significant irrespective of oil polarity. Groot (164)
for example, found that cmulsions of Skellysolve C (lar
stabilized with SDDS, were considerably less stable than those containing
liquid paraffin. Similarly, Tallworth & Carless (71) showed that
emalsions of a number of paraffinic oils gstahilized with SDDS or sodium
hexadecyl sulphate (SHDS) oxhibited a marked increase in stability with
snereasing pavaffin chain length, Stability was found to increase in

the order chlorobenzene <hexane 2 light petroleum (60*800)<:light
petroleum (120m1600)<:1ight liquid paraffin, It was proposed that

when the paraffin chain length of the o0il molecules was at least as

long as those of the alkyl sulphate, maximum van der Waals interaction
could occur and a more coherent film would result, Turthermore the
stability of light petroleum emulsions was considerably enhanced by

the addition of trace amounts of purified light liquid paraffin. The
possible reasons for this phenomenon were examined and the concentration
of long chain component at the interface, in a manner analogous to the
adsorption of long chain alcohols (Sections 1,2.,5 and 1.3.3.% ), was
considered to be the most Tikely explanation. Higuchi & iisra (49)

previously reported the stabilizing effectl of hexadecans and Nujol on



dilute carbon tetrachloride emulsions stabilized with non-ionic emulsifiers,

This observalion provided the basis of molecular diffusion theory (Section

1.2,1),

Interestingly, the formaticn of microemulsions is also highly
dependant on the nature of the dispersed oil (165,166), The stability
of such systems depends on the formation of a mixed surfactant film
(Section 1.2.5), but penetration by the oil molecules is necessary to
allow for the high curvature of the small droplets (165). Prince (166)
has reviewed the results for a number of emuisicns prepared using

petadecane, kerozens and MNujol in the presence of alkyl sulphates. The

latter o0il did not form microemulsicns because of the unsuitable partition

fal

of the stabilizing alcohol (octadecanol), Lin et al (167) observed

wide differences in the rate of oil separation from a number of dispersions

(eg. isepropyl myristate, octyl alcohel) emulsified by mixed non-ionic
surfactants,

The concept of “"required-HLD" (criticalmHLB) for a particular oil
highlights the dependence of stability on the nature of the dispersed
phase, The chemical nature of the continuous and dispersed phasces and
emulsifier al) influence JLB., DNach oil phase can be ascribed a value

of JTILL at which optimum stability will be obtained (11,62a,168),

Consecquently, not all disperscd phases will be equally stable with a given

emulsificr, Griffin (168) calculated the required-HLB for several 0il
mixtures as the volume fraction average of the respective required-lLB
values, Gorman & Hall (169) sucgested that the dielectiric constant
of the oil phase correlated well with required-HLB, Lo et al (170)
have measured critical-HLD for a number of 0oils and o0il mixtures, The
values increased with increasing dielectrice constant for the compounds
hexane, cyvclohexane and benzene but for the aliphatic hydrocarbons

o~
I

(Cﬁ = L1y required-JiLB was related inversely to dielectiric constant.



The required-JILD for mixed oils has been found to deviate significantly

£y : - . .
from the additivity rule (170,1/1)0 The advantages of phase ilnversion

temperature (PIT) over HLB in the selcction of suitable non-ionic

emulsifiers has been cmphasized (172&)0 The effect of oil type and oil

mixturcs on the PIT of polyoxyethylene nonyl phenyl ethers has bLeen

investigated (172h), Phasc inversion temperatures for heptane increased

in emulsions with hydrocarbon additives in the order benzene<Im=-xylene

<cyclohexane< liquid paraffin at all volume fractions of additive,
Veld & Mittal (99) have reported that the naturc of the cil phase
can influcnce the ultracenlrifugal stability of emulsions. The rate

b
i

of separation of o0il from olive oil and nujol cnulsions was found to
be significantly different for a number of surfactants (sHDS, Cetyl

pyridinium ehloride, polyoxyethylene cctyl phenylether, peo

wyethylena

gorbitan monolaurate), It was concluded that “less quantitative concepts

such as the chemical nature of the o0il and geometric fit between
surfactant molecules, in addition to physical characteristics (eg.
viscosity, interfacial tension), were responsible for the observed
differences in stability. More recently flehfeld (173) has measured
the coptrifugnl stabilities of paraffin hydrocarbon emulsions (06 - Cy
benzene, and various alkyl benzepes in SDDS solution by following the

volume of rreamlelt after a particular time of centrifuging. The

emulsion slability appearcd to be inversely correlated with the tendency

of the oil to sprecad on the agueous surfactant solution,



1.2,5  Mixed films and stability

Schulman & Nideal (174) have shown that the penetration of an
intoluble gurface monolayer (eg, cholesterol, cetyl alcchol (hexadecanol))
by a water soluble surfactant can oceur in spread films (Section 1,352.1)0
It was considered essential that the non-polar peritiens of both molecules

ly: the resultant penetration was detected by a
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ure, Jt was postulated that in certain
circumstances a definite stoichiometric complex of dissimilar molecules
could occur, From a study of cmulsion stability Schulman & Ceckbain
(175ab) suggested that a corresponding intermolecular complex could form
at the oil-water interface, By using an oil coluble and a water soluble

inercased emulsion stability, presumably as a
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adzorbate

result of a more densely packed adsorbed film, An extensive range cof
emulsifying agents were used to prepare Nujnl emulsions and stability

vas measurcd as the {ime required for phase separation to become visible.
Stable o/w ermlsions were fTormed when the mixed film was of a liquid
condoﬁscd type with a highejectric charge and low interfacial tension
(1795a). Yor stable w/o eculsions a highly condensed and electrically
neutral film was considered necessary (175b),

Thé experimental techniques used in the above study have been
criticized on two main points, Firstly, stability was assessed in a
manner which is subject to considerable error, particularly since
mixced systems with lower interfacial tensions may give a much finer
dispersion of the oil (104). Sccondly, it has Dbeen suggested that the
excoss of surface active components in some of the systems could cause
structure to develop in the continuous phase (176,1?7)a

Subsequent investigations have not definitely established the
fundamental basis of interfacial complex formation, Van den Tempel

(88) obscrved no enhancement of stability in paraffin emulsions when



cholesterol was used with SDDS or hexadecanol with sodium diethyl hexyl

‘sulphosuccinate (Aerosol OT), However, i1t is now well established that
“mixed" emulsifiers can improve emulsion stahility (91,98, 178). Cockbain
&_NoHabor%g(IG&) obtained enhanced stability of single paraffin droplets,
but not of benzene droplets, at a plane oil-potassium laurate solution
interface, when cholesterol was added to the oil phase. It appeared
(from interfacial iension measurements) that cholesterol was co-adsorbed
well from paraffin oil but poorly from benzene,

Complexes of luuryl alceohol (dodecanol)'in 1:1 and 1:2 mole ratios
with SDDS have been found in aqueous solution (179), Corresponding
behaviour has bheen peostulated for the hexadecanol + sodium stearate
system (180) and SDDS with stearyl alcohol (cctadecanol) (126) or
hexadecanol (181), Others prefer to regard the interface as a mixed film
with the alcohol filling spaces Dbetween surfactant molecules (98,119@.
At high concentrations of surfactant the area per adsorbed molecule may

- 2 : I S

be between 0,295 -~ 0,70nm (Soctlons 1.3.2,2 and 1,),).2) so that i1t 1is
often sterically possible to fit in an equal number of alcohol molecules,
However, stable emulsions have been produced at areas per molecule at

2 2
least as large as 0,50mm” (1b,114,199b) and arcas up to 1,60nm~ have

been reported for benzence stabilized by sodium olecate (182), These results
suggest that the film need not, after all, be in a condensed form.

The formuation of microemulsions further illustrates the dependance
of surfactant film interaction upon the surfactants and bulk phases

(165)9 In benzene emulsions the alkyl alcohols with more than ten
filme with potassium olcate., Cholesterol and hexadecanol exhibited
cimilar behaviour with alkyl sulphate surfactants. If an alkane (C, =
> . £ « {

C ) was usced as the e¢il phase then hexadecanol cowbined in less condensed

films in which all three hyvdrocarbion components (oil nolecules ond alkyl



groups of heth surfactants) could interact,

One aspect of cmulsion stabilization which has been the subject
of much recent discussion is that stability is promoted by the formation
of a liquid crystalline phase at the o-w interface, Friberg and others
(183abc) have shown that the presence of such a phase in the ternary
system of two non-ionic emulsifiers with oil and water can marlkedly

Similar observations have
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been made by Marland & Mulley (184} in a phase rule study of a dodecane/
water system containing a non-ionic surfactant and dodecanol, As early
as 1952 it was suggested that the complex between ionic surfactants

and aliphatic alcohels, which gave the most efficient stabilization
against coalescence, could be of the liquid crystal type (118). Tt

is now generally supposed that liguid crystal formation almost certainly
occurs in systems containing a surfactant and an alcohol in conjunction
with 0il and water phases; however, its incidence will depend upon the
nature (ewo hydrocarbon chqin length and solubility in the two phases)

(&

and concentration of the surfactant and alcohol (185),



1,3 STRUCTU' T OF THE PIASE BOUNDARY

1.3.1 The oil-—water interface

The classical picture of a liquid-liquid interface has been depicted
by DBecher (1a) for evample. At a molecular level the net forces within
the inierface are somewhat different from those in the air-liquid surface.
Nevertheless, the magnitude of the van der Waals forces of attraction
between dissimilar molecules at the interface is likely to be different
from that in the bulle of either of the liguids, An imbalance of forces
exists giving rise to an interfacial tension analogous to the tension
in the surface of a liquid.

n

Whilst most of the forces are confined to. adjacent unimolecular
layers of the two liquids it seems certain that molecules somewhat
further from the interface are influenced to some degree and these may
be conzidercd as part of the interfacial region (18691&7), The extent
of this region is widely beliceved to be of only a few molecules thick-
ness tuil i¥ could be much more (187$188)9 Since surface layers lend
themscelves Iuﬂnﬂ}rto direct physical investisation the measurenent of
surface layer thickness is difficult. However, it is likely that the
Jayer thickness in water does depend on the nature of the other phase
(189),

Good (190) has considercd the surface orviecntaticen in stvongly
Lydrozen-bonded Jiquids, particularly that of water in contact with
air or non-polar liquid. lle suggested an orientation of oxygen atoms
to the interface with botih hydrogen atoms towards the bulk water, and
extending over scveral molecular layers, It has also been reported that
this arrangonionl occurs more strongly at hydrocarbon interfaces than
at the air-water surface (191), This proposed oricentation is in
conirast to the earlicer opinion (116a) which supported the opposite

configuration,

3



The strong orientation of organic molecules in which a polar group

can be presented to the water surface or interface is
TFor the alignment of non-polar organic molecules (eg.

liguid interface it appears likely that single molecules favour

orientation parallel to a

gtate it tis
(191,193). Ohki & Pukuda
permitting the hydro

energetically more favour

contrast a number of auth
orientation, particularly

The various
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s = WA - We o, 1.8a

52 - Kl ol XIQ 9 l,8b

. v \
where the tcnslons.j]} KB and <§12 are measured as mulually saturated

ie, )

ii

phases, Thus if WA>WC the coefficient s is positive and spreading will
occur, and conversely if WA<WWC s will be negative and spreading will
not cccur, This concept has been carried still further to classify
liguid-liquid interfaces by the estimation of "critical tension',

~
Y

shafrin & Yisman (197) Liave argued that alkanes below nonane spread

spontancously on a water surface (SI>O) but from nonane upwards alkanes

are non spreading; thus the critical tension 5‘c was found to be between

BN
those of octanc-water and nonanc-water (01591m m "}, This value, although

‘.

constant f{or saturated branched or cyclic hydrocarbens was higher for

unsaturated compounds, presumably as o result of increased liquid-liquid



1.3.2 Interfacial films

1.5.2,1  Tarly work

The possibility of molecular orientation in films at an interface
wag described by Hardy (198). It was observed that film forming molecules
consist of hydrophilic and hydrophobic portions which should be directed
inte and away from the aguecous phase respectively., This hypothesis
vas further claborated by Harkins (116h) who suggested the energetic

favourabilily of adscrption and orientation at interfaces, Much of the

stimulus for the study of adsorption has come from the early investigation

of insoluble monolayers spread onto surfaces (117¢,196h,199a,200) which

»l

exhibit similar bebaviour to adsorbed films (117¢,190b,199b),

L

The first physical model of an interfacial film was provided by
Langmuir (QDlab}, A range of long chain fatly acids and alcchols were
spread at the air-water surface and compressed by means of a wmovable
horizontal barrier., Compression resulted in a minimum area per molecule

2
ef 0.2Inm drrespective of chain lenglh, showing that the different
molecules were elongated and orientated identically at a steep angle
with respect to the surface, TFurther studies (199a) have shown that
the hydrophobic chains must be flexible and may lie flat on the surface
at high areas per molecule,

Dy rccording the force exerted by the film in resisting compression
Langmuir (201ab) constructed force vs, arca curves which have since been
used to classity monomolcecular films according to their behaviour,
Pursuing a two dimensional analogy to bulk matter, films have been des-
cribed as of gascous, liguid or solid types. The interpretation of
monolayer Lelaviour is based upon the combined analysis of the van der
Waals attraction between hydrophobic groups and the polar interaction
between "head" groups (QOlb). However Adam (1993) and Ilarkins (196b)

wave indicated the possibility of hydrogzen bonding of polar groups with



water, showing that interaction with other film forming molecules or
wvater could occur,

1.3,2.2 Physiecal states of films

a1

The states which may be ascribed to films at interfaces have been
discussed fully by Harkins (196b) and Adamson (200) and only a brief
summary will be presented here,

(i) Gaseous films.

A gascous Film is invariably formed al areas per molecule which are
considerably preatler {han the molecular cross-—secction, There are no
predominant intermolecular forces between the film forming molecules,

(i1) Liquid films,

In general liguid films are coherent in that there is some degree
of interaction between the molecules present, The limiting area per
moelceule is significantly larger than the molecular cross-section
indicating a looseness or disorganization in the interfacial paclking,
Ligquid films may exhibit two distinct forms of force-arca curve, Liguid
cxpanded films (901b) approach a limiting arca per molccule of about

2
0.50mm for straight chain molecules, MHighly compressible homogeneous
filmg arc formed but on compression a sharp transition into an "inter-
mediate" type film occurs, This phase may consist of small islands of
condensed liquid in equilibrium with the expanded liquid film. Farther
compression results in a transition to a liquid-condeunsed type film
consisting of closely packed polar "heads" whiech rearrange on compressiocn
as water molecules are squcezed out of the film. The state is character-
jzed by a lincar force-area vegion of low compressibility, The limiting

2
arca per molecule may be as low as 0.25nm , The structure of liquid
condensed films has been considered by Alexander (202),
(iii) Solid films .

vaterials such as long chain fatty acids and alcohols on water

T



exhibit quite linear force-area relations of low compressibility. The

limiting area to which these materials may be compressed approximates
to that of vertically packed hydrocarbon chains,

1.3,2,35 Surface Uguations of state

Since differences in film properties are characterized by
surface pressure (T )-arca (o) behaviour further analogy can be drawn
with bulk systems. The equation for theT-A relationship may be

termed the "surface cquation of state", as compared with the pressure-

e

volume relationship of a gas (ll?c), Here there is a potentially

o

simple method for identifying the nature of the film (196b)8

~3

‘5L molecular equation of state is that for an ideal

s
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W o= RT 5 1.9%a
where P is the pressure of the gas per unit area; V is the volume per
mole of gas, I is the gas constant and T the absolute temperature. The
two dimensional analoguce of this cequation may be written; by inference
or derivation (203a), as

Ta = KT , 1.9b
where T is the film pressure allowing kinetic movement in two
dimensions and k is Boltzmann's constant., This relation assumes that
the arca of each film molecule is negligibly small compared with A
and that there is no interaction (cohesion or repulsion)in the film,
Conscguently it is only obeyed as =0 (i.e. A > (xb). A great
plany attempts have been made to derive a more general equation for
"eascous" films. For more concentrated monolayers, for example,
Langmair (QOlb) corrected for the physical size of the film molecule to
obtain

T (A-Ao) = KT 1.9¢
where Ao is the areca occupicd by the molecule, This cquation is often

obeyed for neutral films at the oil-waler interface, where inter-—chain



cohesion may be neglected (]17c920ha)¢

When lateral interactions become significant the effective
surface pressure becomes
™ =Ja +1 Db 1.10a
where JTa arises from cohesion and T b is the linetic pressure, A
further complication arises when ionized film molecules are considered

(205) cince the electrical repulsien in the monolayer gives rise to a

e
o
jess
e
o
ot
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=3

repuls pressure (ﬂ‘r) and

Tr = Tfa + b +1Tr 1,10b
The hehavieur of icnized monolayers at én o~w interface has been
studicd in some detail since there is little film coherence (TTa), The
Goeuy theory of diffuse deuble layer repulsion (Section 1,2.3.2) has
been applied in order to estimate the magnitude of Tlr (1170,2031},205)u
Subetitution into Bguation 1.10b  gives the general equation of state

which, in its simplest form for completely ionized films at the o=w

interface (QOﬁh) predicts that

T = kr o= 2K

T —~ 1.11

The general cquation hag heen modified by introducing a coherence term
for films at the a-w interface (206) and a fTactor for ionic films in
the absence of salt (2041,20%7). lowever, disagreement with the
equation has frequently Leen recorded for spread and adsorbed films
at both air- and oil-water interfaces (203b) (Section 1.3.3.2) at all
but extremely low pressures, This is no doubt duc to the inadequacies
of the simple elccirical model upon which the validity of Equation 1,11
depends,

In the 1iquidmoxpanded state the situation is further complicated
by cohesive ferces botween the molecules making up the film. The

correction for van der Waale attraction is often assumed to take the



form of Bguation 1.9c¢ (201b) but the relation assumes that cohesion

will remain invariant over a wide range of arcas (200) and agreement is

often poor for surface films on liquids (196b).
, . . . . 1w
The intermediate and condensed films can be viewed as "semi-solid

in nature with more or less water between the polar head group, The

Tr~A plots are alwost linear and as such can be identified and

sily (1961,200).

characterized cas



1.5.3 Studies on adsorbed films

In order to characterize an interfacial film it is necessary to
obtain both the relationship between the adsorption and bulk phase
concentration and the state of the adsorbate in the interface, Surfactant
£ilms which are adsorbed from solution cannot be investigated by
compression studies since any compression of the soluble compenents
will result in desorption from the interface, The properties of
adsorbed films are generally deduced from interfacial tension studies
and GibLat cquation.

1.9,3%.1 Gibbs' adsorption equation

A. Derivation
Tf the consideration of intermolecular forces at an interface 1is

extonded to solutions it has been argued that those molecules for which

the interaction energy is lewest will tend to accumulate in the inter-

e

face (Section 1.%.2,1) Thus the free energy of the system will attain
a minimum value at adsorption (or desorption) cquilibrium, The Gibbs
adsorption equation (208) is a thermodynamic expression which relates
e interfacial concentration of an adsorbate to its bulk activity or
fugacity and the interfacial tension (% Y. Thus in liquid-liquid
systems (where & is readily measured) the equation may be used to
determine the interfacial concentration of an adsorbate,

Tn its strictest form the Gibbs ¢quation is necessarily thermo-
namically correct’and may be written as

AYdE n, dp. = 0 s 1,12
1 1

atl constant temperature, where A' is the surface arca, § is the
surface or interfacial tension, ny is the excess number of molecules
of the i th component and i is the surface chemical potential of
the adsorbed species (117d), However all surface or interfacial

gpecices must bhe included in the summation term and it becomes necessary



to make extra-thermodynamic assumptions to obtain a useful expression,

The derived Gibbs equation takes the form
I—‘ = ,]1, ° dg

nRT d In a

1.13a

(where R is the gas constant, T is the absolute temperature and a is
the mean activity of the solute) for non-electrolytes or uni-valent
electrolytes in the presence of a large and constant concentration of

common electrolyte, Tor the adsorption of uni-valent electrolyte from

i)

wition the derived cquation becowes

[ﬁ = 1 ° jSwmau 1.13b

2RT d In a

a simple so

A more comprehensive account of the derivation of Gibbs' adsorption
equation can be found in Appendix 1,

The derivation of the equalion has been criticisced on the assumptions
involved (209). The model proposed for the interfacial region has been
questioned on the grounds that it does not corrcsvond to the physical
picture of an interfacial layer (210), In contrast Scatchard (211)

re—cxamined the original derivation and found it to be valid,

D. Pxperimental verification of ithe derived equations,

(2) Air-Jater Interface.

A considerable amount of experimental work has been directed
towards the verification of the adsorption equation, McBain and
collcagues (Qlﬁub) {found that by skimﬁing off a thin surface layer
(approximately 0,05mm) of solution for analysis reproducible concen-
tration measurcements could be obtained., Good agrccement with Xquation

1.1%a was reported for a pumber of substances including phenol,
toluidine and hexanoic acid (9123)0 Jowever, the method involved
congiderable mechanical difficulties dnd an alternative technique was
developed (Qlﬁbc)o A4 small depth of suriace (2¢ 3mm) was compressed and

the conscqgueni increase in bulk concenlration was measured interfero-



metrically; re

sults obtained using hydrocinnamic or lauryl sulphonic
acid solutions were again in good agreement with Tguation 1,13a
‘he i = O ) - y h .

he molecular areas of spread monolayers of sparingly soluble substances

such as fatty acids (117d9199) have been found to be in excellent

coement wil cn F .
agreement with those from Dguation 1,13a for the same substances,

r

The adsorption of SDDS to the air-water surface has been measured
by VWilson et al (213)& A wolume of foam was generated from the surfactant
solution and the change in bulk concentration determined by analysis,
From the mean bubble size in the foam, and hence the total surface area,
an estimate of the area per adsorbed molecule was obtained. Nillson
(214) measured the adsorption of tritium-labelled SDDS by measuring
the particle emission from the air-sclution surface in the presence of
added electrolyte, Doth these authors obtained results which were
comparable with those from the Gibbs ecguations,

A number of other workers have used a radicactive labelling
technigue though there is some contradiction in the findings, llowever,
reviewers of the topic bhave concluded that an overall improvement in

the technigue has led to increasing agreement with the theory (11b,

117d).

The estimation of surface excess from the surface potential of

SODS ecolution has also coriohorated the validity of Tquation 1,130

wn

or the alternative form 1.13a when excess electrolyte (sodium
chloride) was present (215).
(b) Oil-Water Interface,

Adam (199b) reported an ingenious technique to measure the amount

. . . - Yo - P P o -
of adsorption on hydrocarbon droplets of known total area, The droplets

were passed through surfactant solution to alloew saturated adsorption

to occur and then discharged into a separate chamber, This method was



similar in principle to that of “ilsen (213) described above, However,
the measured adsorption was several times greater than that predicted
by the Gibbs equation (Equation 1.1%a ). Nevertheless Davies (216)
has shown that sparingly soluble films of CTAB spread at petroleum
ether-water interfaces conform +o Equation 1,13a in the presence of
inorganic electrolyte,

Cockbain (8%) has measured the adsorption of SDDS at a decane-
solution interface in the presence of excess electrolyte using Equation
L:1l%a . In addition a single decane emulsion (20% V/v) was prepared

and divided into aliquots, These were diluted with SDDS solutions at
different concentrations and divided into two ecroups. To one group an
ium chloride was added, After creaming the sera of all
the emulsions were analysed for SDDS content, The total area of the
interface was computed for those emulsions containing excess electrolytle,
This arca was used to caleulate the adsorption in the remaining group.
The results obtained amply demonstrated the need for the factor 2 in
cquation 1.,13b  for the calculation of SDDS adsorption in the absence
of cexcess electrolyte, A comparision of the emulsion technique and
Gibbs cquation has shown agreement at the toluene-SDDS solution inter-
face (217), Haydon and Phillips (218) have investigated the adsorption
of SDDS and dodecyl trimethyl ammonium bromide (DTAB) at a petroleum
ether interface in the absence of excess elcctrolyte, Adsorption was
measured independently from surface potential studies. When DTAB

was used resultls were in accordance with Fquation 1.13b , DProvided the

water was highly purified, the adsorption of SDD3 was predicted by the

y

l

same equation across the concentration range 1.6x 10 mol dm to the

critical micelle concentration. IHowever, using singly distilled water

it appeared that trace impurities could provide a swamping excess of

4 i L a L SRR Y X

. > . " R , 3 e ‘.,.)f ) ""3

clectrolvte at concentrations of surfactant below about 3 x 10 mol dm
rctrolyte a



o

<3 ] ©x I3 + 4 3
and adsorption was then predicted by Lguatioen 1,13a

1.3.3.2 Adsorhed {ilms of alkyl sulphates

As a general rule adsorbed films of pure soluble surfactants are
of the gascous or expanded types, lowever, ideal behaviour is only
possible at extremely low concentrations; otherwise corrections are
necessary for the arca occupied by the adsorbed molecules and any
lateral interactions between them (199h) Section 153n2=3)¢ The

existonce of an ideal region for allyl sulphates at air- and oil-water

o

interfaces has been investigated only recently (219). 1In the presence
of oxcess clectrolyte extremcly low concentrations of sodium decyl
sulphate (3D$) and SDDS were shown to give jideally gaseous films,
Subscquently, the thermodynamics of adsorphtion in this region has been
discussed (220ab) celf interaction of surfactant molecules was presumed
to account for non ideality arising at a range of alkane-water interfaces
, -6 ~3
at concentrations of SDDS in excess of 10 "mol dm (QQOb), The same
¢ffects were found at the air-water snterface with SDDS concentrations
} -y -3 o0 e _ C c
above about 10 mol dm (paOa), \arked deviations from ideality have
been reported elscwhere for adsorbed films of SDPS at air-water inter-
. =3 -3
aces with surfactant concentrations above 10 “mol du (221,222)0
The cquation of statle describing the behaviour of SDDS films
in pon-—idcal regions has bee n the subject of much conjecture, A
general empirical cquation of the form: -
>
T (A - Ao o) = n KT 5 1,14
where n is a constant, has often been applied to observed data.
Various values have been assigned to n for adsorbed films at the air-
water interface in the absence of electrolyte. Tor example, Drady
(921) reported that n=2 over the concentration range 1,6 x10 to
) -3 . R .
10 "mol dm ~. Over a cimilar concentration range Pethica (222) found

that n=1.2. The latter author also found Fquation 1,11 to be inadequate



for adsorbed allyl sulphate ions, Cassie & Palmer (223) have suggested
that Equation 1.14 (n=105) should apply to ionized films at oil-
water interfaces in the absence of excess electrolyte. lHowever,
Cockbain (8%4) obtained results for the adsorption of SDDS, at the
decane-water interface, which were not fitted by any simple form of

: I -
Yt o el
Tguation 1,1% at concentrations aheve 10 mol dm Jo There was also

poor reement with the general eguation of state for charged films

(fquation 1,11 ) though correlation was improved if excess sodium
chloride was included, DLquations of state fqr adsorption at the o-w
interface have been discussed by Ghosh & Kundu (224), Bven modified
fTorms of Lgquation 1.i. did not correlate with measured data for
ionized (dodeeyl trimetbyl ammonium bromide (DPAB) ) films, Observatious

t the peirolewm ether-water interface support these views (218). The

o]

soyption of DIAT at concenirations up to the cmc was described by

(Cat

af

f

Fguation 1,11 but the correlation with adsorbed SDDS was poor above

i - , .
1.6 x 10 ‘mol dm )O The conclusion has been drawn that the assumptions
involved in deriving Equation 1,11 (Section 1.3,2.2) are not valid
. 7 .
for alkyl sulphate films (84,203b,222),
Several authors have reported an apparently linear region in plots

of surface or interfacial tension vs, concentration for surfactants

just helow the cnc, Such behaviour, which implies a constant adsorpticen
[®

) ) L . - I L
of surfactant by Gibbs equation, has been found for numerous noen-10n1c

(223} and anionic surfactants, including allyl sulphates (226,227) at

the air-water interface. Van den Tempel (87a) reported evidence for

this nhenomenon at the oil (50% monochlorbenzene + paraffin o0il)-
g pheneon

water interface for a nurber of surfactants, Van voorst Vader (QQSab)
k) . . v & -

inspected alkyl sulphate adsorption over the relevant concentration

ranse at a number of oil-water interfaces including heplane, petroleunm

epirit and benzene 7t was found that adsorption became independant of
b=l o ia &d ke R - @



> ntrotl vor what w . ) ‘ . .
concentration over what was termed a "saturated adsorption region”

The degree of saturated adsorption appeared to be dependent upon the
polar group of the surfactant and its intcraction with other polar
groups in ihe interface, A striking comparison was drawn with the
PTOPCTtiCS of liquid condensed monolayers, suggesting that similar

intermolecular attraction forces were Yespo nsible for both phenomena

1

GO0 . i~ s L. - SPRER BEREIN :
(@joa . More recently a saturated adsorption region has been reported

. ! -3
to ccecuy atb SnHDS concentratlons above 10 mol dm 2 and SIS concentrations
3 el -2 )
above 5 x 10 mol dnm at interfaces with alkane ( ”“) Towever, direct
meagurencnts of gpDS adsorplion (217, 214) have not supported these

The Gibbs equa .tion does not facilitate the estimation of surfactant

—~

adgorption at st i11 higher concentrations (le. above the cmc) owing to

the ¢iscontinuity in surface or interfacial tension measurenents (45,
111b), T+ has been assumed that the near constancy of {hese tensions

ns the concentration ig raised indicates that there 1s no significant

feqe)

adsorption increase. The excess surfactant lons are presumed to form
micelles, the interfacial adsorption of which is opposed sterically

3 1 3 ~ \ < }
and by the polar nature of the micelle exter1ox (lc). Nillson (21&)

10 Y <NNG . : o 1 water
found that adsorption of tritiated spDS from solution to the aix vater

surface reached 2 constant surface excess as the concentration was

, I Iy N R >Rl . : X
increased past the cmc. Similarly Wilson et al (ulﬁ) showed that

adsorphtion of SDDS onto foams reached a constant value at the cmc,

2 -
n Tad 1 e ] o )
The limiting arca per molecule of adsorbed 1on was 0,40 nm~ molecule

' cig o s evriti . A :
gurgesting that expanded films pero,sted above the critical concentration,

o0 SPNPTRE, . -
a conclusion also reached by Brady (lbl). Despite these findings the

pgcoihili{y of micellar oOF po]ymo]ecular gurfactant ads orption at

; o ounbed entirely A pumber of ostimates of
interfaces cannot be discounted entirely. L3

i .. ihe radio-tracer {echnique admittedly a rather
gurface €XCCSS neing the radio-tra i (‘ i 3 €



unrel s
wreliable device at high isotope concentrations) have suggested that the

surface excess 0t + ; ; ; .
8 ess continues to rise ahove that for a monomolecular film

1 3 tome studies P p i .

(111))5 Microtome studies have also given some suggestion that poly-
molecular adsorption can occur with dodecyl sulphonic acid (212b). 1In
erlgions, polymolecular adsorptien has been proposed to explain the

s o o CR y .
increased agorersation of light petroleum and, more noticeably, benzene

rersions at concentratiens of surfactant (ego potassium laurate;,

7oA | I . 7 )T .
CTA}) abeove the cme (;.)O),, Disagegregation at still higher con-
centrations was attributed to a higher degree of polymolecular

adsorption or to the adsorption of micelles, The concept of poly-

and micellar adsorption has been guestioned by Becher (16)

and I{iguchi et al 1 (231). Such an adsorption of pure surfactants 1is
considered to be highly improbable. Iowever in mixed or impure
curfactant systens, which are capable of forming more condensed films,
models for miceliar (159) and polymolecular (?0b,232) adsorption have
been proposed at high surfactant concentrations, In the case of a

high concentration of allyl sulphate, where a mixed film may arise

from incomplete sulphation of aliphatic alcohol during manufacture or
through interfacial hydrolysis back te the alcohol, the possibility of
a multimolecular adeorbed £ilm cannot therefore be dismissed,

1.3.3.3 The influence of o0il phase

Alexander and Teorell (233) obtained TT-A relationships for
lecithin and sodium hexadecyl sulphate (sups) at the benzene-water

interfacey which indicated that cohegive interactions between hydro-

carbon chaing of the surfactants was conside rably reduced in an oil
medium (i.e, Mg eliminated from Fquation 1,10b ) . In support of

. 5 (1901 1 that materials which ge igui
this obscrvation Adam (1,90) found that materials which gave liquid

. T 3 o -
type films at the air-water surface o3 ften formed more expanded films at

an oil-water interface Tt was proposed that the lateral interactions
& > 1 W b i ¢



e surfactis o .
of the surfactant hydrophobic groups could be satisfied individually

h il mo ' anc t L
vy 0il melecules and that the motions of the latter would enhance
novement of ads el o . . :
movement of the adsorbed molecules, both processes making the film more
gaseous,

g . g ad T - L. A . .

In contrast Hutchinson (23&&b) investigated a number of fatty
aeide and alecohols which developed [T.A curves with a transition point

and shape characteristic of a more condensed film at oil-water inter-

face than on water alone, It was also suggested that the lateral

attroction between surfactant "tails' and cil melecules may he considerable,

Jiowever, in subsequent studies lutchinson (23hc) showed that adsorbed

A

5 . R L. ~ly - =3
fiims from an impure SDDS solution (1 x10  +to 7 x 10 “mol dm ~)

werce all gascous at the oil (cyclohcxane, benzenc, chlorobenzene or
nitroheLzene)wwatcr interface, Nevertheless large variations in the
1T =A product indicated a considerable deviation from ideal behaviour,
The nature of the oil was observed to exert considerable effect on the
propertics of the £ilm obtained, Thus, films at the nitrobenzene~water
interface were morve condensed than at the water surface, chlorobenzene
did not alter the film significantly whilst benzene and cyclohexane-
water interfaces gave more expanded films,

The supposition that adsorhed films become more expanded at oil=
waler interfaces is further supported by the measured limiting areas

per molecule as the concentration approaches the critical micelle

concentration. Values obtained for SDDS at the air-water interface

2 2 - -
lie between 0,3%5nm  and 0,50nm~ per molecule (213,214,221,228a,235~

237), The areas obtained for oil-water interfaces show some dependence
. 1o areas :

o

Y y ™ $] Mo 7 o b : & R - } .
on the oil phase but arc normally increased, Cockbain (81) found a

2
1imiting area per molecule of 0.48nm at the decane-water interface,

This value has also heen oblained for the petroleum ether-water inter—

) . X ! Cimiting ar ] i
Tace (218)3 Rehfeldt (9)7) round that the 1imiting area for surface



adsorption (Oa“QHmQ) was increased only slightly by alkanes (e.g. hexane
2
0./tSnm : decane 0,49nm” ), somewhat more by unsaturated hydrocarbons
ey 2 o

(hexene 0,570m”) and considerably increased by benzene (0.65mm ).

Recent studies on the thiermodynamics of oil-water interfaces
(219,220H,238) have shown that adsorption behaviour and film properties
depend on the nalure of the oil phase., The effect of the chain Tength
of normal hydrocarbon oil on SDDS adsorption has been investigated
(229}, The nature of the oil was found to affect adsorptiocn in a
limited concentration range above the ideal adsorption region but
below the saturated adsorption region, It was concluded that the
different oils mmst affect the degree of self interaction of the
curfsctant molecules, Similar results have been obtained from a study
mture of adsorbed quaternary ammonium salts at alkane-water
interfacas(ﬁﬁg)é The nature of the o0il was feund to influence
adsorption at all concentrations below the critical micelle concentration,
the films beceming more expanded with an increase in allkane chain length,
The relative effect of chain length-of the oil on surface excess was
dependant upon the bulk concentration, Tor example, an increcase in
ihe bulk concentration of dodecyl-dimethyl=ethyl ammonium chloride

chowed an increased tendency to adsorb onto lonser chain length

43

alkanes, Interactions of 0il molecules with both hydrophilic and

| : » . N . e 1de + ae auaorest Yoy 4
hydrophobic surfactant groups were considered. It was suggested that

at higher concentrations a mere vertical orientation of surfactant

molecules improved the interaction with longer chain hydrocarbons,

Van voorst Vader (998&) examined a more diverse range of oils and
a Vader :

: o can affect il ature of the film in
has S}}O\'ﬂl '{)ha[j the ()1]_ phaSC carn dfi(,bt 1110 na J }(, 1 ln Il

PR T . 5 . o o H 1es s * y - .
the caturated adsorption region if the oil molecules contain a polax

croup. Recently, Buscall & Davis (2&0) have re-measured the adsorption
=) o R bl IS

Caus O ILE =L ShDS solution interfaces The
of surfactant at various allrane—aqueous SDDE olution interfaces. The



results obtained using highly purified oils (hexane, octane, decane,
dodecane and hexadecane) did not indicate any dependence of adsorption
upon allane chain Jength, It was suggested that the effects found
by previous workers were due to impurities in the o0il phase rather
than any specific interaction between alkane and surfactant molecules,
Although little information is available regarding adsorption
above the critical micelle concentration, it is perhaps significant
that Cockbain (230) observed marked differences in the aggregation

behaviour of benzene and light petroleum emulsions,

1.3.3. % Interacticns in mixed f£ilms

Mixed films, both spread and adsorbed, are formed by substances
which are capable of separate monolayer existence, Just as for simple
films, much of the understanding of the nature of mixed films has been
as @ dircct result of studics on spread monelayers at air-water surfaces,
Thus it has been shovn that the behavior of mixed films may range
between an cssentially ideal "solution"; as with similar long chain
fatty acids, to apparent stoichiomefric complex formation (241-243),

The extent of molecular association has been found to depend upon
mutual interaction of the polar and hydrophobic portions of the inter-
acting species, Davies and Rideal (117e¢) have considered the probable

polar interactions, as with an ionic + non=ionic surfactant mixture,

. Y RIS > Ay e R I 3 Wl ol i onA
concluding that the shielding of charged 1onic heads'™ by non-ionic

polar groups is probably more impertant tlan interactions (cg, hydrogen

%ondiHW) between the two, This conclusion was reached by Goodrich (2&4)
5 ng ween

who suegested that complexing could occur if the hydrophobie portions
¥ suggesuveld b - 5 s

were suffliciently symmetrical to permit close packing. Dervichian (245)

has also suggested that hydrocarbon chain interactions are prevalent

. e A nd te hetween siraight hy arbo
since no complexing was found to occur between siraight hydrocarbon

st an 3 s ~ont Tucassen~jLes s (OL6
chains of less than 8C atoms. MOTC recently Lucassen~ileynders (240a)
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has pointed out that any assessment of interactions in spread or

- " L3 ) ma - .

adsorbed films must alse take into account the presence of substrate
or solvent molecules, a factor not previously considered, By using
. R o . .

the thermodynamic convention of a surface phase (Appendix I), in

contrast to the surface plane used by Goodrich (244), an approximate

sy 1Y T e 4 H iy r ¢ . .
measure of the interaction of surfactant and solvent could be obtained.

mple the investigation of adsorbed surface films of lauric
acid + Na laurate {240b) indicated the formation of a stoichiometric

ilms revealed

[t

comples; comparison of TT~A curves for the pure and mixed
a degree of surfactant-solvent interaction cons istent with the theory,.
0f further significance is the observatien that spread monclayers
could be “penetrated® by soluble surface active constituents of the
liguid substrate, resulting in a marlked increase in surface pressure
(17“&)e "he extent of penetration and molecular association in the
mixved film was shown to depend upon mutual interactions of both polar
and hydrophobic moicties of interacting molecules, Subscquent investi-

gations into the penctration of alkanol monolayers by allgyl sulphates

Y

Lhave been performed by numerous authors., Schulman & Stenhagen (247)
suggested that sodium hexadecyl sulphate (SHDS) penetrated and com-
plexed with cholesterol or hexadecanol for example, Goddard & Schulman
(248&) found that SIDS penetrated a number of long chain alcohol,

acid and smine monolayers. In some cases a stable 1:1 complex was

formed, It 1is now well established that SHDS penetrates readily into

. N T Q1 OL0Y) % .
cholesterol (gqga 2409a ) and hexadecanol (2&0uggaju) but no complex

. . * . 13 aY = ~xr Y 1 OT vy IS r
was indicated in these cases. A similar obscrvation was made by

S o . T - ‘1 C QIS a hexadecanol
Fowlkes (250) for insoluble mixed films of SIDS and hexadecanol on

a sodium chloride solution substrate, A transition in the film, to
< o REEE 3

1.0, - ~yy s Nt gy o . el
one of considerably closer packing, occurcd at an approximate 50% wmole

. i 2o gy e Y i‘X‘t 3 1 i Y Ay W . .
fraction mixture but this was attributed to a moleccular rearrangement




of sulphate molecules rather than

Whilst

a considerable amount

from studies on monclayers spread

littie work is reported

investigated

equation,

regarding

the separation of a definite complex,
of information is available directly

at air-water surfaces, comparatively

adsorbed mixed films,

Tutechinson

the adsorption of an SDDS-—oectyl alcohol film

solution by means of a modified version of the Gibbs

1 - S RV NI 3 PR e
[he results obtained, although only approximate, showed no

indication of either complex formation or enhanced SDDS adsorption in

thie presence of alcohol,
of alcohol its
hand the
that sodium
and C

p

1

The

achiceved

constant

of dodecanol it was found that strong adsorption of the alcohol occurred,

reaching al lcast 50% of the film even

by tritium labe

v

alcehels at higher concentr

direct measurement of adsorption in

1ling

=]

concentration of SDDS (16~

of onc or both

concentration in the film was appreciable,

t

i

o)

Oons .

3 3

mixed sysiems

components (21%4),

at high dilution.

flowever, even at vrelatively low concentrations

On the

surface tension measurements of Jlarva (QS‘ub> have indicated

taurate may form stoichiometric complexes with C6Y C,7,C 8

has been

mol dm 7) and a range of concentrations

Above the

cme the alcohol was removed from the interface, presumably becoming

incorporated into mixed

micelles.

. oY . oy e
Coclibain & McMullen (2)2) found no evideuce in interfacial

pressure

water interfaces.

L 4
1aurate with cctadecanol or cholesterol,

.
-

. L . 4o o 1)L
& Qwen (95') could detect no interaction ol SDDS

surfactant solut
hexadecanol was dissolve

Fyen el
strongly

<

estimates {o suggest any interaction at benzene— or decane-
Amongst the materials examined were SDDS or potassiun
On the same basis Kanellopoulos
at interfaces between

ion and silicone fluid into which decanol, dodccanol cor
R S t B -

d. Tn both these studies the alcoholg were

the properties of mixed

adsorbed at the interface.

solutions

other

are



mariedly different from those of surfactant alone irrespective of
whether a definite complex is formed, The alcchol is strongly co-
adsorbed and an increased condensation of the film is generally
accepted,  Surlactant Tilms may be transformed to liquid condensed

(1752) or vigid filws {125,’Y79b)by the presence of a long chain

]

the interface (Secticn 1,

the nature of adsorbed films of mixed systems may depend upon the

concentral

I~

upon the natuorve of the two bulle phases,

actant films may give rise to a liquid crystal phase at

05>, The particunlar interactions and hence

on and cliemical configuration of the surfactants but also






2.1 WATER

All water was twice-distilled using
of two stills (Fisons “Loughborough", Adms per hour output) connected
in series, The first ldm3 or more of distillate was discarded from
each batch and the remainder was collected in glass aspirators (lOdmj)
which were stoppered when full, The water was stored overnight hefore
cach bateh was monitored for its conductivity (specific conductance)
and surface tension, These measurements were taken at 25 % 09100 by

the methods described in Scctions 2.2.2 and 3,71 respectivelys

For all water samples used the conductivity did not exceed

6

e -] =]

0w , - o . . ; I |
1.2 x 10 (LY cm and the surface tension was 71.8 to 79,6 mN m ",
2.2 SURTAL

2.2,.1 Choice of surfactant

Sodium allyl sulphates were chosen as suitable agents for this

study, The generic formula of the group can be written as

3

in which 1 is a saturated aliphatic group with a straight or branched

n (050, Na')

chain., This hydrophobic group must be sufficiently large to make the

1

surface active anion appreciably amphipathic, which usually requires
a1 least twelve carbon atoms, though shorter chain length agents are

wsed in certain instances (1110)0 Not only are these compounds

relatively cheap and readily available, but they can be prepared in

homoeeneous form and their composition may be routinely determined,
4] e " -

. . P EUEY e s
Conscquently there 1s more informwation svailable pertaining to their

properties at interfaces than ahout any

ant.

The most serious disadvantage of the group is their chemical

3 74 s parti c : ond to hydrolyse to free alcol
instability: in particular, they tend lo 1y 3 alcohol

in aqucous media,

an all glass apparatus comprising

other class of anionic surfact-



2.2 Characterization

The purity of a number of alkyl sulphates {listed in Table 2-1)
rye o 1 s meacyITam - s .
was checked by measurement of critical micelle concentration (eme) from
N T S o . .
condactimetlrie and surface tension measurements and by hydrolysis of

VR T Yoo . ~ . &, . . : M
the sulphate to the free alcohol which was then analysed by gas-liquid

chromatooraphy

-3

Approximately 10 kg of surfactant was refiuxed for four hours

7z
S NG B . . .
with 30cem” of water and 10cm” of hydrochloric acid, The mixture was

Wl

o
}

allowed to cool and the free alcohols were separated by shaling with

thicce separate aliquots (QOCm‘) of solvent elher, The ether was

evaporated and a sclution was preparcd of approximately 10kg m 5 (0.01

=3\ .
g cm 7) free alcol

hol in heptane,

Ty

the alcohols were chromatographed using a Perkin~tlmer T11

ipstrument with a flame ienization detector, Nitrogen was used as the

: ~6 3 -} -]
carrier gas at a flow rate of 10  mw™ s (1 em” s ). An Antarox

(=3

A

C0~-990 colunn was used (8 % Antarox in 80-100 mesh chromasorh W
(AWmDHCS), obtained from Perkin-Elmer Ltd), At an operaling temperature
of 184°C this column was found to give adequate separation of C8 and
higher alcoliols withoutl perceptible "tailing" of the analysis peaks,

Pure standards of dccanol, dodecanol and tetradecanol (Section 2.,4)
were used te find retention times and a mixture of eguimolecular pro-

' _ _ . R |

portions of these alcchols (O.l mol dm in heptane) was employed to
test the relationship between alcohol chain lencth and detector response
(mcasurcd as peak area). The area relationships obtained using the
standard mixture (sec Table 2.2} were found to be lincar within

experimental limits. The analytical results for the range of surfactant

: s m., 19}
gamples arc given in Table 2-2.
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2.,2,2,2 Critical micelle concentration

s

A stock solution of each surfactant (10“1 mol dmw)) was prepared

-

1YY 1l v I3« \ ¢ ey A . . .
using doubly distilled water and 100em” of a wide range of dilutions
5r R N ¢ Y . S . .

were made up in volumetric flasks. These were immersed in a watler

- A 4 :'.“O'w K % . .
bath at 25 % 0,05 C for thirty minutes to allow the solutions to come

to temperature,

The conductance (G) and surface tension (¥) of each solution was
measured in a double walled beaker maintained at 25 * OaloC by pumped
flow from a water bath (see Section Zelnk).

Condnetivity (X = Gb) was determined using a Mullard conductivity
cell, whose cell constant (1) was found to be 1,34, connected o a
conductivity bridge (Wayne Xerr Universal Bridge, 11221). Surface
tonsions were measured using the Wilhelmy Plate technique described
cleewhere (Section 301),

The cmc was cstimated from the shayp inflection in plots of
conduciivity or equivalent conductivity vs. square rool of concentration
(25&,255) and surface tension vs. concentiration (251 ab), A minimum in
gurface tension vs. concentration curves made the estimation of cme
more difficult, Previous workers (2]&,251nb,256w°58) have proposed
{hat such a minimuu can arisc from the presence of surface active
impurities such as the free unsulphated alcohol,

A sample of 0.1lig of SDD5-A was recrystallized {rom a 50% v/v
cthanol-water mixturec. The surfactant was extracted with hieptane for
twonty to forty hours in a Soxhlet apparatus, Before use the Soxhlet
was soaled overnight in chremic acid, rinsed thoroughly with water
followed by acetone, dried and rewashed in solvent (heptane), The
90 hour extractlon was performed neing a conventional extraction
thimble which had been subjected to 5 hours of heptane extraction,

9]

This wus substituted in the longer extraction process where a glass



wool packing was inserted into the Soxhlet prior to cleaning. The
surfactant samples were washed with fresh solvent and dried under
vacuum,

The cme values obtained for all samples are listed in Table 2-2,

Table 2~1,

Allyl sulphate samples and their sources,

Sawple Source Grade

Sodiuwm deeyl sulphate

¢y ol ((;)so;‘:«zf‘)

SDE-A Pastman-fodak Reagent

Sodium dodecyl sulphate

0121{9_5( oso,j",\:a"')

SOHNS A British Drug louses Spescially pure
SDNS-B Lastman-Kodak Reagent

gNDS-C Maxchon Products Specially purified®
SDDS~D As SDDS-A Soxhlet 20 hour
SHNS-L As SDDS-A Soxhlet 40 hour

NOTES
W
o ¥t

%  Sample kindly supplied by Dr. B Jarry, School of Pharmacy,

»

Portsmouth Polytechnic, pPortsmouth, Hants,

— _..—__,__—_..,M——-—m'—"’
e e e e i



Table 2-2,

Characterization of surfactants

SAMPLE cne (mmol dmuj) GLC (%)
(a) b c e
(b) (c) Co Clo Cy), Others
SDS-A 25,0 26,6 3.6 99,5 (n) (n) g 0.5
SDDS-A 8,12 7.50 2.8 0.8 99,2 (n) (n)
VL. C N N [ 4 e r~
SDDS-B 2,50 2,25 4,3 0.5 70.5 29,1 Cg 0.3
SDDS-C 8,15  7.00 k.5 0.6 99,0 0.4 (n)
SDDS=D 8,07 6.90 3.5 - - - -
SDDS-T 8,00  7.32 1.3 - - - -
Standard - - - 39,29 34,86 32,85 -

NOTES
a conduclivity method
b surface tension method

. . . !
c depth of surface tension minimunm (mN m )

n nene detectable

2.2.2.3 Digcussion; Celeetion of suitable samples

Ilomologue impurities (as detected by GLC) may be present in the

original surfactant as either sulphate or free alcohol, The high

contamination of sample SDDS-B has been verified independently (Appendix

II)., All other samples were of 9% purity or better with respect to

homologues.

Phe discrepancy between cme measurements for the two technigues




employed can be explained partly by the dependence of cmc on the
property heing measured 237.25LY) ¢ :
property g measured ( 111,237,254) and partly through the
RO O ; PR s : s
difficuity in judging the inflection point of the surface tension
Lo I . - 3
plots (Figure %), With the exception of sample SDDS-B the cme values
measured by conductivity compare favourably with the literature values

for purified samples (sodium decyl sulphate 33.0 mmol dmw‘J and sodium

dodecyl sulphate 8,10 mmol dmm3)(23?,253,255,259}0 Since the homole
impurity is known to be low in these samples the slight lowering of
emc ig prohably due to the presence of Iree alcohol (251h,260), This
suggestion is supported by the presence of the surface tension minimum,
Comparison with the results of Miles & Shedlovsky (256) indicates that
a winimum of 2 to 3 mN mm1 might be expected from about 0,1% of dodecanol
in sodium dodecyl sulphate, Several workers have succeeded in removing
such minima by Sexhlet extraction (2569261)0 In this worlk howevery
extraction for up to 100 hours failed to remove the minimum completely,
in agreement with other ohservations (21&,258),

Samples of SDS-\, SDDS-A and SPNS-I were selected as suitable
agents for this study. The GLC, surface tension vs. concentratioen
and ecguivalent conductivity vs. concentration curves for these materials
are given in Ficures 3 to 5, Iach surfactant sample was divided into
small portions (<10,0§kg) which were stored under nitrogen in tightly

sealed boltles. Surface tension vs, concentration curves were re-

measured frequently after the bottles were opened,



TRACES FROM GLC ANALYSIS

For experimental details and results
see Section 2,2.2,

Bach curve g@tained by injecting
2 x 10°° dm ” sample onto column,
Traces shown for SDDS=A (curves AXDB)
o (curves D&C) measured at
nsitivity setting 10 % 102

TG A
ui) SR e

]

8 (curves
(curves B&C),

= 0
= (@

ASD) or 20 x 102

B

&
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tical micelle concentration from

plots of interfacial tension versus logarithm of

Surfactant concentration.
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2,3 OTL VHASE

9.%.1 lvdrocarbons

Me hedrocarbons us PRI . o
The hydrocarbons used, their suppliers and specified grades are
given in Table 2-3.
m B -y Pens - M 35 " . .
The vefractive indices, measured at the average D-line of sodium

o0 7 ; v pammared witl 1 o ;
(589.3 nm)% are compared with the literature values, Rach refractive

[}
(A

otae (v Y wene measured twice using a st :
index (n, 7} was neasured twice using a standard model Abbe 60
3 R T LTS e \ a . . -
refractometer (Tellingham & Stanley Ltd} in which the prisms and sample
P PR A ot o4 0 o
were maintained at 20X 0.1 ¢C,
Surface (¥ ) and interfacial (¥ ) tensions were measured
ov

using the Wilhelmy plate technique (Scction 5.1).

2.5.2 Purified ﬁydrocurba“r

Refined samples of hexanc, hexadecane and henzene wexe prepared,
Tach alkane was shaxen repeatedly with fuwning sulphuric acid (olcum )
until the acid did not not hecome discolourcd within five minutes,
The o3l phase was then washed with aqueous sodium carbonate (four
times) and watler (ten times), Hexﬁno was distilled twice and the
middle fraction (about 80% was collected each time.) Hexadecanc was
reerystallized four times withoul solvent, About ten per cent of
unfrozen liguid was discarded cach time .

Benzene (500cm3> was rccrystallizcd {wice without solvent,

7
about QOCm) was discarded on cach occasion. The remaining henzenc
was stored over sulphuric acid for 24 hours, The sample was then
washed with aqucous sodiwn carbonate and water, then distilled twice
(as above ). Finally the crystallizatjon process was performed twice
more.

The measured propertics of these solvents are included in

Table 2-3.
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2.h  ALCOUOLS

mi v ey T o " .
The alkanols propanol, butanol, pentanol and hexanol (C3 to Cé>
J
were supplied by DD Chemicals Ltd as "laboratory reagent! grade, The
y ¢ and C 1ols wor , : , . ;
ng 010; C1o and blf alcohols were "specially pure" (not less than
GDY  Lan: 1 PN . J : 1
99%; from the same supplier, The tetradecansl (myristyl aleohol) was
ey E T N S - . .
a "pure” sample obtained from Koch~Light Laboratories, The C,, ClO’
[&]

PR | PR I TR T . 2 . . . Ltz
C12 and Cl]i allkanols all gave single pealks by GLC at high sensitivities

Scetion 2,2.2,1), All aleohols were used without further purification,
J I

LLANTOUS REAGENTS

Hydrochloric aeid, sulphuric acid,; potassium chloride and sodium
carbonate were all "Analar" reagents supplicd by DD Chemicals Ltd,

sulphuric acid (sleum) and acetone were "laboratory

reagent™ grade Trom Fisons, Potassium dichromatle was "technical"

grade from the same supplier,

Solvent ether was obtained from May & Baker Litd.
Carbon tetrachloride was a "specilrosol" sample from llopkin &
Williams Ltd,

All reagents were used as supplied.



METHODS




%1 SURFACE AND INTIFRFACTAL TENSION

3.1,1 DPrinciple of measurement

Surface and interfacial tensions were determined by a modified
Wilbelmy plate technique (262), This and other methods of measuring
tenzions have been reviewed by a numher of authors (1d,623,200b).
The suitability of the plate method for measuring the surface and
interfacial tensions of surfactant solutions has also been evaluated
The forc? (F) acting on a wetted plate whose lower edge is
parallel to, the plane of ﬁufface of a liquid(er an

wnging in, and

interface) is given by

where Awm is the apparent increase in weight of the plate, g is

b 43 M b1 1 1 L,
acceleration due to gravity, I and L are the length and thickness
of {he plate respectively and ¥ is the surface (or interfacial) tension.

5,1,2 The Wilhelmy Plate

The plates were cut from a precision strip of polished platinum
D

(Johnson & Matthey Lid). A hook of platinum wire (3.3 x 10 7 cm
diameter, from the same suppiier) was welded onto the upper edge of
each plate, The plates were roughened slightly to enhance wetting
by water (966) and the dimensions were measured microscopically.
Before cach tenszion moasurcment the platinum plate was clcaned by
heating to red heat for 30s in a hot bunsen flame, then used immediate-
1y it had cooled (267).
3.1.3 [IThe balance

The most elegant application of the Wilhelmy technique is in
conjunction with an electrical balance (268,269)’

Th this study a micro-force halance (CI Flectronics Ltd,, MK 2B)

- . JURRC A Yies =11t ) v 1O 1T ¥ i - oy ~f
vas found to be highly suited Lo the routine measurement of surface

Y



or interfacial tensions,

m . S :
The instrument comprises two separate parts,

a weighing compartment centaining the balance head; and an electrical
control cabinet (Pl&f@ 1). The balance employed was fitted with a
vacuan head wnit (as shown) mounted independently on a perspex plate.
This arrangement was clamped firmly in pesition en a wide-hased
retort stand. Deneath the halance head was a platform which could be
raised or lowered by a rack and pinion bolted onto the base of the
stand,

The balance arm is maintained in centinuous balance, enabling
routine measurcments to be made in the plane cf a surface. Recause a
change in weight is detected by a light sensitive servo in the balance
head this part of the instrument was covered in order to eliminate
chancges in background light during operation, A weight proportional
current operates an indicating meter on the control cabinet and the
weight is read directly. A potentiometric pen recorder was connected
in seriecs with the indicating meter in order to improve sensitivity,
facilitate the measuremenl of cquilibrium tension values and to
folilow suriace ageing.

3.1.4 Calibration

The cleaned Wilhelmy plate was hung {rom the beam of the clectrical
balance by means of a thin wirce, This arrangement was counter-~balanced
in air by a weighing pan and weights hung from the other bhalance arm,
Fine adjustwents of the zero were achieved for three of the five
ranges available (corresponding to full scale balance readings of

2 -\ . A ‘e 7 ~adiust switches
10 mg, 10mg and 2.5mg) by operation of the zero-adjust switches on
the control cabinet. These ranges were then calibrated using standard

)
weights (CI Flectronics Ltd) of 10 mg, 10mg and 2.0mg,

. ; -1 - ime prevente alibrati
The location and mounting of the instrument prevented calibration

-1 ~ -0
10 " mg and 2.5 x 10 “mg),

o~
o
a
(2
4

of the remaining ranies



For the meagurement of interfacial tensions the procedure was
repceated with the plate immersed in the particular oil phase
. e

3,1.5 Operation

s VS T - T A o o :
The Vilhelwmy plate was removed, cleaned and returned to the balance

m

arm, The zcero value was re=checked,

Twenty-five cm3 of test liguid (previously brought to 25°g)
was placed in a double wall thormestatted beaker(FigUPC 0 ) maintained
at 25 £ 0,1 C by pumped flow from a water bath (Town&on & Mercer,
Standard Dridge Control Thermostat Dath, BQ70}, The bealker was
positioned in a recess on the platform and faised to just below the
plate, wheveupon the reflected image of the plate indicated whether
or not its edge was parallel with the ligquid surface, The water
pump was switched off, to reduce vibration, and the beaker was raised
until the plate came into the plane of the surface.

For interfacial tensions the same proceduore was performed, then
sufficient of the less dense liquid was pipetted carcfully onte the
surface to completely immerse the plate,

The inercasce in weight on the balance arm was read directly {rom
the indicating meter and chart recorder, All measurerients were taken
as the average of a cet of at lecast three readings and the balance
calibration was checked after cach set.

3.1.6 End Correclion
In some Cuses, particularly with fairly thick plates, the effective
1 .
perimeter 38 not a simple sum of 2(L + L ) because of the perturbation
of the liquid meniscus at the corners of ihe plate (2001,270).
The "end correction’” e was determined by measuring the surflace
tension of henzenc and carbon {otrachloride using three plates of

i - Ap Jie / he plales were o
lencihs (1) 0.506em, 1.008cn and 1.49%em, All the plates were of

h ] o PR N oy e R, Sy A X . RN r o
thickness (LL) 0.0353cn and height 1.000cm, Tn order to cbtain the force



e < 4} oy b " & .
acting on the plate (F) for benzene with the largest plate a tare
was added to the counter halance pan, Trom a graph of F vs, L at
. s, L

gk i alenae (143 ,

constant thickness (it is also assumed thal e is constant for plates
Py s NPT -3 PR, 4 )

of these 1engths) the gradient has a value 2 , The surface tension
values obtained for benzene (28 D i
alucs obtaine r benzene (28,0 mN m ) and carbon tetrachloride

. ]
LG N nYy ¢ i 4 :
(doag My m ) compared favourably with literature values (28018 nd

1
F 0T s\ iy s\ ~ . X . .
15 N 1). The values of & were substituted into

regpectively)(QT
Tguation 5.1 for each plate and the average value of e was found to
he 0,015 % 0.005em (i'cec for a plate of L = 0,506em and L1 = 0,0%%cm
the end correction alters ¥ by about 2%). |

Sela Surface and interfacial tensions

: Cas . - 1 ——
A platinum plate of dimensions L = 0,506cm, L7 = 0.033em and
e = 0.015cm was used in all investigations of surface and interfacial
tensions. Calibration of the cleclrical balance enables a rapid
gdirect-reading proccdure to be adopted from which tensions (% 0,1 mN
-]
m ) can be calculated as follows:=
) SR |
b = Amg / 2 (L = L + e) 302
= 885 An y

. . . -2
where & is the surface or interfacial tension (N m Yand g = 9.8l ms .

3.1.8 Interfacial adsorption

Interfacial tension datam were collected over a wide range of

-0 to 10“1 mol dm“)). The area (A)

surfactant concentrations (10

occupied by each surfactant molecule at the interfacc was calculated

usine the derived Gibbs surface excess equation (Fquation 1.13h ),
L)

At low surfactant concentrations it can be assumed that the surfactant

e

. . -3
. . - 4 R N
sotivity can he substituted by the concentration in mol dm (c¢) so that

Fguation 1,135  Dbecomes

B - (1 // Q;;}}g) (dES / dlnc), 3.

i

and



Tnterfacial tension vs, In concentration data were fitted by
computer (Application Program UA 01; University of Aston in Birmingham

. % . .
Computer Centre) to a polynomial of the second degree; 1.e.

- 2yt 8y Inc  + a, in"¢ . 3.5
Thus:
af/ d lne = a +  2a, lnc . 3.0

2

Turther terms third and fourth degrees) were also computed

but these did nol improve the £it of the data,
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5.2 DROPLET STABILITY

3 ¥ - oy ..
3.2.1 Design of coalescence cell

e,

I'wo all glass cclls were constructed on the basis of the design
£ Viplser a1 (0=0 W b : : ;

of Nielsen et al (g,w) but with certain refinements (Figure 7). The

eylindrical chamber of one cell had an internasl diameter of 8cm and

1

s

o other was 10em in diamecter,

il dronlets of known voelume were inflated singly at the tip of
e T CET T e ol (A D Y
a 38cm filling canula (AJDL, Horwell htdo) by means of an ‘Agla’
micrometer syringe (Luer fitting; Wellcome Neagents Ltd,). Access
for the canula was provided near the base of the cell in the form of
a 10/19 socket, A range of canulac of different bore were sealed
with *Araldite! (Cibawﬁeigy) into plain ended glass cones of the
apprenriate size., In this way the droplet volumes could be controlled
for oils with widely dif{fering interfacial tensions.

FPurther provision was made for droplets of the scelecled volume
to be releasced from the canula tip. A siaple drop=releasce device
was designed (Figure 7) through which detachment was achicved by a
flow of liquid through a small nozzle situatcd immediately below the
canula tip, This flow was caused simply by expelling air gently
fyom a teat fitted onto a capillary continuous with the nozzle.

3.2.,2 Clcanint and thermostatiing

The slass cell was rinscd thoroughly with distilled water then

completely filled with freshly prepared chromic acid and allowed fo
mpletel le

sonk overnicht, The cell was then rinsed at lcast twelve times with

distilled water and at least twice with the appropriate surfactant
solution,

The 'Agla' syringe and canula arrangement was rinsed through

times with organic phase and fitted immediately to the freshly

five

cleaned cell.



Preliminary studi / ‘ i
yos ies showed that reproducible resaults could not

be obtained simply by using a water bath to thermostat the apparatus,
presumably because of leakage around the dry joint accommodating the
canula,  Conscquently the entire apparatus was clamped in position in
an air bath, a large glass beaker (Sdmj) weighted down in the water
bath (as used previously), The top of the bealer was cloged off with
foil and the water bath lid (viscometric type; Townson & Mercer Ltda>
fitted, with the top of the coalescence cell and the micrometer barrel
e syringe accessible through adjacent holes in the 1id, The

(%3

remaining holes were covered and the apparatus was viewed through the

gside windows of the water bhath,
323 tion

The cell and 'Apla' syringe arrangement were cleaned, assembled

immediately, and clamped into position, The surfactant solution

D - p) - .
200cm” or 300cm” Tor the small and Jarge cells respectively, previously
o i J Y R

s 0 * . s " . . .
brought to 25 C) was poured into the cell), After several minutes the
0il phasec (1’cm) or QOcm)) was pipetted carefully onto the surface,

Afier the nccessary period of interface ageing oil droplets were

inflated and aged at the canula tip, then detached, Regt-times of
droplets were measurced by stopwatch as the time which elapses from
arrival of cach droplet at the interface to its coalescence, A

of 50 dropletls was found to give reproducible estimates of

minimum

stability in agrecement with previcus observations (s&c Section 5,2,2),

At least 80 droplets were measured and each experiment was repeated

. " NI “
at least twice, giving reproducibility of better than 90% .
1 [€ 38} XY - S =

3.0.4  Fxpression of stability

Tn all previous ctudies on droplet coalescence a distribution of

. o -\ m At e . 3 e e
rest-times has been obtained (68,103). The statistical analysis of

wives rise to a nun
[aed

mber of stabilitly parametlers, For example,



Cockbain &

the number of dropl S e . )

( f droplets remaining at time t) against t for a number
» w e 3 . . 1 vy o

of organic phases stabilized by water soluble surfactants,

e AaetTen 3 N , R . .
glow deerease in N was atlributed to film drainage from hetwecen the

droplet and the interface

smatelw ox +3a1 nart :
imately exponential part which, when plotted as logN vs,

a rate constant for coale

The rate constant for

order half Yife (7T%) for
Tk = 0,693
e = oD

my ey 3 ey K .
The gencral form of such

stability was characterised by the time required for half the droplets

1

observed to coalesce (t w

5

-

oraphically (106) or esti

Ty

o=

1ty = 0

m e o 2 e 1 y
ihe mean rest-time (tm@an)

obtained readily from the measured data (108&,273,27&)0

In addition, a numbe
to correlate droplet stab
equation of the form:
T =

C
correlated observed data
constant X and n wel

. L o
size and temperature. X

has coalesced 1n a given
Jog (N / Xo)

where No is the

( mkc t

coalescence Kk
C

total number of droplets

e .
. There followed a more rapid and approx-

scence to be calculated:-

/ 2.,303) +  const,

more convenient compariscn of stabilities,

/ &

I e

a plot is shown in Figure
\
/

§

mated from the difference

=ty .

r of empirical expressions have been found

ility data.

<t ) (oect”)

.
8,

AR B § 4
MCIL 1 } . . . .
feltoberts (104) used a simple distribution curve of N

3.7

can be converted to a first

3.8

Overall

which may be read directly from the

i siribution curve, The drainage time (Q;) may also be measured
A

3.9

is a further parameter which can be

Flton & Piclmett found that an

.10

LA

for systems containing electrolyte,

re]
time,
n

= okt 9

obscerved

The related equation

has also been used

¢ dependant on electrolyte concentration, droplet

yresents the fraction of dropletls which

3.11

An initial

t, enabled
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In the absence of added surfactants the distribution of rest times
obtained by Gillespie & Rideal (275) fitted the relation

3/2

5 3.12

log (N / Wo) = -X{t «1t)
)

{where & iz a coalescence constant and to is the minimum rest-time),
which was derived from a consideration of the theorctical model of a
deformable drop resting at a plane interface, Reservations were
expressed regarding the adequacy of this rclation as appliced to systems
containing surfactant, Nielsen et al (272\ found that this cquation
was applicable to three component systems but better correlation was
generally obtained by plotting log (M / No) vs, t. Other workers

{27‘b,277) obtained a measure of agreement with Equation 3,12

-

particularly fer longer rest-times, whilst Jeflreys & Hawksley (273)

feound it necessary to vary the exponent. Bdge  Greaves (274) further

sursested that combinations of vatues of to and the exponent were

possible,
An alternative approach to the analysis of coalescence data is

to consider the distribution of droplet rest times about the mean,

The simplest type of distribution is the normal or Gaussian distribution

where the rest-time will be distributed symmetrically about t mean,

Ldge & Greaves {27&) reported that the first-stage coalescence times

: : ‘L. " . \res Y . [N R . LR —
for the system decanolC acid-heptane-water were approximately fitted

. M 7 T - + 5 4
Ly the normal Jistribution in the range 00> N>10%, lowever, 1n its

esact Torm the normal distribution predlcts rest—times which are as

iiaee are above ity negative re ~times ax
far below the mean as others are above ity negative rest~tines are

for longer than 21 In these

. . B
predicted if any droplet persists mean

instances the data may Le hetter fitted by a skewed type of distribe-
iy L LUD 4 - etV

. LR} ~ ey v R e
. oy Jhich the frequency of observati
ution such as the ]Ug~norﬂ&1 in which 1 y ation

of zoro rest-time is also zero, The validity of the normal or log-
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normal distributions

may be tested by plotting the percentage not

P R NIRRT
conlesced on a probability scale vs, time or log-time respectively.
£ n‘ 1:! Y y .\' 11 '{’ < : . . - >
1{ either distribution holds a linecar result should be obhtained, This
e Y08 Ter 3 3
is uniquely defined by two parameters, the value of t at 50% probahility
(1{ ot 1 P
(v, which assumes the value th =t for normal. and th for log-
- mean SR 2 LOX U5
it A3 ettt iana) -
norsal Olut;lbuLLOHS) and the scatter about this point (D—§ the

*Y YT O 3 Ay "y “ ~ ~ ~ 4 - M 5 N
standard deviation or geometric standard deviation for normal and

log-normal distributioens respectively, The selection of suitable

parameters for this study is further discussed in Scction 2,

ardized ovuv*’monizl method

5.2,5,1 Introduction

Past workers have shown that a large number of factors may affect
the stability of a droplet at a plane interlace. These may be divided
into those which are a consequebce of cxperimental technique and thosc
which resull from the propertics of the phases present, 1t is essential
that a standard proccdure must be developed to control other variables
reproducibly in order to study the influcnce of o0il phase on stability.
A progyamme of preliminary experiments was completed in order to
devise such a procedure.

%.2.5.2 lesulls pndagiﬁcugglqg

it

A, Temper ature

Temperature affects the physical properties of the system (eg.

. . : o, .,'»<'~(.\ 0 s YT - - S - e
interfacial tensiong viecosities) and so would bhe expected to influence

. s 4 N bR ] 3 < 1 1 w3 ’ ) 15 etri
roplet stability. Gillespic & Rideal (275) attributed the distrib-

ution of droplet rest times to jirregular dieturbances caused by poor
L3 01 lroplet re: .

thermostatting. An increase 1B {emperature has been found to decrease

. 670 977 2
droplet ctability markedly (272,27 5,2706ab,278ab ) unless the coalescence

: H e B E: 3 S LC y s “'l\ "i'..n«)‘ Rl
mechanism 18 altercd, from a single step to a stepwise process for




exanmple (103,272),

B, Droplet size

Th

T T e n " . PR .

¢ influence of droplet size on stability has becen considered by
PRI £ ; ) <y s y 7 0 s e

numerous authers for both unstabilized ( 734275, 076b,279) and stabilized

(104,272,280h) s

(g
“
4 1

el

NS An increase in droplet size has generally
been found to inerease rest~times, larpely hecause of the longer
drainage time required ag droplets an7/ar interface become more dis=—
torted (275,2701,279,280ab). Iodgson & Lee (LUOM/ liave also discussed
the relationship beltween droplet size and the pressure in the film
due to buoyancy. In contrast, stability (t)) has been found to vary
Little with droplet size by some workers (10&,273), although Jeflreys
& lNawksley (273) did find that td was slightly affected, Komasava &
Otake (?81)inv0$tjgated the effeet of volume on the stability of quite
I~ ] z

Jarge benzene droplets (wAl”‘)to 0x107" dm)) and found thatl rest-iimes
inereased with droplet volume, In the presence of a surfactant, however,
the stability was independent of size. Nielsen ot al (272) suggested
that the prescnce of a third component could cause either an increase
or a decrcase of stability with increased droplet size, Lang & Wilke
(102L) also report variable behaviour with increased droplet size,
depending on the system under study.

The effect of droplet volume on the stability of hexadecane

-l .,3 S

. . i - o . I 4 m, I
droplets (1n 10 mol dm DS solutlon) is summarized in Table 3-1

and Figure 9.
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STABILITY AT THE OIL

:— hexadecane; Surfactant = SDDS-A; see Table 3-1
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Table 5-1

The elfect of droplet size on the stability of hexadecane droplets

o
9

3

; el
. the ~SDDY . 3 =3 . ‘ ) )
t the 0il-8DDS-A solution (10 w0l dm ~) interface (saturation time

hours; droplet age 30s, cell diameter IOcm).

Drop volgme Drop diameter tmean o M(t&) Tg
(10M6 dn”) (cm) {
() (s)
2 0.157 12,6 5.2 7.0 2.30
e 0,197 10,3 5.0 7.8 2.06
6 0.225 6.0 7.1 5,0 1,83
8 0,248 6.3 7.9 .5 2,51
10 0,268 Tk A2 5.k 2.36
12 0,284 8,7 4.9 5.9 2,38
14 0,300 6.9 ol 5.0 2,27
16 0,315 5.9 2.8 5.0 1,93

-

At low droplet wvolume (ie. below 6x10“6 dmj) a marked increase
in stability with decrcasing size was observed, but at larger droplet
sizes stability increased slightly with volume., A similar pattern
of behaviour was described by Cockbain & Mclloberts (104) for benzene
and light petrolecum droplets stabilized with potassium laurate or

. 1 o ] L
SHDS It was reported that ! was not markedly aflfccted by volume

D e

- -6 3 ' .
in the range 0,5x10 ’ o 10%10 am” but below this range slability

increased rapidly with reduction in volume, The enhanced stability

of very small droplets has also been reported elsewhere (272,280&)0

This behaviour has been attributed to clectrical double layer effects

aricine from the presence of ionic components (103,2 9), Anotlier

1

hat, since a cmall droplcet rests upon a very small

possibility is t

arca of interface, siabilization may be due to minute islands of

impurity which are too small to stabilize larger droplets,

cohicsive



It 1s also pertinent to note t}

i@t theoretical analysis of droplet

Y v ) 0 - ¥ et e
coalescence on the basis of a non-deformable droplet (a spherical-

1 \ . S TR | .
planar model) predicts that t} should be inversely related to droplet

diametor 1) B 3 IS ) 3 ) 1 i
diameter (d), Tor deformable droplet (using a parallel disc model) it

e me i et A 1 . 5
vas predicted that t3 should be related to d° (9763)

-6 3

Prom a dronlet voluw -6 3 ‘ .
From a droplet volume of 6x10 dm” to 12x10 dm) a slight increase

7}

in stability was cvident (Pigure 9) though the estimate of td varics on

7 -y
T O T T N = 2 ; :
slightly over this vange., Above 12210 dm” a slight fall in droplet

sta
compressibility of the interfacial film,

It seems likely that the conflicting experimental ohservations
previously reported arve due at least in part, to the different ranges

of droplet diameters involved (d = 0,1 to 0.6em (272); 0.2 to 0.9cm

(273); 0.3 to 0.9 (279); 0.4 to 0.6em (276a); 0.1 to 0.2cm (279)

ks 5

0.1

e

~ \ mi. s s A -
to 0.5cm {280ab)}. This cempares with a range of 0.16 to 0.3)em
investignted in thig study,

C. Curvature of the interface

The effeet of interface curvature on droplet stability was first
examined by Nielsen et al (272) who found that droplet rest-times

increased considerably when the interface was made concave towards the
droplet, This was attributed to an increased resistance to drainage

of the liquid film hetween the droplet and oil phase.

Table 3-2 summarizes the results obtained using two cells with

different internal diameters to measure droplet stability for a number

of phases at consiant interface age, droplet age and dreoplet size,

ility may oceunr as a result of buoyancy, elcetrical effects or high

Tsr

;e J



The effect of

Ce]_l d" -y
imensions on the stability of oil droplets

at the 0il=3SDDSJ i =k

a X 1l=5DD5=A solutior { =3y ;

+ e n (107" mol dm™”) interface., (Saturation
time 24 noursg

droplet age 20s; droplet size 6 x 10“"6dm3)

: Cell diamcter 8Scm Cell diaméter 10cm
OLL timean 5 % tmean T t
liexanc 15.2 8.1 8.9 28,0 24,75 12,7
Qetane §.5 6.6 5.9 92,8 14,9 13.6
Decans 12,9 7€ 10.1 15.8 8.3 12.3
Dodecane 7.0 ! 5,6 10.3 5.9 7.5
Nexadecane 5,7 5,0 5.0 6.7 3.0 6.0

Clearly, cell dimensions have a profound effect on stability

parancters, particnlarlv for the morc stable systems, The interface

wos markedly curved in cach case with the amaller cell and it appears
that more rapid film drainage reduces droplet stability significantly.
However, llic pronounced curvature also caused @ emall but significant

proportion of the more stable droplets to drift off the interface to

{he glass cell wall where tney had extended rest-times. All such

droplets were disrccarded, thus resulting in a further contribution

v

o the apparent Jowering of stability. A gimilar effect has been
observed by lodgson & Woods (280b>,

Trav ietance to © interfac
D. Travel (ELijdzgll_io the interface

14 has been shown previously that extending the distance of travel

of a droplet to +he interface may inercase droplet stability (103?273>,

¢ i Te ar it : , jumbe " possil
The reasons 10T this cffect are not clear but a pumber of possible

. " A1y 1o eSS e by A Trovy e Navic
explanations have heen surrested and discussed by Jeffreys & Davies

v . ced ad e chare .

(103>‘ Thus, the droplet way acquire an eleclrostatic charge or
. . cge e A R - R .

collect surface active jmpurities as it passes through the agqueous

I . R ‘Q‘,( 'Iik'(} W > afdue o)
phase, These 4lterpatives arc €obs Ldered unlikely when the agueous




phase contains added surfactant,

Indeed, under such conditions some

Yoo > ) n .
workers have found that droplet size is independent of distance of

travel (272,277 i {fer : PRI ; .
av /2,277). A difference in stability could result from bouncing

-

- B e e e .
of the droplet after it striles the interface and the interference of

inples O T B R, v axres
ripples on film drainage. However, Tawksley (282) has shown that droplets

~Wiave a0 Fant 3y ] ) : . g - .
achicve a constant terminal veloeity within 154 to 20d, hence the impact

£

; ey s .Yy 5 3 .
of all droplets shiould be approximately constant, whilst rest-times

. . ; . - .
continue to increase with further distances, It scems likely that the
observed effect is related to the overall dimensions of the apparatus.

For example, stability may be affected by the reflection of disturbances

£

of £ the anparatus walls which, in turn, will depend on where the droplet
first meets the interface and its subscquent motion (if any) before coal-
cacenece,

T, Vibration

Closcly allied to the previocus discusgion is the effect of
extrancous vibrations on droplet rest-times, a subject upon which there
have appeared a number of conflicting reports, It has been proposcd
that vibrations may cause random variations in rest-times, thereby
explaining the distribution of values found in all studies (102ab),

Nowever, scattered valuecs have Leen reported in instances where vib--

rational cffects were excluded (273,276by279,2803)0 Niclsen ci al

(272) found that miscellancous vibrations and even mild agitation had

only a slight cffect on droplet rest-times, llowever, it 1s generally

asrced that vibrations of Jarge amplitude can stabilize droplets by
srecd that Y i /

allowing the draining film to be replaced,

In thissiudy therce was no discernible difference helween the

results of experiments conducted in the daytime or at night. A small

nunber of experiments were carricd out using an anti-vibration mounting

(Griffin & George Ltd,)_ The resultls obtained are summarized in




Table 3-3,
(= 10%) was

in reducing

ST A s . .
sSomewvhat surprisingly

found in each case,

the apparatus was slightly more susceptible to

Iy
vibrations

Table 73

The e¢ffect

SODS=A solution (107

lrenled are 30s
dronlet aze 30s

}

(B

mol dn

L ~ -y B Kl :
to returd the film drainage process,

~disruptive vibrations within the interface,

a slight increase in stability

It may be that the mounting was effective

In addition,

accidental disturbance

ST sraty Wals naxs b < . .
iuring operation, which may have caused some fairly high amplitude

tof vibratien on the stability ol oil droplets at an oil-

\ . ~ . .
) interface (Saturation time 24 hours;

. =0
; droplet size Ox107° dm ”

-

; cell diameter 10cm),

01IL STARTLITY PARAMTETENS STABTLITY VITH ANTI--
VIBRATION MOUNTING
tmean Tk té twean T% t}
Texane 28,0 24,73 12.7 3,0 28,6 21,2
Hexadecane 6.7 3,0 6.0 7.0 3.3 6.6
Jenzene 5.1 2.0 .5 5.0 2,2 bk
Teluene 12,8 8,2 8.3 18,2 13,1 15,1

m-Xylene

9.3

10,5

F. Jwpuritiecs
The importance

has been cmphasized

by Jeffreys & Davies (103).

Surface

of excluding extrancous impurities from the system

actlive

. Lo : R PN Lo E - A\ ‘,v]) ,,,.-,’..J‘V
impurities affect stability in the same way as added surfactant (see

below),

especinlly if

. ‘ . oy fo-
drainine film is promoted (270

materials uscd

by, The

elffect of

1 55 furtlier discussed in Sccetion

5.2,

contaminants

The roate of coalescence may be acceleraled by solid substances,

i these are wetted by the oil phase, hecause rupture of the

in the



G. Yhase cquilibration

Several workers (272,976b) have demonstrated the effect of mutually
saturating the aqueous and non-agueous phas?s. Saturated phases always
gave noticeably longer droplet rest—times than non-equilibrated phases,
even when the selubilities were only slight,

T

hie effect of pre-saturating the oil phase with water has been

odyee) 4 LR, T I m. - . N
gtudied in some detail (Pable )«h). In cach instance the droplet

[6)]

tability increased after 3 hours shaking with water or if the oil

water for 12 hours and then allowed to stand in
contacl with the water for at least 12 hours, DUxtending this "standing
time" to up toe four days produced no significant change in droplet
stabililies, The aquoous phase was, in cach casc, saturated with the

appropriate oil phase to ensure that norgof the oil in the droplets

dissolved during a coalescence experiment,

Table -)::1}_
e offect of saturation of the oil phase with water on droplet stability

) -7 _
(rk al the 0i1-SDDS solution (10 "mol dm )) interface (Droplet

3}
~—

6 2z
‘ o 3
age 30s; droplet size 6x10 7 dm )

01l Cell Saturation time (hours)
diameter

phase (cm) 0 3 24 144
7 = Lo- ]
Dodeccane 8 3.5 3.9 .5 i, 0
O -y -
Jexadecane 8 2.7 3,1 3.0
Toluene 10 7.0 6.7 8.2 8.0

Cyclopentanc 10 9.4 - 0.1 10.73

[




T, Concentration of surfactant

my . "
¢ amomn ( . . .
Fhe amount of added surface-active agent will have a considerable

[ Teocet wanlafd - s .
effect on droplet stability. The surfactant accumulates at both the
{ 1 T, o e ~y o ' e .

droplet surface and interface with the result that the rate of film
37 1@ o E L 3 c s .

e 1s reduced; interfacial viscosity may be increased and the

s af 13w FI, K] " .
oy of film rupture is deereased (Scction 1,2.3). Ilodgson &

1ty ~ e GONY Yoo - - . NP S B N
Voeds (280h) have related stability changes to the complex flow patterns

[

S 25 T v e e N . . 16y \
in film drainage. Nielsen et MM_(QKQ) sugerested that mean droplet res

e

“y
pab]

M |

times changed with surfactant concentration (c) according to the

relation

n
t << c

mean

(]
.

fomd
i

where the exponent n varied from 0,45 to 3.0,

The present study reqaired that the enhancement of stability was
significant but also that the rest-tinmes should be short enough to
permit the routine measurement for large numbers of droplets, The
cffect of surfactant concentration on droplet stability is shown in

Table 3-5 for a number of oils., A tenfold change in concentration

...

Y 7z 3., # o Ty ey 4= - L Ny
resulted in a 2 to 3fold change 11 stabilitye.

Table 35

. . ST N . gy 4 v o o 3 - Y
The effect of surfactant (SDDSMA) concentration on the stability of

. , S vy {3 om0 . dy 1,
0il droplets at an interface (SaturaLlon time 2hhours; droplet age

-6 3 . N
30g: droplet sizce 610" dm’; cell diamcter 10cm),

e



] n
Ll =7 5 3
) . ) ] w3 -2 -3
OTL 10 mol adm 10 7 mol dn 10 7 mol dm ~
e m1 i b
tmean T, to tmean Tk th tmean  TY %
Hexane 28,0 24,3 12, 50 h9,5 38,4
Dodecane 10,53 5.9 7.5 | 27.6 16,0 20,90
- i EA A )
Hoxade can ~ ; _—
Hexadecanc 6.7 3.0 6,0 14,9 8,0 11.7 1733.9 28,4 21,8
Tanrene [y a .f -G [ )
Denzene 5.1 2.0 .51 13, 7.5 10,0 50 25,6 37.5
yelohexane 9.4 5.9 6,21 30,8 18,83 23,k
Toluene 12.8 8.2 8.7 35.7 21,0 30.0

T. Surfactant chain Yength

<

Some preliminary studies have been conducted  to determine the effect
of alkyl sulphate chain Tength on droplet ctahility (Tahle 3-06).

able 30

The effcet of alliyl sulphate chain length on the stability of oil drop-

b

1 br 4
. . 7y mth - . ) e .
lets al an oil-surfactant solution (10 mol dm ) interface (Saturation

. -6 . 3
time 2hhr; droplet age 30s; droplet size 6x10 dm”; celt diameter 10cm).

SD3 SDDS
1 ) 1 ]
tmean T4 ty trean Ty 5

0IL

Hexane 27.7 18,5 20.0 28.0 24,3 12.7
Dodecane 2 2,1 3.3 10.3 5.9 7.5
Texadecane 2.7 1.6 2.5 6.7 3,0 6,0
Cyclohexane 5¢9 3.2 3.8 9.0 5,6 6.2
LLP h.9 2.5 2.8 9.0 5.9 6,1




As expecled, in e et X .
pected, in the presence of sodium deeyl sulphate (SDS)droplets

were less stable than those where SDDS is used at the same molar con —

ﬁnt«{-é-{sn my < N o . . ) A
centration, These results are in accordance with the lower surfactance

£ AT lew rhatea it o .
of alkyl salphates with shorter hydrocarbon chain lengths (1110), The

I3 ey g stabilit ol G faol i
difierences in stability reflect a twofold change in surfactance for

1 oadditien 1 A R s . N .
cach additional C{I2 group which is alse evident from the relative

vy z
0N e ) CYITYCY E -2
2,2 (SDS 34 mmol dm ~; SDDS 8,1 mmol dm 7).,

cne s measured in Section

The ageing of a droplet, prior to its detachment from the needle
tip, can also affect the droplet rest-time (10&,277)u The effect of
droplet age was investigated for two different oils at constant droplet
size (Table 3-7). An increase in stabilily was cvident with increased

)
ageing time up to about 30s with 10 mol di 7 of SDDS as surfactant,

Hodg

rson & Lec (280&) found that ageing bad an cffect on rest-times
only in experiments with surfactant and concluded that the inercased
stability reflected the finite time required for adsorption of sur-
faetant molecules to the droplet surface, tecently it has also been
shown that the age of the interface can exert a similar effcct on
gtability and that the film drainage process is probably altlered during

9}

interface ageing (110,g80a>.
Table 37
. . . 1 " .
N . " - m b & N .
The effecl of dropletl ageing on the stabhility (13) of o0il dropletis
. -4 =3y . Lorface <‘_ P
at the 0il=SDDS solution (10 mol dm ) interface. Saturation

: =0 .3
time 2hhours; droplet size 0x10 — dm )e




Table 3«7

Droplet age

(=)

DODECAY

8em cell

HEXNADECANE

10cm cell 8cm cell 10cm cell
O 201 3&5 Qa‘q 205
1) /1':5,0 3:5 3-0 -5“0
I 3 ~
30 4,7 5.9 3.0 3.0
6o h.3 6.2 2.9 5.3
3.2.5.3 The stondard procedure

The Following were

>

experimental investigation into the

1

droplet stabilily,
()
(i3)

Temperature

Droplet size

Curvature

Travel distance

(iv)

Vibration

(¥)

Impurities

adopled as standard conditions for the

effect of o0il phase composition on

()0

thermostatled Lo 25%0,2°C

a droplet volume g'ving minimal

6

stability was selected (ie, 6x10°
dmz)
10cem diameter coalescence cell

was used in all studies,

10c¢m from canula tip to interface
in éll ecxperiments,

no special precautions except to
switeh off thermostat motor during
experiments,

a one-picce cell was constructed
entirely of glass to facilitate

cleaning; cxtensive clcaning

procedure (Section 3.2,3) aud special



equilibration

S

el

concentration

o
b
S

Surfactant

precautions (above) to eliminate

extraneous contamination were
employed,
mutual saturation (24hours) as

described,

4

!
il M,)
10 7 moel dm except where other-

wise stated,

SDDS-A except where otherwise stated

Chgsy

droplet age 30s; interface age 4’
2 - b4
r

minutes decided from observations

on interface ageing (Section 4,1),



5.3.1 Drepavation and storage
A

Tach emolsi RN . 3
ach emelsion was prepared from 160 cm’ of surfactant solution and

3 ..
hn A, £ \ iy ey o ol .
40 em” of oil phase w h we ~a oy . . . . .

’ piase wnien were pre-mixed by five inversions in a measur-

ing cylinder The syst vas ) p .
ng cylinder, The system was then passed through a calibrated bench

homovenizer {Ormersd) at fo ; P :
homogenizer (Ormerod) at four decreasing orifice diameters, After one

vyped v onnaa At th 1 1 5 R S 3 1
further pass at the minimum orifice diamcter each emulsion was trans-—

3

ot Ay A 1000m” Fiedddac . . - :
ferred to two 100cm” bettles, The final emulsions were stored in an

RN R | P R . I3 bl LTy . . . —~ .C
inverted position (ilate %) within an incubater maintained at 25 0.5 C,
ALY sampling was preceded by gentle re-mixing (five inversions) and
the required volume was removed from the centre of the bulk by means

of a wide tipped pipette,

3.3%.2 Poarticle size analysis

Tn order te follow changes in a range of emulsions it was considered
cssontial to obtain direcct information on changes in droplet size
dictiributions with time, The most reliable means of delermining
particle sizing data is Dby direct observation through the microscope,

'he mosti convenient technique for routine measurenent was considered
to be photemicrographic particle size analysis. Preliminary investi-
gations using the Coulter counter {Section 1,2.2) indicated that many
of the sysiems under study (cg, aromatic hydrocarbon emulsions) were

. . . . e s , . )
unstable atl the high dilutions required for this instrument, Liven at

lesser dilubions the gradual loss of droplets was apparent (Section

The cffect is undoubtedly due largely te dissolution of the

0il phase and 18 reduced by pre-saturating the diluent with oil, though

evaporation of 0il from the system may result in the disappecarance of

oo ot ions hio Xey orde r other workers
droplets, Similar ohservations have been recoxded by other workers

(7)a€72) and it has heen concluded that the size distribution of

- the Coulter counter only if 4he oil phase

[

emilgiong can be measured b

*Tootnote ¢ Flate L is located at page 132/3.




is highly insoluble (70&),

For the present work the effeet of diluting

the emulsions with

ietilled water. QDDo Fion A o ST ; ;
distilled water, SDDS sclution and SDDS solution saturated with oil

phase was investigated, The type and volume of diluent caused no

oo . e 7 . o
erence 1n particle sizing data  for long chain paraffins

w
o
=
-
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~
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e
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and only slight differences were ebservedwith short chain paraffins

O T A s e b oy a e a e o y
hut the cyclic hydrocarbons [eyclohexauv and belzone) had lower average

diometoers wi U5 satuvated with oil was used,

luted with SDDS solution of the correct
concentration, previeusly saturated with the appropriate oil phase,

The emulsien was added to approximately half of the diluent in a
meosuring cylinder and the remainder of the SIDS solution added slowly,
Cne drop of the dilution was then mowited on a heemocylometer slide

(awksley) of depth 0.02mm and allowed to cream under the cover slip

]

for 10 wminutes, Considerably coarscened emulsions were mounted on a
similar slide of depth O,lmm,

The depth of boilh slides was cxamined for small globules before
photography. Pholomicrographs were taken using a light microscope
(Watson) fitted with an adaptor for a Watson eycpiece camera, A X10
eyvepiece and a X140 ohjeetive were employed throughout. ITn order to
achieve sufficient illumination of the sample an intense lamp
(Vickers Tnsiyuments) fitted with a heat filter was used, Heating

effcets were minimized by operating the lamp at low voltage during the

sreliminary focussing, The most cffective contrast was obtained using

T

. o > i ACAS ; Y and Kodak Dromi
T1ford Pan T £ilm {3%3mm fine grain ASAD0 (pIN 18) and Kodak Bromide

\
* - <y ¥y - a1y re e i 1 {,] ¥
lard Paper {Grado %3 white gsemi-matt, single weizht), TInitially

enlarcesnonts were made to a 1000X total wagnification but this was
-4 s L o Teivnaan WD AL IR . '

o

subscquently replaced by prints of 500X magnification without marked
suongoequenttly I ac X g

loss of resolution,




Ny T . . . .

Jroplet sizes were measured directly from the prints and recorded
g int v | = .

a5 intervals of 0.5 pm with reference to a photograph of

the hoensceytometer rulino 5 L AT 5
the hacnocytometer rulings (50 Hm squares), Two photographs of the

rulings were taken for cach group of emulsions examined, The class~
IR eatinm of cizeaa wae poneldoral ;
ificaticn of sizes was considerably assisted by recording each set of

anetic tape for later transeriplion onto paper,

For all emulsions two haemocytometer slides werve prepored and at

least three fields were examined for each to provide suflicient (1h00~

500) dronlets for size analysis,

o2 T
)]
,

.3.% Dronlet concontration

Tn addition to particle size analysis a number of supporting
obhaoprvalions were conducted on the change in droplet pumber with ftime,
Praulsions wore diluted as for particle size analysis except that
: . e C o . .
the overabtion was verformed in 2%em” volumetric flasks. The diluent
J e N
. : oV W L
preferred in these experiments was a 207 /v solution of glycerin in
distilled water which assisted even dispersion of the droplets and
reduced Drownian motion (ligher concentrations of glycerin reduced the
contrast between droplets and continuous medium to an unacceptable
desrec),
The dilutions were allowed to cream wider the cover slip in a
. ~ \ : al 3 - 5 .
hacmocylometer slide (0.0Qmm), as previously, Fach slide was then
checked Tor even globule dictribution with about 10-20 droplets per
field, Txactly 20 fields were counted with the aid of an eyeplece
craticule calibrated with a ruled micrometer, Fine globules deeper in
the cell were viewed by focussing the microscope up and down, Tields
- o 1 - o £ 4 v w1 AT
wore selected in five rows of four covering st of the available arca

Globules were viewed al a total magnification of 00X,

. . e 3 T o a1y sides of eac -
those being counted which Jay on the left and top sides of cach arca




t not 4 : - 33 CTuts
but not the lower or right sides, The dilutions of alkane emulsions

v , ir ]‘ ta ] - . s . .
were found to he stable; no significant changes in globule number

revit g ek 1 v YRt - < oy E i 1 i

were detected in any of samples for up to 3 hours in the measuring
AT T T a el THOT E - o Vv e 1 3

cells, In cach experiment the procedure was repecated twice and,

rarided the distribulion aeross o ; :
provided the distribution across cach slide was satisfacltory,counts

o
-~

o e N B T
agroeca Witinin

one loss of droplets was detected {rom benzenc and
eyelcohexnne dilutions; benzene emulsion was particularly troublesome
in this respect, ihe count falling by as much as W0 per cent within

the Tirst bour, These cffects are atiributable largely to the higher

volatitity and sclubility of the oil phase (Section 3.3.2).

ERE L Centrifusation

. 3 . . . Y
Two 10cm” samples of a small but representative nunber of cmmlsions

-2 -3
(benzone, cyclohexane, hexane and hexadecane stabilized by 10 mol dm

SD&SWA> wore centrifuged six hours after nreparation. The carliest
exverinents enploved an 1.E.C, refricerated centrifuze (Intornational

< e

S Vs . . N -~ 01
nany; Model B-20 fitted with 873 llead) operated at 0°C,

No senaration of free 0il was obtained after treatment for up to an
hour at 6 000 z (10 000 xpm).

Furlher experiments were performed using an M.S,E, Automatic
ultracentrifuse (Measuring & Ceientific Equipment; Superspeed 50), also
operated at OGCQ The emulsions were centrifuzed at 85 000 g (30 000
rpm) {for 10 minutes then removed from the centrifuge and examined for
free o0il, This procedure was repeated twice to give a total centri-
fugation time of 30 minutes Tor cach enulsion, All ihe sauples
comprized of a close packed crcam layer and a clear serum after the
pinipm centrifugation time, Samples of benzenc and cyclohexane showed
some separation of frece oil aflter 20 ﬁinutes centrifucation. The

o i ahowod arati and were centrifucced -
remaining emulsilons showed no separation an rifuged for a



{ or 3 M1 Ao Y. .
Turther 30 minutes., All the sanples were remived and examined for

free oil at frequent intervals during storage at 25%0,5 C,

.5 Viseo=ity measurenent

Viscosities were meacnved | . . ,
Viscosities were measured in a standard U-tube (Model A)
viscometer (Griffin & George Ltd) which gave a flow time of 282%1.0s

Ter distilled water at the operating temperature., The insirument

e
jon
o3
o]

a viscometer holder and maintained at 2530,05C
Townson & dercer Ltd,; D270 Rath with viscometer type 1id). The
viscometer was vreviously cleaned wilh chromic acid and rinsed

thorouohly {not less than twelve time s) with distilled water. After

two further rinses with acctone the apparatus was dried in a stream

Thirty minutes were allowed for thermal equilibration of the

viscometer and emulsion before the instrument was filled, One flow

()

time was measured immediote The procedure was repeated twice,

empiying and cleaning the viscometer between cach run,
The relative viscosiily r? } was determined using the formula

1
t

e = T /M = ot /ot 3.1

where t, and t, are the nmean {flow times of two liqui

1

with densities

(o)
w

Py and p, respeclively

Tmulsion densilies were cstimated from the appropriate oil

Lo

ol

) 1 3 RS RPN . [
ties: ilhe Cdensity of the continuous medlum wvac taker as 908
Lies; il y

g

5} JACS
a7 a7 oS an ; o7
the value for 10~ mol dm 7 SDDS solution (203),

Viscogity measurements were made after an initial period of 2
+ LY ~ s R
heurs and at frequent intervals thercafter,
5.5.6  Iull changes
Visual observations on ihe exient of creaming ﬂnd/or separation
«L» i s

of free oil werc also recorded, These were cusily measured and gave fure

] “dine cpulsion behavicur during storage
they informatlon regaldllg crulsion behav S age.



F.4,1 Tlectrophoretic Mobility

S TN B P el .
If a dispersion of negatively charged particles (for example)

P o ambdontad e oAanm oo N . 5 . L
ig subjected te an electric field, the particles and the rigidly

f(v L . ~y \ ! 2
{Section 1,2,3.2 ) are attracted to the positive

5 Sy el (3. S e o B . . - . . . 3
electrode,. The counter ions migrate in the opposite direction carrying

€

solvent along with them, Ulectrophoresis is the move
surface relative te statieonary liquid in an applied electric field
The means by which electrophoretic measurements are carried out on
eruleions have been reviewed by Sheruan (62a). Such messurcuents

o

e information about the

provide vatuab ragnitude of clectrostatic
repulsive forces,

The relative movenent of a particle with respect to the counter
ions desande a plane of shear between the two parts of the double
layer. This is likely o occur at some small distance from the
Stern plane (}"'j“‘ure 1 The potential at this plane is known as the
zeta-potential (2) and determines the rate of particle migration from
vhich 2 may be measured experimentally. Llectrophorelic measurementsg
arc usually recorded as mobilitics, the electrophoretic mobility (u)
is given by

w = v/B 5.15

—~1 0 .
v i¢ micration velocity ()1m s ) and B is the field strength

Lo ! 4

shere
(v cmvl),
The electrophoretic mobility of individual emulsion droplets was
siark T microclectrophoresis apparatus

measured dirccetly using a Nank Mar

(Plate 2) operaied at 25%20.)1 C.

- RN -
7.0,0 Uicrocleetiyopores

the suspended droplets was observed in a capillary

The motion of




tube of cylindrical bore (Rank Bros)., A portion of the tube in the

centre is ground and polished flat on the viewing side in order to
improve the conditions of illumination and to reduce refraction crrors,
Optical effects arve further minimized Ly making the plano-convex cell
wall very thin and by having both the cell and the microscope ohjective
immerscd in the thermostalt bath,

1t of the capillary access is provided for an clectrode

conted with platinum black., The electrodes arx

@

surrounded by a "Teflon" sleeve (Fisons) for
convenient insertion and removal from the cell, The apparatus was
held firmly in place in a thermestal bath by means of a cell holder,

Initial cleauing of the cell was by soaking overnight in chromic
acid and thorough rinsing in water bul altler assembly the cell was
mnintained filled with distilled water, The capillary was rinsecd
successively with distilled water (Lwice), surfactant solution (twice)
and diluted cmulsion (Lwice) before cach measuremnent,

B.0,.%  Stationary levels

Microelecirophoretic measurenments are complicated by the motion
of the liquid medium relative to the charged walls of the capillary
tube (elcciro~osmosis), within the closed system of the electro-
phoresis cell this necessitates a retwrn flow of liquid with a
maximum velocity at the centre of the tube the eleclrophoretic motion
is sunerimposcd on Jiguid movement and true electrophoretic velocitics
can only he ohsorved at locations in the tube wlhicre clectro-osmosis and
capillary of circular crogss-—scction this

return flow cancel, Tor a

; A AT Y O 07 £om . T
so~called Mstatienary Jevel" occcurs at 0,707 r, from the axigs of

. ) . E. e OQat OO
the tube (vﬂwnxzr e the tube 13d1u°)° (C"d9~8‘db7—”)>°

zo ) ! A B R
)p’le" (,1111




measuring t

Fhe ¥ Yary s . p .
ne conductivity of standard solutions of potassiwn chloride

PR s R il - s by ey 3 :
atl 25 °C. These were measured using the Wayne-Yerr conductivity bridge

Aoarvyityed PN IO, (s
described previously (Jection 2,932.2)o

rr\‘)\‘ i f‘(‘! 3 \J" e < 5 o~ - ,' : 2
e conductivity K is the reciprocal of the resistance in ohms

(8]

ol o colum of solution Im long and Im™ in cross scction,

18, T‘: = Le = I.:OG 3 16
: R .1
AR i)
o e r 1
e

S oy 3 e . o
where I, s the capillary, 4 is the crocs sectional

(]
«

avea of the capillary, Ro is the electrical resistance and G is the
v civr o ety ~ i
measured conductance (G = 1/ ).
@
The internal radius of the capillary was measured as 0,88 mn,

Therefore, from Pquation 3,16

, e -0
Lo = (2,&5)3/G) x 10 melres,

The conductivity for potassium chloride solulions has been well
~ 4
documented, the relevant values are given in Table 3-8, The capillary
9]

lensth was talen as 8,55 x 10 m,

Table 3-8

NDotoermination of the effective length of the electrophoiesis cell,

KC1 concentration K G 1,

~

- -1 -1 =0 -1
(mol dm J) (" om ) (10 J_FL ) (cm)

1.00 11,170 318.0600 8,530

0.10 1,239 36,780 8,526

102



The apparatus was asser o .
apparatus was assewbled as shown in Plate 2 and the water bath

{ Tiirts mi { vy s e P .
filled Thirty minutes was allowed for thermal cquilibration of the
N T . mi. ey st . N
apparatus. lace measuring microscope was focussed on the cutside of the

Ty v Y - 1 : . .

tube wall, then racked in to focus on the inside wall of the capillary,
Ny o P S N S . T 3 ; " . . . .
Coerrect pesitioning of the cell and the most effective illumination are

Ty R B S I A - 4l Y-
achieved wuen the wall thichness (measured by a at o minimum

P M AT AR e 3 . o W 4y A ] ' i
and the micrescope is al right angles to the capillary, The wall thicle

N TN I R S N 3 s
ness wag found Lo bLe GbeGiJmc The wmieroscone was then refecussced onto

the outey wally the distnncc{pe) of the stationary layer from the

outer wall is

i

Pe wall thickness + (002~3 re) s 5.17

= 323.8

he micrescone was racked in 323,.8 pmu and loclked into place at the

3
1

wancencermoent of cach sel of measurements,

1

Temlsions were prepaved and diluted as described previously

(Soction 3,309>, the cell f£illed, closed by the clectrodes and allowed
te coune to temperature (5 minutcs). Care was talken to cffect complete
closurce of the cell with the exclusion of all air. The thermostat pump

was switched off whilst measurements were taken,

Particle velocitics were determined by an clectrical timer,

. .. : I y - . A3 st mrmec e .0
sndividual dropleis being limed over a fixed distance,; usually 90 pn,

. : ) 114 . droplets i harp focus
on n calibrated eyepicce scale. Only thosc droplets in sharp focus

61

. . . g . X -
and with no perceptible vertical motion weve timed, A current of 20%

, . . s 3 - 1 ! - o 1
was Tound to give reaconable transit times (10, > hg ) thus reducing

o i serator Limin \lternate particle
errors due to Drownian molion and operator timing. Altlernate particles

. . < vy C r the s T oot yor - -~ 1 »
were timed in opnosite dircctions by reversing the clectrode polarity,

This wrocedure minimizes the offect of any slight drift in the sample
procedure ninis

)

clectrode polavization, The mean velocity and stlandard

P
and also prevenis




AR ‘. sy wyt Ay Y 3 3
Tz cell was emptied and rinsed with the aid of a suction pump,

rminntion of zcta<potential

™ha meta-notenti o h ot - ; .
The zcta-potential can be obtained from the general electrophoretic

et on darived by Tenry (36 v i 3 ; ¢
equation derived by ilenry (ZSG) which, in its simplest form (ior NoT-~
ﬁﬂrfi¢}cs> reduces to

. _ €7 (f‘ [1('1{1 /6wl

a = 7 (f [Wx] ) / ;,-g,jz , 3,18

[ k O : ) o . . .

where € is the dicleclric comstant for the fluid medlum,tq_ls the
sy and Xy is the ratio of radius of curvature for the

- : A
000h,287), The function I [h.f]

depends upon the shape; size ond orvientation of the particle; it varies
. e S \ o . .
between 1,0 for small Kor \<;1@0>, where the particle can be considercd

. 1
Tuckel oquatlon), and 1,5 for large ¥r (>>QOO)

as a point cha
vhere the particle surface can bhe considered flat (Smoluchowski oquation).
The double layer thickness in metres, can be estinated from

g 1
o0 (¢ ny)? 3.19

1 -
K uz 0 o 283 x 1
for an aqueous solution of a symmetrical electrolyte with charge

: '0 - , . - -~ .
numbey 1, and wmolar concentration ¢ at 25°C (28/)0 The estimated
Li

.y

1 . A : - o s
values of X and I r at a nusler of concentrations of elcetrolyte are

given below (Table 3-0)



Table 3=9

Varl&th? in reciprocal double layer thickness with concentration
for a 1:1 clectrolyte «

Concentration Kl Klr

{, ,7.-“3‘ -1
(mol dm ) (m ) (1) (di1)  (i14)

4l 9
10 1.0 x 10 250 500 2 500
0 8
10 3.5 x 10 82,0 104 820
3 8
10 1.0 x 10 25,0 50 250
‘...l'x‘. "[7
10 3.0 x 10 8,2 16,4 82
) 7
10 - 1.0 x 10 2.5 5.0 25
NOTE
(i} Por particles of 0,5 pm diameter,
(ii) For particles of 1,0 jm diameter,

(iii) Tor particles of 5.0 jim diameter,

: . 1 N s .
Clearly the litickel cquation (1 [K ﬂ = 1,0) is not likely to

to the present work, Tor example, a particle diameter of 0.02vm

IS 4
. . . =D -
would Dbe required in an electrolyte concentration of 10 mol dm

1 . . " )

to roduce Ky to 0.1, In all cases considered r>£>l/h. and it was

decided to usce the Smoluchowski cquation. Tor a non-conducting particle
. . ) . .

ihie mobility u 1s independent of size and shape provided X'r is large

at all points on the surface, Mowever, the general form of Iquation

[eap )

.18  is based upon scveral einplifying assumptions, for example,

the values of & a}dzz are treated as constants throughoul the mobile

part of the donble layer. vhilsl the error involved in variations of

€ i probably small (983) the increase hernear the interface may

19

be siemificant (Section 1,%.1), although Hunter (289) has supgzested

. oo W Al A . 1Lant A% SUn T 4he
that this too has a negligible offect. An important assumption is that
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the applied field and double layer are simply superimposed without

distortion. Consequently, corrections are often nccessafy for suffaéé
conductance and distortien of the double layer (felaxation effect)

duc to movement through an opposing current of counter ions. Doth
phenomena tend to reduce the measured zela-potential, The crror
reaultine from surface conductance can he neglected when Klr 1s small,

Neither does surface conductance introduce appreciable error for

emulszion droplets in the presence of long chain ious, even alt con-
«O e

: T T . ~J (1 - Tt S ar
centrations as hizh as 10 7 moel dm (11/ f928/), The relaxation

- . -t - . e
effeet becomes important between 0,5 <Xy < 50, particularly il zeta

potential is hiigh (= 100aV or greater) where discrepancies of up to

~ 0

50% have been reported (117£)., The error becomes proportionally less

1 : . Sl e loc
as T r increascs ond, for all practical purposcsy 1t can be neglected

14

]A 1 - o 5 r A R
it 0,1>3¥ or r > 100, Tor mederate values of 'y the iHenry

equation (fquation 3.18 ) has been modified by Overbeck (285) who

ipirocuced a correction for relaxation, although the mathematical

conplexity of the derived expression limited its quantitative validity

to zeta-potentials below 25mV, A more extensive review and treatment
1

of the relaxabion correction is that due to Wicrsma et al (290), who

have improved on previous determinations of the required correction
factor (291).
1 e 5) ¢ cta—potential (in mV) may be
vt hieh Xor (f Lﬂ r| = 1,)) the zeta-potential (1n mV) may
: ieh K ¢
. iy (> G C,
estimeted from Zquation 3,18 which reduces to

HY{SIEN

g = 12,83 u 5.20
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4,1 TITERACTAL TINSION AND ADSORDTION

i,1.1 Adsorplion of SDHDS

o Syt B s s o e I . 1
he interfacial tensions for a wide range of organic ligquids against

Ly tis
e d

kb
~ . @ A { kI s - - . v ~

water or SDDS-A solution (107 mol dn )) are given in Tables 2-3 and

T oyt e . ¢ e - ; .
-3 respectively, The measured tensions are in good agrecment with
rhich have heen previously recorded {186q237)e

Tnterfacial tensions show a clear dependence on the nature of the

K Ya iy orn : PR R NN » .
oil plizse in the absence or presence of surfactant, The allkanes give
{the HBiehest val « A Jo N -] [ -1

he highest values, increasing from 50.7% mX m to 53,0 mN m from

hevane to hoxadecance at the oil-water interface. Values for the cyclic

- . ~1
0oils arce lower (eg. 46.6 mN w ~ for cyclohevane } and the unsaturated
. L N - o
hvdrocarbons give still lower values (eg, 51,0 and 34.6 mN om for

cyclohexane and benzenc respectively), The tensions al oil-gurfactant
solution interfaces are naturally much lower, but they show a similar
dependgnice on the oil phase even at surfactant concentrations
approaching the cowme (sce Lelow),

A nusber of systeas have been investigated more thiorougiily,
measurcncents of the interfacial tension (K ) being recorded at a
wide range of surfactant conceatrations in order to determine the Gibbs
surface oxcess (Scction 1,%.3 and 3.ly8> of the adsorbed surfactant,
Typical ¥ o veysus log concontration curves arc shown in Pigurce 10,

The comvuted surface excess and arca per adsorbed molecule values are

1isted in Table 4=l for a number of surfactant concentrations, The

coefficients of Dguation 5.6, from which surface excesses were cal-

culated, arc given for each 0il in Table h-2,
Similar surface excess and arca per molecule data have been

computed for aMs-~y adsorbed at the air-surfactant solution inlerface

su=fuce Lension~log concentration relabionship nlelted in

cfficients for 1his interface are

~
oy
=3
o
~y
fo)
o
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o}
3
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-
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~
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ded in Tables 4=l and 4-2

lso inclu 2 respectively.,

-y
L

A

ST ey . .
Purther experiments have heen conducted to obtain corresponding
data for purified atkanes (hexzmew‘;’ and hexadec m[bw]n at interfaces

vy O 5 IR 3 . i 5.
with DDS~ I solution. These measurements are also recorded in Tables

Calculabed arcas per molecule at higher surfactant concentrations

-3

are move reliabie than those when the concentration is low ( < 10
mol din for ovil-water interfaces) sivnce in the latter case the inter-—

mes only slightly with quite large variations in

concentrabion, It should also be noted thatl ageing of the interface,

shown by a sradual change in % with time, was considerably more
: ’ = 0w
-ty -7 -3
mariced botlween about 10 and 10 7 mol dm SDDS than at lower or
higher concentrations, Lence wmaking the measurcement of equilibrium
tensions more difficult in this region, The ¥ versus time curves

GW

closely  ryesembled that illusirated by lubchinson (273he) for the ageing
of a Lenzenc—sodiun hexadecyl sulphate solution interface. The ageing

phenomenon was subs’ tontinlly reduced in the aresent work by mutually

o the two phases prior to meas surcrment, Ageing times for

saturating

the majority of systems was kept quite short (<10 minutes) by this
means wolable exceptions in this respect were found when unpurificd
hexane, cyclohexene or {olucne were veed as the oil phase. These oils

gave risc to considerably longer periods of interfacial ageing (up to

coveral hours in sone jﬂstances), pacticularly at concentrations arouwnd

4.

wly -~ . PN et e A NUR i et ©
5x10  mol dm Ageing effects can arise from the migration of the

o4 Lels ¢
surfactant molecules Lo the interface as this requires a finite time
(1171) A epradual fall in b over lenzthy periods probably ariscs
3 E -

from ihe redistribution of jmpuritics within the system or from ine-

C o 1librati y{ wo phases
efficient prc«oqnlllnr¢mjon n{ the two phascs,
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for SDDS

jrw“ P
DERVINAS NSRS L

a

Dodecane
Hexotecano
Cyclohexane

Cyclohexenc

Benzene

Toluene

a
O
~127.38

-92 0%
“90 ° 90
101,93
-00.18

82,08

lexane + lexadecane -86,01

(5007 /%)

1

=1.2375

~1,512%

=) 007

€ e f

~1,0847

-1,0402

SDDS-L solution

interface

Hevanew}?

llexadecane-p

""92 < )ij

~97.87

~-1.,2319

~1,5406

solutions at
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The calculated areas per adsorbed molecule (Table 4-1) show some
- nar PR . 1 . . " .
‘nnce upon the naturfe of +the phase in contact with SDDS solution,

s Tona Y 1 o o AT S ool . . X
the Teast expanded surfactant film ocewrs at the air-water interface
Is)

O T raloeale . NN ; ; ;
(Oefm nm molecule at the Lub), Filmeg at the oil-water interface

Aare 1nvarishiv e T vy LA N S : oo e . S X 5
are invariabiy wmove expanded than at the air-water interface but also

[S e

Yy A N R P S S S e . . ) ] L . .
siow clear depentence on the type of o0il; benzene and toluene give the

most ox

2 L1
oy 2 o R - L= E “ 1 - . N
anded films (O,/G nt molecule ), cyeiohexane and cyclohexene

]

) : -1 :
more condensed (0,62 nm” molecule ), and the allane

<

o
Y]

i

‘ . 2 -1 .
he most condensed films (00“8 Lo 0,61 nm™ molecule )a Thie chain

Tength of the unpurified allanes appears to influence the area per
molecule, the longer the hydrocarbon  chain the more expanded the film,
Purification of the C6 and C16 alkanes reduced the respecltive areas

per molccule to 0.55% and 0,560 nm,

Inecluded in Table 4-1 arce values of TT(AMAO)? where the inter-
facial pressuve (7)) is the lowering of interfacial tension due to the
presence of surfactant, A is the area per adsorbed molecule and Ao is
the arca of interface occupied by cach surfactant molecule, The

significange of these values is discussed in Section 5,1.2,2,

h,1.2 The effecet of additives on interfacial tension

A number of measuremenis have been made of interfacial tensions

in the presence of a small amount of additive (alltane or alkanol),
1 ’ : -3 . .
Tn ceneral, the prescnce of a small quantity (O‘Oi mol dm ) of alkane
In g g ¥
in the oil phasc exerts little or no effect on the interfacial tension
of anolber allane or even benzene (Table 4-%), In contrast, the
presence of the same concenfration of an aliphatic alcohol results in
a4 considerable Yeowering in the interfacial tension, causcd by the
i ) f 1 ‘ules to produce a mixed inlerfaciatl filre
adsorption of alcohol molecules to procuce ! lacie 1ln,
T™his effect is illustrated by the interfacial tensions of various
]

. . T e el 57 Nyt Lo . K
systems which are listed in Tahles h=4 and 5=3, Data for the mived £ilm

N s mernted and diccussced in Section Sel.2.b
DD+ dodecanol is presontec @ Selotele



Iy, 2 DROPLET STADILITY

2,1 Anatveis of the data

A distribution of droplet rest—times was obtained in each

exnoriment, The results for a number of systems have heen analysed in
y

T

ing to Dquations 3.7 te 3.12 (Section 3.2 h)n

e o

Loand th were found to be less reproducible

The vaiues of 1

Y
mean’

as the spread of values increased (i.e. as the overall stability

increa 4,
{1

. The mamnitude of "drainage time" and the accuracy with

which it can he measured appear to give insufficient scope for the

caomparison of more than a few systems, Phis is particularly true in

g -3 e :
exnerimants at 10 mol dm conceontrations of SDHDS where, in all

. DA . R TR
casee, the value of td was found to be we short, Iowever, it should

he mentioned The td was particularly sensitive to an increase in the

surfactant concentration (Scction 3,2ﬁ5,2),

The empirical cexpression, Prquation 73,10 4 appears to corrclate
such of the data cobtained for simple systems, lowevery plots of log
(FC/KJW? ¥ )versus log t show a marled curvature as the stability

c

. . . ‘o . N : can o D3ides
inevcazes (Fizure 11}, The =ame is true of the Gillespic & Rideal

20wl
.. : - N o , o »
function (27%) (Nquation 3,12 ) which gives a good corrclation only

j u i S { =T INCS d 117 ])“ u(?(l I) 01 voabou ‘_,O‘ ° ! 1C 11¢ ’()X I y
oY 1'0 ( [1 re t e 3 H N
i b g oY ll (0] L 2 S l l >

of cascs the data can be fitted by Equatlion 3,11 where n=l (1@.

Fisure 13) Vo other valuwe of nowas found to improve the correlation;

c

{

. e 1 e deima -~ o voter - integrer values
indeed, different values of n for cach syvstem, or non integer values,

are of limited usefulness since the mathematical Tit obtained lacks
[3) * BBt L e :

a direct physical sienificance, In contrast, the simple analysis of
1 S V"’J“ o

Coclihain & Yelloberts (10&) (Tigures 8 and 12) provides sinple

rameters,

stability po

Tioure 13 shows the data replotted on a probability scale (Scetion
IS A Lo snows Lt 9 1

o o= on) ol sunrisingly a series of curves result, the curvature
-} AO L S B




becoming more pronounced as the overall stahility increases, Similar
<
1 A P 1 .
rrobhlems have hee nort from + ! - . -
I ems i heen reported from the treatment of particle sizing data

e thie normal »“\ P AR .
by the pormal distribution function (2 2a). On the other hand, analysis

f drovnlet stability  dat . P v s A .
of droplet stability data by means of the log-normal distribution

M
—
-
ja
o
—r
s
ol
@]
A
o+
-
e
(e}
¢ D

alewlation of two

ameters (M and Og) which uniquely

P e . Snreyy ot af et e ™ : 3
define a given set of data (Figure 14), The results of a considerable

pumber of experiments suggest that the parameters can be obtained
oranhically to wi thin the accuracy reguired ~ ~ - A1 -
oraphically to within the accuracy required for subsequent droplet

stability analysis alihough scattered data may reguire malhematical
evaluation dircetly from the Tog-normal funclion:

. . 2
v = 1 exp ~-(iog x — log M)

13} " K

0.,30% log O Jove 2 log” O

where O is the geometric standard deviation and M is thke geomeiric

nean (99"‘)), Tn fitting the hest straight line to the points on a

probability pletl it hecones essential to attach more significance to

valucs near the 307 line and preference should be given to =uch points

(O“?b), Drinzer & Hatch (50’} wave fitted the best siraight linc hetween

7

the 20% and §0% limits, which appears to be a usceful guide for the
assessment of droplet stability. The mathematical techniques of

analysis have been compared with the eraphical method by Aitchison

& Drown (2 93) who concluded thal an experienced user of the log—prob-
ability chart cou 1d {it data visually, with only slight loss of accuracy,

provided the scatter of experimental pointls vas noet too great,

1t was deecided to analyse the droplet regst—times date in terms of

{he readily obtainable purameiers 1,”( an OF t) to characterize the overall
¢ 3 ned

slability, with Tl as an cxpression of coalescence rate and Tp to

e 1 : 1o P R I AP,
describe the disiribution of data around 1, (10o ,u)a this latter

: . - s > {the YOTOTAa
device defines cach systen uniquely and cnables the regenes tion of

riginal resi-time pensurenents, The values of M and Fz were measured




graphically, T} was

¢ Tatoed R n -t - - .
calculated using Tquations 3,7 and 3,8 for the

©
i
ot
ot
Lo
o]
N
1
i

imatels R :
i mately Vinear region of Tigure 12, The best line, consistent

o droplet number vs, time plot was chosen from multiple

regression analysis al progressively increasing rest times, Where

9 i

PN O U ST T o .
the maxinum rest—time (i

.) <100s the data between limits of 5 to 30%

L ¢ rising by increments of 7% to 5 to ]Dﬁ@, were analysed, Vhere

Max ) o b B

1 > 100s ithe initial liwits were altercd to 1 to 109, rising hy

- e

19, In this way the initial slow decrease in N, corresponding to t
{

1

in the computation of coalescence rate, The regression

YT
H
H

was achieved

vy a computer program which generated values of the rate
and the eorrelation coefficient and standard deviation

y . . N
for cach set of measurements (Appendix 1I1),

The stability paramcters for a wide yange of organic liquids are
cuwmarized in Table 4-3. The rest-limes of alkance droplets increases

wilh a decrcase in hvdrocarbon chain length (Figure 12)., This bchaviour

¢ reflecled by changes in Tl, t; and t Light and heavy liquid

12
mean
paraf{ing have similor stabilitics to the long chain alkanes, The
introduction of a double bond into the alkanc molecule results in a
r

reduced stability. The chain Jength effect is apparcntly repeated with

the eyelie oils, though these are significantly less stable than the

1 - P . . Lol 0 e e
corresponding cllianes (e, Ty = 5.9s for cyclohexane; Ty = 2h.3s for
eTTres ding & :

liexane), The progressive introduction of upsaturatjon into a cyclic

compound agaln reduces stability as illusirated by the T, values fox

. ANy T TV O T Og L Qg 2] s ‘eetive Ly
cyclohexanc, c:)'c3()‘xl(3>if.3)l(‘ and benzenc (J,,,l.,, 1,05 and 2,0s respectiv (213>,,

nol exhibit significantly different stabilitics

t¢ note that tllie purified oils (hexunowP, hexadecane~
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The stability parameters obtained

for toluene and the xylenes were

ey Ty o v NI | .
somewhat less reproducible  than those of the other 0il phases, This

nost probal Tue to 11 interfacin
most probably due to the interfacial "geum" which was frequently

i N .y 7 w1 v PN cvre oo

obscerved with these systems. The possihle explanations for this

phenomenon are considered te be impurities in the oil nphase or
.1 phase

spontancous enmilsification at the interface, DNeneated experimenty

1. Toluene iz somewhat more difficult to purify

[0
&

nevertheless there was no evidence of any mark

contamination of the ¢il from interfacial siudies (%cction 4,1), Turther-

- - R . . n .
(10 mel dn ) produced no clouding at the inferface., The formation
e ta oa maximum within about
twenty winutes (with 100 mol dm ~ surfactant solution) and then

becoming progressively less, heing complelely removed within five hours

obegeyvation strongly suemests that either equilibratlion

ef an impurity between the phases or sponfancous emulsification is
involved, The Jatter wmay arisc through diffusion. bhetween the phascs (29¢
(unlikely in an effectively pre~cguilibrated system), negative inter-
facial tensim (ut a higher surfactant concentration) or interfacial
turbulence (29?,29&)0 Certainly, careful filling of the apparatus

As o con-

T
©

gignificantly reduced but did not celiminate the effect

scquence the resulls cited for toluene and the xylenes are representat-

ive of five rvenlicate experiments The results show that an increase
> of pli > experipents,

. N . . E ; NS Po . L e L R g - . m™m

in etabilifty is brought about by methyl-substitution of henzcene, The

more stable than toluene although the

o= and m-xylene droplets are

stability using p-xylene is slichtly less than that of toluene,

S-A solution at a lower concentration



T P - . .
iphatic alcohols froxw butanol, which was slightly miscible

Ry 4 SO nTie e o . . . .
with ihe agucous phase, to decanol formed highly stable droplets,

e 4 on o . ) . .
1th only a few exceptions, well in excess of

500s and the dotorminnts PO _ _
300s and the determination of stability parameters was impracticahle,

H,2.3 The offcet of addilives
L - .o . -3
Afdsopumier ol anstances a small quantity (0,04 mol dm ) of a

o Al Attt Tvae T S 1% P 3 . -
second oil has heen added to a hyidrocarbon oil aund thie droplet
stahil ity monitored, The resultis are swmiarized in Table A<k, Tt can

be geen that o swmall amount of long chain aikane has negligible effeet
Y I T Y R T e o £ ey " . T RS NN ‘ .

o the stability of hexane or benzene druplets, Similarly, such a small
amount of hexance does naot af

cet the stability of hexadecane droplets,

Indecd, &

by volume mixture of thesc two oils cxhibits a predictably

oy PN “ . .
stlabitity (E‘QQ Tahle 4-3). In contrasi, when the additive

shatic oleohol {the stability can be affected, Short chain
Yength alkanols cxert g destabilizing effcet on hexadecane droplets
tlceohols of intermediate chain length ((1‘6 to (“10) appear to have little
or no eoffect bul a further increase in carbon nwaber leads to a dramatic
increasce in stability, TFigure 15 shows the effcet of various additives

en the rest—times of hexadecanc droplets and aleo the stabilization

L

caused by a tenfold increcase in surfactant concentration. It is
noticealle that thosze systems in which stability is enhanced by alkanol

: . e A Y " . hy
manifest a definite chance in the shape of the coalescence curve by

\ i . . Caneh o A T A ol
developing a "spur", The rest-time data for such systems arc correlated

. . . r s I
the log-normal dislribution function (h.gure ]o),
sorics of cxperiments were arranged to determine

whether allancls were move effective 11 1ncreasing droplet stabilit

. oy ontrati " surfactant T resulis
in the presence of a higher concentration of surfact: o The results

. . ; N ofinite conclusions can be drawn from
are prescuted in Table Zi=h, No definite conclusic ‘ o

. ; - aleoh srzain causced destabilization
thewe measurenents althoungh the C,l aleohol again caused destab ’
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However the differcnces in stability

alcohel

e v ) .
clear indication as to the relative
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surfactont

Tovane

v el
30
IBRIeTeNs! =
o <
{\ --!i hi o | -
10 mnel dm
25.0 o,

RPN D
] ~
6@1 J.‘}
= -
Do ki 941

12,7 6.9

16,2 6,0

Denmor Tenndecnie h, 2. I, 1.
TVri~rer : ‘;/” e -
eang4 I 50,9 15,0 16,7 1,
ffexade

Hexadoe Butanol 1,2 1.0 0.7 1.8

Decanol
Dodecanol
Texadeennol

8.0 3.0
6.0 2.9
)G 3.2
12,9 5,8

19.3 16.4

.5 2.5
4.3 a.,
L7 2.0
8.8 0.

Hexadocoane

M - Y
Dodecanni

Hexadecanol

16 ol din
14,9 8,

.

y T
f\,{ 1),&)
31,5 16.1

surfactant
11.73 2.0
6.0 2,
14,5 ly
1.5 N,

greater all appear
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all quanti

N .
resh-times,

A~ hexadecane + butanol,

bl
dodecanol, a1l 10 'wol dm

>—D>—P
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Ny

10

(0,04 mol dmns) of alkanol or

an increase in surfactant concentration on the distribution

O~ hexadecane +
4

hexadecane,
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hy changes in the number percent versus diawmeter curves with bime
- o
d1c weasured Trom nl . . , .
i :asured Trom photemicrozraphs as deseribed
e O r - T PP R PR . .
in Section 3.5.2. A selceelion of typical photomicrographic prints is
presented in plates 3 and X,

Ageing ol the alkone cmulsions causes a progressive broadening

aud flatiening of the distribution curve as the modal diometer (the

fatd
—
4

. A\
v observed diameter) becomes larger, The resulls for

aoctane, dodecane and hexadecane are shown in Figure 17 and similar curves

for hexane arc included in Figure 237 Despite the fact that the results
are difficult to compare in this form the figures do show that stability

significantly with increasing carbon number for the alkanes,

Similar cuxves for'cyc]ohexanc (Pizure 17) benzene and toluene
( also Figure 17) show the lower stability for thesc oils as compared
with the alkanes,

After considerable coarsening, the unstable systems show a signifi-

cont inercase in the number of small droplets, This may result from

the disappearance of Jarge droplets through coalescence into a free oil

phace (Section 1.3, 5) although it is also lillely that an extremely

@ e

(Sl

wide distribution of sizes precludes the dilution a and preparation of

a truly representative sample from the bull: emulsion, The effect is

H

. : 3 e ) and ale . s
clearly shown in the cyclohexane emulsion (Figu1e 17D) and also accounts
for the fall in computed arithmetic mean diameters in benzene and

. . . . : 1Al 5
tolucne emulsions atl loncer ageing times (}JL10 5"))«

%/l

- - ~ . L 4 p . 72
*Tootnote ¢ IFimure 23 is located at page 155/%e




PLATE

SAMPLES OF PHOTOMICROGRAPHS SHOWTNG THE COARSENING OF HYDROCARBON
EMULSIONS

HEX ANE/ HEXADECANE/ BENZENE/ _ HEXANE/ .
1072 mol dm™2 1072 mol dm~3 1072 mol dm 10™7 mol dm™3

SDDS SDDS SDDS SDDS

day O day O day O day O

day 15




Ta{ﬂc L5

Changes in mean droplet diameters ( F”‘) di

3 - v 3 —2 . N 5 e
wing the ageing of SDDS (1077 mol dm 3) stabilized o/w emulsions,

011 S}ze Emulsion age (days)

Phase parameter 0 1 ) 5 5 15 08 Vg 100 200
dav 1.38 2.29 2,80 4,10 4,52 5,97 4,64 3,90

Hexane d 1.6% 2.7 3.31  5.10 6.64 7.15  7.60 6.51 _
dog 1.95 3.19  3.86  6.26 9.00 9,7% 9.68 9.60
d ¢ 1.hh 1.50 1.8 2,00 2.20 2.51 2.47 2,41

Octane dv 1.69 1.80 - 2,02 2,40 2.88 3,12 2,92 2,91
L 1.95 2.11 2,21 2.88 3.85 3.50 3.47 3,51
d . 1.42 1,40 © 1,60 1,70 2,32 2,80 2.8

Decane d, 1,60 1,56 - - 1.77 2,19 2.78 3,18 3,31
o 1.79 1.75 1,92 2,67 3.28 3.61 3.87
dov 1.40 1.35 152 1,72 1.55 1.76  2.03

Dodecane dv 1.65 1.62 - 1.73  2.03 - 2.05 2,14 9.3,
dea 1.97 1.97 2,02 2,59 2,74 2,57 2.67
a 1,44 1,30 1.40 1.k1 1.83 2,07
av

Tetradecane dv 1,68 - 1.65 - 1.68 - - 1.7) 2,09 2,07
d 2,12 2,10 2.08 2,00 2,38 2.53
v3
d 1,34 1,40 1.35 ) 1.52 1,35 1,46
av

Hexadecane dv 1,64 - 1,66 - 1,64 - - 1,66 1,67 1.73
d 1,96 2,03 2.00 2.05 2,04 2,02
vSs
d 1.54 1.48 1.55 1,67 1.67 1.85 2,07
av

LLP d 1.77 - 1.80 - 1.79 2.00 2.08 2,31 - 2.79
v
a 2,28 2,40 2,36 2,82 2,61 2.94 2,69
vs
d 2,43 2,49 2,77 2.96 2,55 2,56
av

e [~ 5 —

P a, 347 - 337 - - 3.56  3.85  3.09 3.69
a L,82 445 4,57  L4.9%  5.29 5,31
vs

C 2] Lo T 4
a 1.35 1.48 1,62 1,90 2,20 2,55
av
= - - - 2,05 2,42 2,73 3,31 -
Decene dv 1.56 - 1.79 {
d 1.80 2,04 2,51 2,75 3.38 4,060
vs




Table 4-5

Benzene

1.74 (3 hours),

o)

.26 (6 hours),

3,40 (12 hours).

0il :
Fhaso o ) B} Hmuis%on age {duys)-
- Y 5 1 25 50
1.76 2.6k 2,95 4,19 3,73 3,91 4.09
Cyelohexane 2.00 3.62 4,02 5.05 6,23 5.83 6,42
2,42 b,7% 5,09 5.9%  9.85 8.45 8,96
1.76 2.79 45,05 kB - L4500 6,33
Cyclohexene 2.10 3.84 - 6,10 6.5 7,29 9,58
2,63 4,95 8.50 10,30 10,96 13.20
1.36 3.17 3,28 3,69 4,87 4,12
Benzene 1.81 5.10 - 6.97 -7.53 7.96 7.60
2.36 7.54 12,95 13.24% 11,58 12,70
1.56 2,56 3,98 4,62 5,10 5,00 4,81
Teluene 1.87 Lok 5.x7 6,0 6,75 7.87 7.4
2.19 6.17 7.59 8,94 8,87 12,00 9.85
1.50 2.51 3.37 3.19
o-Xylene 1.73 3,28 - 4,88 " - 6.31 -
1.99 3.97 7.22 8.95
1.54 2,5 3.46 3.59
p-Xylene 1.76 3.85 - 6.16 - 7.21 -
2,12 5.36 8,52 9.88
1,734 2,68 3.k 3.59
Hexanol 1.75 3.41 - - 4,90 - 5.91
2.19 4,28 7.20 9,4k
1.0 1.0 1,42 1.71
Octanol - - 1.68 - 2.23
2,14 2,91
1.0 1.0 1.55 1.82
Decanol - - 1.80 2.7
2.33 ©3.81
NOTTS
Initial changes in emulsions .
Toluene 1.98 (3 hours ), 17 (6 hours), 243 (12 hours).
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considerable change

i I p) a g N €0
distribution f
studied give

Trequency on a probab
.

N R N PN
age » hut considerah

—t
s}

e 1y 3
uul 1 4 vl 2D N VIRFS 1 N g 1 ¢ 1 1
uisicons which exhibit a high degree of instability underge

within a few days of storage, The cyclic hydro~
show extremely rapid chanoes in the shape of their

A N - ~Th ey s o vy k . ° h . ”
ves,  Thesce changes have been followed more closely

ene cmilsions,  Tn both cases the droplet size

ably after only a few hours, (Tab

o ho5h
5 Q Ty g,

o

41 y . 2 .
[3318] GIOQlOL“SJZG data by Gaussian or log-—
J )

L4 - vy P s P Tt s e . R
ctiong weve unsatisfactory, dany of (he cmulsions

iy Jinecar plet of the cunulative percent
ility scale versus log time after some period of

Iy coarscned emulsions reasing

-
o
4
Q
o]
o
(>3
Cde
e
(¢
s ad
(w)
jus
o
o

deviation and many even become himodal (as in Figure 17).

used 1o the 1

{xppendix V), Tn ai
unsed 1o caleulate a s

. S \ rr
1 1.2,2.2), T

—~~
A
2
o
o+
—
O
o

we yelative sia

f—

from plots against t3
initial mean volune d
the allane hydrocarbo
with increase in chal
crmlsion 13 very much

5
1

considerable changes
during the first ten

mears Lo slow

folloved by the more

1t is intcere

The data from ecach

wndn
decane and hexade

analyvsic of particle size distribution has been
ength (¢ ) ans volune (dv) number mean diameters
dition the voluwe surface mean diameter (d ‘) was
pecific interfaciol area for cach emulsion sample
he computed diametlers are summarized in Table 4-5,
bilities of a range of cmulsions may be comparcd
e of dt/do (4he ratio of hean volume diamcter to
iameter) or the specific interfacial arca, Tor
ns (Figures 18 and MO) an increcase in stability
n Jensth is shown with both plots. The hexane
1ese stable than those of the other alkanes, with
in dt/do and ccific interface being cevident
to [ifteen days ageing., The rate of coarsening

considerably, A similar pattern of behaviour is

«iable alkane emulsions with the exception of

cane which show only minor changes over the ageing

sting to note ihe behaviour of lieht (LH’) and heavy



mean volume diameter with time for
octane (A), decane (®), dodecane (O),

Inevrease in
hexane (@),

é:%i%iﬁ?ﬁﬁ: %ggtetradecane (&), hexadecane (¥), and decene (¥)

3} i i & " <9 o o 3 3 J -2 -3 )

& B b crmulsions stabilized with 107%mol dm=~2 SDDS3 data
are included for droplet counting (hexaneX ; hex-
adecane 4~ ) and prevention of creaming (hexane ® ;
hexadecane A),
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paralfin e emulsions, hoth

of which show a very slow rate of

alidown similar 1 | - . .
{ 1 sinila ¢ that of the long chain alkanes, Yowever, whilst

o

Ye TIP cnulalion obawa Tt e . . ..
die TP emulsion shows o dvoplet size distributio on similar to that of

h Y g NEI . - . .
Ao spread of sizes in TLP emuls ion is very much broader,

M vy e g AP A T L .2 N .

she reoasen Tor this effect is not cloay altheugh it may vesult from
13 S omay result 0

the

not well definied,

Aty Inadvertently, the emulsien was homogenized

ibs proparation,

ie straichl chain hydrocarbon reduces stab

et

[y

sliehtly, as shown by the curves for decene as compared with deeance

gure 18),  The same effect is evidont with the cvelic bydrocarhons

yelohexane, ovelohovene and henzene (Figures 19 and 21), Tolucne and
the xylenes, like {hie other cvelic hydrocuarbons, manifest poor stabili ty
tois interesting to note that certain of the emulsions sTor example,
decanc, dodecane and tetradecane, exhibit an initial reduction in dav

on ageing {weble Y-3) which refleets th apparcent incrcase in the nusber
of suall dreplets present (see Ficure 178 for example), In addilion
tetradecane show glighl dincrcases in the specific interface
(Piguro 20}, Such observations imply an increasce in the degree of
dispersion of oil with time., The possibiliiy that rapid combination

of subvisual droplets to form thosc in the visible range accounts for
sueh a phenouenon {74) is discussced elsewhere (Scction 5.5). However,
it shouwld be noted that the error invelved in measaring droplets in

the submicren classes could also account for the observed slight decrease

in mean droplet size,

24 of 1he number of droplels remaining in an cniulsion

. . R I U .
for estbimating stubilily (Sectiun 1=203°h)0

, R W wine the Gni44.
sothod is particularly suited to following the initial



e

T ar [N 3 "v&v-‘(:\-~~'>:\
changes in emulsions since counts may be performed at freguent time

intervals,

Yy, T - ~ b PN 3 N ey P
he data oblained Tor hexanc and hexadeeane emulsions are

Syummarize

-

here the data are plotted as log droplet

nunber vers

-
i
o
1%
[
<

©

The mean volume diamter (d ) may be cstimated
hts

O TNE MRRUI I BRI 1) . - . : :
plot musber provided the total volume of dispersed oil is known,

Thus ;-
RS
a = % ;‘_{ a
y A , 5,0
=z
YEER
‘\7
here 4 de 4lie me Fyaction of Gisgs amd N e T Yoo
where g is the volume fraction of dispersed oil and N is the droplet
v
T y . PR
count (cm 7 of cml sion),
rvamples of the measured ceounts and computed valucs of 4 are
v

ligted in Table 4-0, The meon droplet diameters agree quite well with

ihe resulils of particle size analysis (Table 4=35)

althouzh in cach saze the initial mean volume diameter is somewhat
Jower then ilie correrncanding value obtained by photlomicrography.
This discrepancy probuably arises from a greater sensitivity of the

counting technique to the presence of small droplets (<1 Hnﬂ,

The lower stabilitly of short chain length alkancs is again

the droplel counting method, Turthermore, the log Nv

—~

Picure 26) suzgest a change in the rate of coars-

ening wilh time, cowmp arable with that observed in Section 4,2,1,1.

/Gn arising from droplet conceniralions are plotted

provide a dircct conparison hetween the photomicro-

in Figure 18 Lo
1ronlet concenbration methods,
1 droplet conceniration et 8

craphic and

1+ can be concluded that changes in the droplet concentration

nrovide o convenient and relinble means of estimating the stability
D 1o a4 cunvenlc

of allane cuulsions although no direcl information is obtained regarding
N L4 an Ll P PR R W )«

3 M o4
el gizes,

note ¢ Figuyre 26 is located at page 130/5,



same cannot be said of the results obtained

ydrocarbon emulsions (cy:]ohcxarle and bcnzene)a In

st ie el Ak e v AR .
erratic droplet counts were obtained in the early slages

f ey =) ™~ ©
of conre N droplet counts for benzene (1,358 x
1 0 e
I ~3 10 -3
0 Y 1 ; 2 .
LU crr T oand O e 7Y were considera ihly

pably owing to the dissolution of oil

conclusion was further supperted by
e T Y SR, S C yyaaes . P . : i
the lendeney for droplet numbers to full over a relatively short

—<

period of time within the hacmocylometer counting chamber (Section

e S PR R R SR Eh SIRDURE B .- 43 : v :
5.3.3) and by further obeervations on the dilution of eyelic hydro-

pliy and

b, and FUL.5),

1 all

[

An dmmediole examinatlon of the cmulsiecns revealed that, 1
0il crvcawed rapidly during centrifugation., 1t

had Legun lo scparate Ifrom benzene and

was also cvident (het oil
yveloliexane dispercgions aficey centrifuzing for 20 and 30 minutes,
althoush iv was not possible to weasure the amount of free oil
directly, A non-homogencous eoily zurface layer separated rapidly
shen thie Lenzene and cycelohevane samples were resuspended by gentle
stirring, After 24 hours this layer had separated as frec oil

(w,m oximately 0,5 @) in the casc of benzenc, here was no evidence

of uny oil due to cvaporation through the closure of the cenlri-
Turation vial during storage although this remains o possibitity, A
uzats

cirilar amcunt of oil separated from the cyeloliexane dispersion after
b0 ~ing for two to three days,

Yo free il coald be deiectied from either the hexane or hexadecane
cmuleions afier up to 60 winutes of centrifuzation, Swuaples of benzoene

1 IR ITe {hey peg S s - 4
comuleions were alco returned Lo fthe cendrifuge for this

eyelohes

QI



neriod

withont any further oil

scems that assessuent of emulsion stability

N R IR :
Lechnique described invelves several exneri

ndiecatbl on

that the

b

this methed  but

measuireents in

A

by

emulsions

centrifugal

the centri-
mental disadva
may be

stability

aleulated

uabion

3,10 (Section 30305)0 hlues of the velative viscosity for cach
emuileion affer various periods of storage arc sunmarized in Table 10
hie viscosiby of o of the emulsions chanced substantially during
the ageing peried, The data for cach emulsion are compared in Fizure

as a plot of the ratio of the relative viscosity at
to the relative viscosity of the [resh cnulsion ’ld

The viscesily ratio versus time curves for

ne and hesane all show similar bLehaviour,

cyclohiexa

relative ily falls very sharply during the

SO the decrease in viscosily occurs very

Tinearly, A1 lonzer slorage times crcawd

siscometor prevented any reliable measurencent

al first Lut creaming in

of comlazi

slowly and result

{he overall flow time, The same cffect

Yevene eomlsion after a few days

Trmulzions of hexadecane

. P . i1 P N IRZE I i 1
viscosity with time, The viscosity Lended

beuazer
In cach case

firs

ng

on with high pha

1P showed only sligh

1t

//izv\ azxain

¢y, lolucne

the
t five

days or

mach more slowly

of
of flow times;

the bulb of the
se

volwne ratio

cd in

a

exhibited by

storaze,

t chan

Lo increcase with

ntag

the emulsion

dramatic

separation becoming appavent,

o
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N, \ whaeh ¢ mact Cl s
storage time, an effeel vhich 1s most probably due to an increasc in

droplet agoresation,  TU would appear that aggregates are not fully

- wr oy o} M A B e " .
dispersed the iniltial mixing of stable systems after ageing.
h,3.1.5 Talll properties

rmy a1

T v ey e A
Lieo ereoniing o

.o and zeparatien of frece oil were recorded from

tious on the emulszions aflerl,2,3,5,10,15,23,50 and 100

i PR, [, L1 1, o Yy pyene 3 e d " .

days slovopge,  A11 the emmlsions showed eveniual signs of cx caming

ariasing 1o the donsily difference helween phases ( section 169,]} .
P B < N -y . BN 1y " v ¢ YN A
Ve e RIHE: as {(total omilsion volume - volume of

continunus serum ‘c;\ﬂ:*[;’f;:;(’) and the e the ratio
wine e A m T mvrad A Ao
vne = g . Plie ghaseyvniions are
C
sumarieed sts the time atl which creamlng hecame

! + T . P . —_ N s 3 -
arent (H}, the time required for a Iimiting value of 4 to bhe

/
e "elearinz tiwe" far the fgueous scerun ('t,y,-.,

S

“ho cream voluae fer nony of

{he ermleions beecame relatively

constant wiihin a few days though a further slight deereasce in K
c

was often associzied wilh measura Lle separation ef {ree o0il, The
creon in cnulaicons of hexadecane t{otradecane and I beecame more

5

Qifficult to redieperse after considerable periods of storage,

l
indicating a build up of closely packed aggrermates,

Free ¢l scparated from the erulsions of cyclic hydrocarbon
0ils afier only a short period of storaze, After a fairly rapid
juitial rale of oil release Yo volume of free oil incrensed more

slowly, Tebinates of the volume of oil discharged [rom the bulk

- e e Tieied in Tal; Lo~ Similar
ion afler 23,50 and 100 days are listed in rable h=7, Similar

crmls
cxamination of fthe straight chain hydrocarbon emuls sions showed a
SuhChet !t daea i wll S ) »

v . PN $ L 20 VR " }\, . SO “.Q
le=sor tendency for fyee oil to sepomrate, 1018 makes comnarisons

: : : i Tvene Snvalved ave so sma
Gifficult cince the oil volumee involved are so sm 11,



MY 5,
LR ey

tioins on and oil scparation in hydrocarbon emulsions
) -
. v A Y e Y T er 1 SRR RS ) B T -
(‘4 0,20 ) stabilized with S0DS-% solution (‘x(‘: mol dm ")) .
----- )
! !
01IL f ATATING i OTL SIDARATION
H N
|
N Voa N , 7 /
A A A 7 R A A
{ 1 & 3 ; c e 7 i l Q )
S — "
e nnn Pl 5 10 0.24 1.20 15 1.0 1.5 2,0
0 (1 16 50 G.24 1,20 15 1.0 1.0 1.0
{
Decane : ) 15 160 e.20  1.30 0o 0 0 1.0
;
Bodecane 2 15 100 0,20 1,20 25 1.0 1,0 1.0
- . T R . . -
Totvadecnne 7 100 100 6.25 1.25 15 L0 1,0 1.5
;
Hexandecune 3 100 1C0 - - 1.0 1.0 1.5
LD P30 100 100 - - 0 o 0
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| . . ) . )
LY 2 169 160 0,23 1,40 0 0 0
i
1
%
L 3 = s Y - 2} }
1 10 0,027 1.35 2 5.0 7.0 10,0
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. b - - - r 1 N M
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: ~ = - o r e
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i |
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3.0 The oflect of additives

T™The 1 i [ B e ) N
he influence of small quantitics of added allkane or alkanol on

) .7
Y o " s TSV Yy LYY . 5 o~ - 5 - “ -
the stabils of hexone enmlsions (stabilizod with 10 mol dm ~ SDDS-A

solution) has been investigated in some detail, Sowme observations ave

also recorded on the changes in stahility consed hv fhe nrocones of
stability cansed by the presence of

SRR Tiam b e adite 1~y b kY .
arall quantities of additive in benzene and cyclohexane emulsions,
,3.2,1 Droenlet size measurenoent

Some particle size distribubtions of hevane omulss lons, with and

“De A hexane en mlsion coarsens

rapidly and the pavticle size distribution becomes broader whilst hexa-

decance cmulsion (Figure 17) shows 1ittle or ne echange in particle size
=3
With the addition of 0.04 mol dm ~ of a longer chain

length allane, the hexanc emulsion assumes behaviour more similar to

thiat of hexadecane alone, this cffect becoming more pronounced with

increasing chain lencth of the additive, The ]nCluleﬁ of a long chain

o
allanol info the oil phasc also resulis in enhanced gtabilization

(Piguve 23) fhough this effect anpears to be less marked than that caused

by the corresvonding alkane at the same molar concentration,
The relative stabilizing effect of additives is shown more clearly

in Figures 2% and 275 where plots of the incerease in mean volume diameter

(Pigure ?5) or decreace in specific interfacial area (Pigure 25) are

presented,  Both types of additive clear!y immrove their stabilizing

]
<
-
]

centinl with an increase in hydrocarbon chain Jength,

The droplet sizing data obtained for emulsions containing additives
shase are summarized in Table 4-8, These data also emphasize
the remarlably inproved stability gained through the inclusion of hexa-
pomol dmw3\ in the oil phase of benzene or cyclohexane

decane (0,04 )

cmulsions,



PLATE

THE MACROSCOPIC AND MICROSCOPIC APPEARANCE OF HEXANE EMULSIONS, '

WITH AND WITHOUT ADDITIVE, AFTER STORING FOR 3 DAYS AT 25‘00.

HEXANE + HEXANE + HEXANE
AN HEX AD EC ANOT, DODECANE HEXADECAN

-2 -3 P 3 . .
A1l emulsions stabilized with SDDS (10 "mol_dm ?,\.111111:1&1.1
size distributions all similar: 0,04 mol dm 7 additive in oil.




Table 4-8

‘-() - . . .
Changes in mean drevletl diameters during the ageing of SHNS (10 mol dm 3) stabilized o/w_emulslons cantainiy

various additives in the oil phase,

. Size Storage time (days)
01l Additive para-
Phase
meter 0 1 2 3 7 10 14 25 50 100 20(

1.38 1.80 2,46 3.02 5,12 L, 04 h,83 6.20 6.22 6,09
Mexane Octane d 1.60 2.28 3,10 3.95 5.7h 6.10 6.09 7.50 7.52  7.80 ~
6.3

v
vs 1.87 2.8 3.80 4,80 6,3% 7.21  7.38 8,49 8.73 8.93
v 1.34 1.3 1,40 1,48 1,66 2.07 3,25 3.97
Decanc dv 1.54 - 1,69 1.66 1.90 - 2,18 2,77 3.75 4.80 wa
ve 1.80 2,06 2,00 2.58 2.75  3.24 k5% 6,35
v 1.37 1.32 1,27 1.%8 1,68 1,96 %.22 4,40 4,6
Dodecane dv 1.62 - 1,60 1,51 1,85 - 2.10 2.4 3.66 5,33 6.k
a s 1.87 1.83 1.78 2,44 2,58 2,82 5,12 6,42 8.4
Y
av 1.35 1.3 1,40 1,40 1.58 1,62 1,74 2.4
Hexadecane dv 1,62 - 1.72 1.90 1.95 - 2.06 2,00 2,18 - 2.6
v 1.98 2.08 2,40 2.55 2,59 2,46 2,77 3.6
av 1,32 1,90 1,90 2,40 2,98 3,92 3,33 3.37 4,36 4,50
Octanol a 151 2,38 2,50 3.0% 41 426 A2 430 5,63 5.78 -
dq 1.80  2.92 3.10  3.69 5.5% 5.58 6,47 6,12 7.07 .43
av 1.28  1.47 1,79 2.23 3,10 3.A3 0 343 3.6 4.35 4,54
Dodecanol dv 1.51 1.20 2.26 2,68 3,75 4,53 5,68 4,98 5.65 6.0% -
dvs 1,76 2,17 2.75  3.19 4,42 5.94 6.20 6.30 7.15 7.7h
y 1.32 1.48  1.358 1.87 2,81 2,77 3.2 3.50 3.67
al
Ifexadecanol dv 1.53 - 1.82 1.91 2.32 - 3.67  3.59 30 L% T e
dVS 1.77 2,20 2,25 2.73 § 72 5,69 6.01 5.53  6.63
1,14 1,10 1,06 1.43 1.50 1.63 1,63
av
Cyclohexane  Ilexadecane dv 1,32 - - 1.30 1.26 - 1.74 - 1.76 1,92 1,95
d 1,48 1,46 1,46 2.08 2,02 2,22 9.3
Vs
1.0 1.0 1,0 1.0 1.0 1,12 1,22 1,94
av
Benzene Hexadecane dv - - - 1.33 1.56 1,56

1,49 1.81 1.7
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® hesane
O hexanc

24

£&

in mean volume diameter with time for hewane emulsions
various additives (0,04 mol dm~3 in the oil).

hexane + decane ¢ Ahexane + hcexadecanes
N 8 hexane + dodecancsi X hexane + hevadesane
(froem droplet counting),
i i

@ kc*qne

ane

+ QCYﬁgocaloW'

4+ hexadecanol

dropiet countinn).
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emulsions

e}

& hexane
SOU mol am=3 )

4

hexadecane (0,04 mol dm

&

it 3 -~ » -
& nova 1€
A Tiewane
i
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4o}

25

| |
o g
-V
\\
&
| |

as neasured by the change in droplet number,

3 ),
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irme for hexane emulsions
of additive.
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Change in relative viscosity with time for benzene and cyclohexane
emulsions containing a small ous

ti f
. . - ZN
ooa ~guantity (0.Chrol dm=2) of hexadecane.
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S Ny ST b s e e s i i
Some typical photomicrosraphs showing the relative effects of

¢ 5o YA vy ey
additives ar e

e fall dn droplet concentration with time is plotted in Figure

3OV A e N T P ~ - 1 i }
U dor emulsrions of hexane and hexadecane alone and hiexane containi ng
either hexadecane or hexadecancl as additives, A considerable incroase

wresence of hexadec:

aneg however, the dispersion exhi

The value of dy computed frowm droplet counts (Scction H,Buloﬂ) are

included in Toble 4-9 and show rcasenable agrecment with pholomicro-~

lic measurcnents of size (Table 4-8),

5.3.2,5 Viscosity

e ity ot e et sl
In order {o deternine {the relative viscositics of Lhese emulsions

)

il was assuned chie density of neither phase was significantly

affccted by the sunll amount of additive present, The relative viscosity

{ 3

s I FR . [ D i Ao
ratio (Sectien 4,353,170, 18 plotled 1

o3 hexane emulsions containing
dodceene, hexadeecane and hexadecuanol (Pigure 27). Similar plots

demons frate the effect of added hexadecane on the change 1in relative

viccosity with time for benzene and cycloliexane cimlsions (Figure 28),

wdou

The relevant initial viscositles are provided in Table A-10,

The form of the curves in Pigure 27 is =imilar to that described

. . . . S . . e s U
previcuslys viscosity falls 1n an approxinately linear fashion afte

inl more rapid decrecase., The relative viscosily falls sharply

v
gt

an init

e first five days or so of ageing, this c¢llect becoming more pro-

in ihe order hexane + dodecane < hexane + hexadecanol < hexanc,

nounced

T ihie nyesence of a swall guantity of hexodecane the viscosity of

nereoses slichtly over the period in

wexane aud evlobexaie emulsions

. LY
1) and the henzene emulsion (Figure 28) oxhibits
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nerelative viscosily values,

R TIE E Rt T T A ] * o oo} o ien N e . T 2 X .
polavive vizeosities of freshly prepaved hydrocarbon emulsions containing

0

o
ot

Relative

~q
3T

V1sSCOo

ro

<

™o Y a3y [ SR &
Dodecine 1,505

Cyclohexane Hexadecanue 1.659

Doenzone Hexadecane 1.601

3.2 Tl avorerties

The creaming and o1l separabtion dafa are given in Table 411,

Dot vere collecled by ihe procedures already desceribed (licwtion:—; 5.3,
and 4.73 ],)
Truwlsions of hexane and hexane + oclane crcamed ropidly (‘,':i"‘hin

three to Tive dave) whilst the corresponding tives required for a clear

serur to cvolve are 10 and 25 days respectively, The remaining erulsions

retoined o elipmt turbidity throvghout 170 doys despite which it appeared

that all avenleds had creaued fron emidsions contaiving allancls after

~ . : . . T e yee ¢ raaminT whore deon:
15 40 2% days, In spite of the slow rate ol creaming wiere decane,

PR 1 TR S, - h R g e L
Todeeane and hexadecaone were used as additives, a distincet cream layer

boecame vieilble ai ihe cwrface of all these sauples after 1 to 2 days,

1

vy e -y R N P 4
In cnch caze ihe layer reached an wmse volwme ralio (/6

~—

¢

rons syurrest Lhat sube

amr extrerely slowly
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in mean volume diameter (ga) with time for emulsions of
i
o ~
. .y ~ . ~y =
in 8DDS-I solution (1077 wol dum ).

N Y2y
rl nnsce

I ~ 1 fmnd
O 2 5 106 25

ok TG0

T rrer e ws on . T " o4 Y .
}.,!’C.\-‘,\;LL-(..“'.:‘ Ju()o )a}-g ) ()r. 6«"‘ ! R

1 wr ey sV g oy Y
Heyadecane-D 1

Penvzene-" 1.57 5,31 5,69 8,01 6,00

Y, B P A I B I SCR FOE P, ey ) NPT PR N I DUR
ite redative slabililtices of hexane and hexane-T coulsions disperscd

5,30 Suvfoctant coneenitralion

; L. ~1 N 5
The cffect of different concentrations (107 4o 107 mol du )

of SDNS~A on cwmuleion stability has been investizated for a small
nwaber of oil
Attempls 1o disperse orranic ligquids (hexane, hexadecane, cyelo-—

) 5

. X ‘“) 3 « a .
hexane and benzene) in a 106 nol dn solution of the surfactant

rroduced creyish emulsions in which small zlobules of o0il remained on
the surfoce after howogenization, These sysicens cereaned rapidly and the
0il rhase scrarated comnletely within a few days,
. Cpe o L3 3
Samples of the swme oils were cmulsificd using 10 nol dm
surfaciant solution, the data in Table 4=-17 desceribe the obscervations
rade on the droplet zize distribulions of these cmulsions, Creamin

o
(&3

was ranid in all eases except the hexadecanc omuleien, Tu the latier

7

9



v en S A e T o Y ; M~ 5
case creavans tirst hecanme apparent after five days, although a consid-

erable amovnt of free 0il had senaraled by this ftime, Intere=tingly,

X >

yyvdoy ot P s :
Lhre pavticle size disiribulion remained fairly narrow {hrouzhout

‘ N fon Jo 1A e T . : :
reeiny {(Tabhle fisd iy tany thatl there wos rapid coalescencoe of
at the emuleion surfoce, bhul Tittle ind er-droplet

. ). 1. - - N, o~ “r A [ e . - 5 34 1 N
e bull esmleion,  The hexane dispersion exhibited an
i
T T, T , . ) .
mmttial hroadening of distribution (:'\znl an inereasc in mean
Ao Ted Ear ) e . sd . 0T T avredd T Y1E1T ;
Groplet di o) as laroe vy Jolloved hy o narrowing
L Joyy N PR R TR R ST waxm 4= 1 A S, R N /Y ) BN S 5 . . o -
af the distritution vith 4he disappearance of larre droplets through

and evelohioxane cmuleions were hie

over 700 of Lhe il having ecach systen within one day
ol
e 4
Tipanr g P ey 3 T N ¢ I e £ -
hevadecane were disporacd in 10 mol dm surfaoctant

solvubion, MMcerszcoplce exosinniion revealad conziderable cluwiping of

0i) droplets da both samples, the aspresation Lecoming

nore pronounced
1 (Mlate 3V, As a conscquence of argresation the size of
creaming particles was cffectively dnercased (Nquation 1,7 ) and
thege emulsicus ereaded extremely quickly (Ge, wiithin 5 Lo 10 minutes),
The long chain alkane emal=ion retains its characteristically hish
stability at this hizher conceniration of SHLS-L (Table 4-1%),  The
droplet size nensurenencs for hexane indicate a similar stability to
0y o4

PR}

. N . . B [ e -
an emulsionof the =ame oil disnersed an 10 mol din surfactant

(Sccetion 4.%.1.1). The specifie interfacial arca is plotted in

-t RES
I

fhe data for hevane~D cermilsion disperszed in SHDG-D (].O T omel
also included,  The hexane ecmulsions appear to manifest maximum

stability at the intermediate concentration,



itn viean droplet diaweters during ageinsy of

QU o«

DS stabhili

ized

/ . . 5 d. AN Al x
o/w enulasions al dillerent surfactant concentrations {sce also
\ -
Tebile =55,
0i1 Yhase (da
\
G 1 2 5 10 15
-7 -7
16 o) di
a 1,04 1,94 1,2
av
Hoxanoe ¢ 1.59 5.25 1.87 - - -
9} Y4 =N ) T
2,00 5.090 2.59

Tewadocane

Cyclohevance

Nenzenc

1.25

SR A RS

2.00

2.5%1

[

1.0

1.84

2 g

J &

2,05

N
°
(2

16.0

20.0

20,0

v 1.0 12,0 15,0 17,5 19.5 19.5
]oml mo]l 1’3 SDNE-A
a 1.29 1.79  1.98  3.51 AUkl '8
Mexane du 1.55 2,10 2,65 4.78 0,31 0.15

d_ 1.751 1.25 1.2
av
Vexodeenre O 1,60 - 1.57 - 1.01 -
\ 1.9 1,62 1,98
v 0 0 0 0 0 0
N benr N voline of il sevaratced -'\C: ﬂ)
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ics of emulsion droplets

have been

O T P : . . sy - . . " )
mensured wnder carefully controlled conditions (S\.ec:‘t:z_(m JJL) for a wide

IR T T . D carvrves s
0. o1l »hases dispersed in 10 mol dm SNNS~A, Vmmlsions were

SENICO Accoral

v,
ol
ot
pow
s
e
—
=
~
o)
o
o)

ures described previounsly

Pabile hell sives a s the data obtoined and includes the
3 it A g ~ <) - - 5 i 3 N »
zeta potentinl valuns calculated according to “guation 73,20 ., In
. 1 ~ AT « ~ 8 d ey - - ]
all the oil droplets migrated towards the anode indicatine

was present on the droplets.
The mensnred mobilitics (and thoerefore zeta notentials) show soue
dependance on the noture of the o0il phase, The salurated hydroearhon

dronlets (allwnes, TID, MDD, cvelo=paraflins) poscss a lower charge
the ercaler the carbon nunmber, saturation in the straizhl chain
molecule resalis in a slighily Jover mobility as shown Ly oclene and
decene as compayed with vhe corresponding alkanes,  Similarly, the

2 3

cyelic nen~substifuled hydrocarbons give droplets whose mobilitics

increase in the order benzene < cyclohexenie < cyclohexane, Droplets

of {1olucre and the »vlenes ¢ive 1niermediate mobilily values whereas
. (&) W

the aliphatlic alcelhnls appenr to carry a considerably lower charge,

The ermlsions containing cil soluble additives considercd

previounsly in Section 1,3.2, were also diluled and their clectro-
phoretic mobilities mecsvured,  The resulle oblained are Jisled in
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ovelic measurenents on dispersed oils containing

a small

tee]

ey I addidive, were made at
a Yo rgvaves o y~ - SR - R Y ~ ¢y | .5
oy hours afier coulsification in SDDS-A solution
N
it
OIL ADDITIVG 7
S 2 =1, ~1
R, S e 2! \
PILARL (70w V) (mv
Mexane - 10,01 % 129.1
Getanc 9,93 & 28,1
Decane 10,65 & 0,21 199,06
p e
Dodecnne 0.80 r 0,20 196,k
Mexadecana 0,88 + 0,10 197,40
Yol myyal 0 58+ 018 RESEE
(/ CLallo s e DO U Llo SIS
- o Y s
Dodecanol 9.65 v 0,20 125.0
Hevadeenncl 9.66 ¥ 0,15 124,06
- p
Renzene - 8.87 L 0,40 1144
Texadecane 8,7+ 0,18 112.,7
e =~ 4+ LN )7
Cycleohexa - Q.7 ¢k 125.0
R PRV DR A 1515} 00
ilexadecane .55 & 0,02 122.9

prescnce

ity measurcenent

an o luost
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hexadeon
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alco

1t

small quantiiy of Jonger ch
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ain lencih allkane in

Towever

in all casce within the standard error of
and may be duc Lo experinental faclors, A

je found between the cleclrophoretlce

as present in the oil

o in bLenzene or cyclolioxane emulsions
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cocured mobiliiy
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Tor each enulsion only those dronlets which remained in focus

the entiye
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5.1 ADSOPPPION AT PR CIL-UATTR TP TR

L

2¢ RPN AP 4 A . . . .
Delol  Tnterfncinl tensions of the oveanic liguids arainst water

It is well known that the interfacial tension between two liquids
depends upon the chemical nature, interaction and orientation of
moleccules at the interface (Section 1.3.,1)o The interfacial tension
is also hichly sensitive to the presence of small amonnts of impurity
or added surface active agent within ecither of the bulls phases.,
Numﬁroué workers have attempted to interpret interfacial tension,
adhesion and the phenomenon of spreadine in terws of the intermolecular
forces within and hetween two liquids, Antono§ (BOO) was the first to

suggest a simple formula for the prediction of interfacial tension

(84
v

(% ) from the surface tensions ( and & ) of two mutually saturated
oV 0 W
liquids, "Antonow's TNulce" may be expressed as
J 5.1
o

model preclude its general use (900).

it
o
§

ow w

The inadeguacies of this simpl

o

Girifalco & Good (301) proposed an alternative expression for approximate
interfacinl tensions, viz:-—
1
: ¢ i 5 0
+ - 24 5,2
6 XO ,G<bob/w/’ °

where the fuuction ﬁp is a constant for a given system and can be
u

"
X

ow W

obtained from molar volume data or known tension values., The value

of ﬁ was found to vary from wnity in specific instances and thercfore
G
permitted the classification of liguids according to theix interfacial

4 = 0,78 were all liquids with no capacity
G

hehaviour, Thus, below
for forming hydrogen honds with water, the valnes for cyclic hydro-
- - A ymM T I 1y Ql .
carbons ranged from 0,67 to 0,73 and compounds Tor which ¢G>>O,ai were
RPUPRE N 13 e Pt le Qi 0o . bl
cenerally capable of hydrocen bhondinm, Towkes (186,302) resolved

yir
[

n into two force components, the van der VWaals

interfTacial tensio

(ﬁiqﬂﬂr?ion> forces and polar interactions (hvdrogcn bonding and other
Q18D0Yrs107 SN 1a ] X



dipole interactions), Tor example,
) d P
5 = X\v + 5 i 503
J W

d P
wheregyv and 2{w arc respectively the dispersion and polar contributions

W

W

to the surface tension of water, By assuming that the interaction
energy across a salurated hydrocarbon-water interface was attributable
solely to dispersion forces the interfacial tension was predicted by

v d dok
K o= 5, + &, ~2(J )" 5.k
¢ 8] W

oW

d - d . . .
where 510 and & ¢ are the dispersion force comgributions to d and ¥
0 w

resgpectively. For a non-polar liquid Fquation 5,3 hecomes

d
= ~d
o 8% 5.5

o<
it

TFowkes (M86) then obtained the dispersion force contribution for water

( X ) by suhstituting known & and & , values of the alkanes in
w = 0 ow

Fguation 5.4 , A constant value of 21,8 % 0,7 mim (ie. the critical

tension referred to in Section 1.3.1) was obtained, emphasizing the

major role of nolur interactions in determining the physical propertie

45}

T}

of water, he argusent was extended to aromatic hydrocarbons for which

experimental values of 5¥ﬂvmmre lower than predicted by Equation 5.4
The discrepancy was presumed to arise as a result of stronzer interaction
with water through an addifional polar component acting across the
interface,

Table 5-1 lists the surface and interfacial tension data for a
nurber of o0ils, as given previously (Table 2~3). The computed values

X d . .

of Zfow according to Antonow's Dlule, ﬁG and 5’w are given, Also listed
are the values of Wi, WC and spreading cocfficient (s) as defined in
Secction 1,3.1. Thcvsurfnce ard interfacial tension valunes of alkanes
increase as the hvdrocarbon chain length increases whilst Antonow's

rule (Pnuation 5.1 ) predicts the opposite, The volues of ﬁr show
- M M

a clear dependence on hydrocarbon chain length, in contrast to the
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onstant value - B .
constant value of KG 0.55 reported elsewhere (253,301). Table 5-1
. atat {had 1+ Ny . . N .
illustrates {that the other o0ils used fall broadly into the categories
st i ated above : . , . . . .
stipulated above and are therefore in qualitative acreement with the
> 4 $ Q. " d
theory of Girifaleo & Cood (30]>. The mean value of 8 — for the
w
h ] * -
< et e P _ - 1
allkanes studied was found to he 20,59 % 2 .34 wN nm , a value not too
far removed from that observed hy Fowkes (186), Substituting the
raln f 6 d ¥ t kol PR = v: ., A
value o L, ‘To Equation 5,4 predicts the interfacial tensions of
Y
other oils, assuming that only dispersion forces are present, The
values obtained are significantly higher than mcasured values, the
ST o o hei ; S P4 " . s T 1 Xp\
difference being a measure of the "excess po’ar interactions" (A8Y)
0
which are also given in Table 5-1. The polar intcractions of benzene
. N s S N - " » . A ST ‘“1 m
tolucne and the xylenes fall hetween 14 and 18 N m ~, The correspond-
. sy ; ] 4als] A e ~ -1
ing Literaiure values ()uu) are 16,5 and 15,4 o m = for benzere and
toluene respectively. These forces arise from pi-bond interaction
with water, The alcohols are capable of hydrogern bonding and give
) 1 roX P oae T » 1 irterTacs - :
ner values of as cxpected, The observed interfacial tension
data arc not inconsistent with the simple wmodel of interfacial forces
described by Towles (186). llowever, the dispersion force interaction
of the allkancs, lilke %C’ does not appear to be a constant but shows
T
a small but definite decrecase with increase in chain length,
Teeent investigations into the thermedynamic properties of
S5 Cohatic hydrocarbon—water interfaces (2738,266) have
puarified aliphatic hydrocarbon-watcer in aces {(238,200)
realized similar observations., Gillap et ol (266) found that Hoth

a . . s e 3 B .
ﬂp and 5’\ -aried in a2 regular manner with respect to hydrocarbon
LI W
Tn order to explain these observations in terms of

chain Yength, 1 C

molecular structure il was necessary to inveke a more complex thermo-
IS IS . < o . .

dynamic interfacial model based on that of Drost-lansen (187), Briefly,

1 oo v s T NBn -8 Oe) —
contemnorary theories of bLulk water sftructure (”chthb & Scheraga (30))

4

511 interfacial region., Clusters of w
and others} were applied to the inferfacial ol sters of wator



1

molecules have been visualized to explain certain anomalies in surface
charge and tension measurcuents (187), TFrom studies on hydrocarhon
solubilitics there is evidence of two opposing solute interactions
with water (3@4)0 The hydration of solute may involve its incorp-
oration within water clusters whilst hydrophobic bonding is favoured
by attractive forces between hydrocarbon chains and the entropy gain
from cluster breakdown, Dy analogy to the interface Gillap et al
(266) have suzzested that the latter process was favoured by longer
chain hydrocarbons, thus disrupting water structure near the interface

to an increasing extent whilst increasing § w (and decreasing ﬁr and
0o ’ T

¥4
w’’
‘lore recently, Zogcrafi & Yallkowsk 305) have related the differ-
¥ %)
ences in interagtien at alkane-water interfaces to the number of

dispersion interactions per unit area of the interface, It was found

1
(.‘ . . - .

8% could bhe explained by the different interfacial
W

w
[
]

that change
group densities obtained with the various alkanes,

It <hould be stressed that the state of molecular interaction

Ut

theory at an interface is still largely undeveloped (QG?%,BC'},
However, these general obscrvations appear to support the view of
Rusanov (139) and others (Section 1,3,1) that the structure of an
0il-water interface depends to some extent on the nature of the oil
phase, Furthermore, such results illustrate the possible contribution
of the oil phasc in any interpretation of adsorption phenomena (238,

966) and have provided the stimulus for much of the work discussed in

Section 5.1.2.
~eme rigl P T 5-1 lis ' work
The three columns on the extreme right of Table 5-1 listi the work

. e ) : sl p coread o ffici e .
of adhesion (n¢> and cchesion (“C> and spreading cocfficients (s) of

. C s e worls adliesi r alkanes shows 1y
the orcanic liquids, The wors of adhesion lor aii WS only

. L. . 1 .3 3 a5 nrooressively will hai
slight variation whilst cohesion increascs progressively ith chain



{
i
b

length, Spreading occurs when

the coefficient & becomes positive

Q 43 ~7 3 s . .. . . .
(Secction 1.3.1), that 18, vhen the hydrocarbon chain length is below

ClO' The critical interfacial tension for spreading is in the range
21,0 to 23,3 mN m ., Doth ohservations are in agreement with previous
investisations on purificd saturated hydrocarbons (197). The slightly
elevated interaction forces for the saturated cyclic compounds may

he due to lmpurities exerting a lowering effcct on 55“3 Unsaturated
0oils and alcohols show significantly incrcased adhesional forces with

water, leading to more positive spreading cocfficients,

5.1.2 Adsorntion of SDDS at the oil-water interface

1.2,1 Critical micelle concentration

The cme values, taken as the concentration at the inflection
noint of each interfacial tension versus log concentration plot
[:3
(Figure 10), show some dependence on the nature of the oil (Table 5-2).
Table 9-2
The critical wicelle concentration {eme) and corresponding limiting area

per adsorbed molecule (A ) for various hydrocarbon-SDDS solution

interfaces,

T n CIL cme A
- eme Aome | ' cme
v - . 0 T LT ___3 (9]
MTACQ - Z J AN )4
PIASE ol dm g nm mmol dm nn
[lexanc 7.0 0.59 | Cyclohexane 7.0 0.62
Dodecea 8.0 0.61 | Cyclohexene 6.0 0.62
?‘\nd“ cane 800 O
Hexane-? 8.0 0.50 | LBenzene 5.5 c.7
~ AR
THevadecane=D 8.0 0.50
- T N o
lexane+exadecane 7.0 0.63 Toluene 6.5 0,70
Il V.
(507 /%)




For the casc of alkane interfaces, cme values fall as the chain
length is deercased, However, a purificd hexane sample shows a
nexligible reduction of the eme, 1Pehfeld (2
in eme was related to the water solubility of the hydrocarbon. This
certainly aspears to be supported by the present results for cyclic
0ils where cme depression becomes more marled from cyclohexane <
tolunene € cyclobexene < henzene whilst the order of water solubilities
is cyclohexane < cyclohexene << toluene < benzene (296), The ability
to lower cmc has heen attributed to the solubilization of dissolved

ydrocarbon core and at the surface of the micelle (237).

5.1.2.2 NMature of the adsovbed Tilm

Cr

The limiting avea per adsorbed SDDS molecule at the air-watler

)

interface was calculated to be 0,424 nm ., This value is in excellent
+ 2 -

asreement with the most recent cstimates of 0.4507F £.05 nm” molecule

(237,253), The limiting arcas at oil-water interfaces are all hizher,

9 -
lying in the range 0,520 to 0,710 nm molecule

1 .

. It is generally

agreced that an adserbed SDDS film becones more cxpanded at an oil-

vater jnterface hecause of the reduced cohesive forces belween hydro-
“ho Fains of the surfactant (Section 1.%,3.3%).

carhon chains \

Trom Pigure 31 it will be scen that the adsorbed films of SDDS
aprear to he of the "gascous" type (Section 1,3.2.2) (234¢). Towever,
the surface mrezsure X area (WTA) product exhibits considerahble
positive deviation from "nuation 1.9D in all 1lhe systems examined,
The deviation ia stil) pronounced when correction is made for the sige

2
of the surfactant nolecule (cross—scetion taken here as 6,30 nm ) by

en

i
ot

. . b ad £ T v ar
using Fguation 1.9¢ , Calculated values of (A uo) are
. cy e e . hWoan wvr he Yy 1
in Teble 41, The positive deviation of thesce values is no doubt due

to the repulsion hetween ijonic heads of the surfactant molecules

o T™his could explain why deviation from the "ideal"

(Scetion 1.3.2.2).

154

237) found that the reduction .
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gaseous state is apparently

greatest at alkane-water interfaces

: . cohesive - o Fa o . '
.where cohesive forces between the hydrocarbon chains of the surfactant
should he negligible (1170,903b), The deviation is slightly less for
cyclic oils where slight inter-chain cohesion may occur (117d>, and
much lower at the air-water surface where cohesional forces are
seniTicant (T ; - .

siznificant (Lquation 1,10ab ) (see Figure 31).

The present results (Table 4-1) suggest that adsorbed films of
SDDS behave as non-ideal sascous monolayers at all bulk concentratlions

~h -3 V -
hetweerr 10 mol dm 7~ and the eme, In general, the deviation from
ideality decreases as the film becomes more cexpanded, An examination
of the literature confirms that this behaviour is prohable, Tethica
(222) feund that SDDE films adsorhed at the air-water (a-w) surface
. ' _ 0
tended to be truly gascons at high areas per molecule (>06.750m ).
Gillap et al ohserved a truly ideal adsorplion region at the a-w
) -5 -3

surface at extremely low SPDS concentrations ( <10””mol dm ~)(219). Brady
(Q?1> has shown that the ionic rervulsion introduced sienificant non-

3

ideality over a concentration range of 1.6x1077 to 10“rg mol dm“B; the
data conformed to Equatibn 1.1l+(n:9). Over a similar concentration
range the results of Pethica (292) approximated to Equation 1.9c¢ When
electric repulsion was attenuated by excess sodium chloride, Tface
impurities may provide a neutralizing excess of electrolyte when the
surfactant concentration iz low (218). Obscrvations at the oil-water
interface have indicated non-idealitiy duc to surfactant interactions
above 10—6 mol dm—3 Shns (QQOD)OEquations 1.9 and 1.,9¢ for ideal
and neutral films respectively predict that TIA = Lhox ],.O“2 J whilst
the equation of state derived by Cassic & Palmer (223) for ionized
films at the o-w interface in the absence of excess electrolyte

. 1

-0
(Wqﬁﬂiion 1.1% with n:],5> predicts a value of about 5 x 10 J.

Several of the systems ctudiced approach these TA values at low surface



pressures (Tablo hwl).

5.1.2.3 The effect of 0il phase

The area per molecule data in Table %4-1 not only illustrate that
the SDDS film at the oil-water interface is more expanded than at
the air-water surface, but also that the nature of the oil nhase can
affeet the amount of surfactant adsorbed, The data collected at or
near the cme are the most reproducible values since the rapidly
changing radiuvs of curvaturce of interfacial tension versus log

-1 -
5 to 10 ! mol dm 3)

concentration plots at lower concentrations (107
was found to be a source of appreciable error, TExtremely precise
interfacial tension measurcments are required for the accurate
determination of molecular areas in this region., A similar conclusion
hag been reached for SDNS adsorption at paraffin/wator jnterfaceg
(20L),

The interfacial film is evidently more expanded at aromatic oil-
water in'erfaces (Table 4-1), This is not surpris:ng since the
adhesive forces between the surfactant hydrocarbon chain and oil
molecules should be less than for alkanes, In torms of the thermo-
dynamics of mixing, the free cnergy change for the transfer of cach
wCHQ« group of the surfactant chain from water into benzcene (for example)
will be slightly less than for the transfer from water inlo alkane.
Consequently the free encrgy of desorption will bhe correspondingly
lese for the benzenc—-water interface, DIxpresscd in another way, the
amount of surfactant which will "dissolve" in the "interfacial phasc"
is lower for benzene water interfaces than it :s for alkane-water

interfaces (]17d), Less effective adsorption al aromatic oil-water

cow?t ~ . 1 Q. }reng ; 0=
interfaces has been reported elsewhere. Coclibain & Yctullen (MJH)

N oy P < W - A c} . » : + Y -
found that SDS and alkyl alcohols were better adsorbed to the decane

. i, : . i1 waeg benzene, ‘orve cexpanded films of
water intlerface than if the 01l was pa S



SDDS have also been found at benzenc-water interfaccs than those of
the alkanes in general (QB?),

The areas per molecule at the surfactant solution-allane interfaces
show a tendency towards increasingly expanded films with longer hydro-
carbon chain lengths (Table %-1) in acrecment with other investications
(71,84,237), Towever, the calculated area is affected by the presence
of impurities as is shown by the lesser expansion of surfactant
solution—nurified alkanc interfaces, Similar area per molecule data
have been presented by Tehfeld (237) although the calculated areas
were lower than thosc obtained here, probably hccause of diffcrences
in the purity of the oils used., Benzene gave the most expanded films
and there were clear relations between arca and hoth the hydrocarbon
chain length asd degrec of unsaturation.

There are sceveral plausible explanations for the variation in the
arca per adsorbed molecule with alliane chain length, Tor exaumple, it
Las been shown thal the nature of the alkanc may affecet the inter-
facial structure, poss bly through hydrophobic bonding which brealks
interfacial "iceberzs" to an increasing extent as the alkane chain is
lengthened (Sections 1.3.1 & 5.%.5.2)Y., In Section 5.2.4,1 a mechonism
is advanced whereby, at low surfactant concentration, the increasing
cohesion between longer alkyl chains might restrict the penciration of
the dodeeyl moiety into the 0il phase., Alternatively, “einer et al
(239) have suzgested that adsorbed quaternary ammonium salts can

4 - 1 7 CAan bs (g vt T
interact more favourably with short chain alkanes at low surfactont

. i . e e o . B ]
concentrations where the surfactant molecules are not aligned vertically

3 YUY O } -~ Hott 3 - -y i P
at the interface, At higher concentrations better interaction with

2 2}
longer chain length allancs was reported.

57



he overall

{ ) 1+ P 3 . . .
shape of interfacial tension versus log concentration

“curves (Fioure 10) is similar for cach oil, At low concentrations

-1 -
(<<]C " wol dm 3) an approximately lincar region apparently corres-—
ponds to the ideal adsorption region reported previously (219,220ab)
whilst the concentration region just below the emc could correspond to
a saturated adsorption region (228ah). s a consequence of conclusions

similar to thoge discussed in Scection 5.1.1 Gill t

~

©

P (229) have invest-

~
12NN

igated in

N

ome detail the cffect of alkane chain length on the adsorption
of sodium allyl sulphates. The hydrocarbon chain length of the oil was
feund to influence adsorption by an effect on‘the interaction between
surfactant molecules, but only with a small concentration range beiween

the ideal and saturated concentration regions (ie, belween approximately

- 4

- 5 -3 =3 e s .
5x10 and 10 7 mol dim © SUDS in this study). No c¢ffcct was found for

e 01l phase at conceulrations approaching the cme. 1 this is indeed
the case the differences in A for the alkanes would be due almost
cme

certainly to thie prescence of oil rhasc impurities*, Van Voorst Vader
(QQSb) hae stiudied the adsorption of SDNS in the “saturated" region.
The naturc of the oil was found to exert an effecct on area per adsorbed
molecule which depended on the presence of polar interactions of the
0il with surfactant and water, Differcnces in polarity have hecen found
to give significantly different arcas per molecule (Tﬂhles L1 and 5m2).

5.1.2,% The effect of add tives

The adsorption of SIS to interfaces with mixced alkanes shows

. . ; . : m N - - S oy 4 o Eb
predictahly intermediate hehaviour. The presence of small amounts of

. . Lo e Ve in a pr rced lowering ’
aliphatic alcohols, Lowever, resulls 1n a pPronounce lo ng of the

*Tootnote
. . 3 nle -3 £oanna 44 LA a1leane /
Teecont investigations into the adsorntion of SODS at Dullfle; allane,

=
F B 94
N : ) [P v vt Q at
vator interfaces sugoests that b

s mov well he the case (Qhu). Thie
; ; L netian O 7 9) wwan ) ;
turated contaminants (Seciiel —oJ.=) wvonld tend Lo

presence of wisa
inerense \,



interfaciul tension of alkanes against SDDS solution or water. The
offoct becomes slighitly more marked with an inerease in alcohol chain
lencth, The combined adsorption of alcohol and SDDS gives rise to

a mixed more condensced interfacial film, Dy using an analogue of
Paltons Law of Partial Pressures a simple means is available for
testing whother molecular complexing or simple mixing (Gection 1.3.35.%
occurs in such a filw (232). Thus, if 1T2 ig the interfacial pressure
due to alecolicl alone, WTl the pressure due to SDDS alone, and WT]Q

is the experimentally observed interfacial pressure in the mixed film,

it has heen proposed (952,253) that

‘ﬂig > ﬂ& + ﬂé

when comnlexation occurs. The interfacial pressure data have been

(SDDS + dodecanol at the hexane-

analysed fully for onc mixed
water inierface} and some data have heen sathered for other interfaces
(Table 5*3), In all cases there is considerahle adsorption of the
alcoliol, as shown hy the significant lowering of interfacinl lension,
T all the samples studied

il ) < ﬂi * “;

indicating that no complex formation 1s apparent, This observation

in azrcement with previous intcrfaplal pressure measurements on

—
n

nol, dodecanol and hexadecanol at silicone fluid-

anng £91ms with deca

o

vater interfaces (257) or with octadecanol and cholesterol at benzene-

decane _uater interfaces (932)0 Similar conclusions have been

oltained from various ctudies on SDDS co-adsorbed with dodecanol (98)
owC [ . . A 2>

and octadccanol (91).

: Tl S « the inlerfacis . B
Colunns two and Tive of rahle 5-3 show the interfacial nressures

alone (TT Y and in the precence of alcohol

{ ! T ) At oall concentrations there apnears 1o he
\ ° o

3

/



approciably less

4

Co ) o
interfacial pressure arising from SDNS in the mixed

film than with the anioni £ ;
) vith the anionic surfactant used alone, A similar result
2 £ - . : r
was found by Cockhain & Melfullen (959) for &mNS adsorption with
1 A -
cholesterol or octadccanol at the decane-water interface. Tt was
n Wed thot this wog ) 1 1
concluded that this was due, in rart, to a reduction in the amount of
@ . 3 .
anns adsorhed, Against henzene bhoth components were found to adsorb
Ve an 1a 3 ] . : . .
to the same degree as if they were present singly (ic. Daltons Law
arg oo waa £ 3 y : vy 4
aralomue was found to hold), With decanc however, the amount of
alcohol adsorbed was much greater, with or without SDD%, It has since

been shown that asreement hetween Tﬂ & ﬂ; and -ﬂ1° ig hetler forx

4 L

less interfacially active additives and for low surfactant concentra-

. =\ -y — .
tions (253). The present results (table 5-3) suegest that SDDS

adsorption may be decreased by dodecanol as the film is nearing

saturation. The loss im the in

.

cerfacial nressure of S™D35 in the mixed

3

£ilm anmyoaches the pressure due to adsorbed alcohol., As the cone-

coniration of €MS is reduced, the film becomes wmore expanded and

better agrcerent is ollained with the partial pressure law, It is

likely that interfacial pressure of et in the mixed film will also
be roduced to some extent by the Jowering of effective repulsion
between charged ionic heads (ie. Ty of Fquation 1,10b hecomes
smal]er), particularly in a closely paclted Tilm, Txperimentally

there appears te be little direct evidence for a reduced adsorption

of ©nDT in mixed films, althongh the dircct measurement of adsorplion

. . o o : 7z AT 4 ; 914Y found tho
s comewhat insensitive (Section 1.3.3.1). Nillson (21%) found that

dodecanol digplaced tritiated ayng only weakly at the air-water inter-

3
i

Tace. T+ was also show that s‘rong adsorption of radioactively

o At 1 4 sneentrati r
labelled dodecanol occurred even at low alcoliol concentrations, Vold

& Vittal (QQ) Aid not find o detectable chanze in the agueous phasc

L : A Ny i 3 tabiliz v1ith STNS 4.
sur factant concentration in & Nujol exmulsion stabilized with SDDS Just

cne added t 1 0 3
(3 e Y R wetea 5. 02 L,
])C 1 ow ‘LhC erie \l;hon { )d ca -01 WwWas (‘d { (6] 1 ]




Table 5-3

. s =] ) ‘
Interfacial pressure data (o m ) for mixed surfactant films.

ShDs

concentration

mmol dm™?

" . a
TTexadecane + dodecanol (0,0& mol dm J)—SDDS So]utlon( )

10,0
8.0
7.0
6.0
5.0
5,0
3.0
2.0
1.0
0.7
0Lk
0,2
0.1
.07
0.0h
0.c2

\Jt

D
(N2 BEERNG

N

(@]

.

U
o

69.1

69.3
68.9
66,2
62,2

61.6

Wexance +

(0,0 mol dm_)>~9ﬂﬁﬁ solution

1.0
0.1

N

~J

Texane +

dodecanol (0,04 v

50.0 10.6
3h.5 2.3
)
- . c
0l dim 7 )=SPNS solutlon( /
51.7 0.4
56,2 2.7

TMexane + Pexadecanol (

0,0% mol dm

S L .
')—SDHS solution

(d)

(o}

2P

36.9

e
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Table 5«3  continued,

.

NI
A R TIRES

Interfacial tension:~ hexadccare - water = 53,0 mN n

hexane - water = 50,4 N m

1t

Interfacial pressures:~ T SPD3 alone
m = mixed {ilm

M, = alkanol alone

T, = 25.6 (a), 23.3 (1), 25.0 (c) and 25,7 (a).
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5.2 STABILITY OF 0TI DROPLETS AT THR OIL-WATER INTERFACE

5.2.1 Mechanism of coalescence

Despite the many theories that have been advanced to describe the
phenomenon of single droplet coalescence at a plane interface, the
exact mechanism involved still remains obécure (103). The overall
process can be divided into several consccutive stages as follows:-

(i) Arrival,

The droplet rises (or falls) through a fluid medium (the "continuous"
phase) because of the density difference between the two phases, It can
be assumed that uniformly sized droplets of a particular liquid arrive
at the interface at a constant velocity (282). This velocity will vary
slightly with the density of the liquid comprising the droplet,

(ii) Impact.

The droplet collides with the interface, thus causing itself to
*hounce" aﬁd creating ripples across the interface. The resultant
oscillation of the droplet permits a film of continuous phasc 1o become
trapped between the droplet and the plane interface.

(iii) Film drainage,

The buoyancy of the droplet is supported by the trapped film so
that the overall effect of gravity is to cause a pressure distribution
within the film. Continuous medium begins to drain from the film because
of the radial pressure gradient., Under these circumstances either the
droplet or the interface (or both) may become deformed.

(iv) Film rupture.

FEventually the film separating the droplet from its bulk phase will

rupture, The thickness of the draining film will affect the prohability

of rupture (i e. the thinner the film the greater the possibility of

rupture).
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(v) Deposition,

The contents of the droplet are transferred wholly or partially

into the bulk phase,

The measured rest-time for a droplet is a composite of all processes
following the arrival of the droplet at a plane interface. In practice,
film drainage proceeds almost immediately after arrival provided that
large amplitude vibrations are excluded from the interface, Also,
transference of the contents of a droplet is completed almost instan-
taneously (i.e.,<0,ls) (103). The measured coalescence time is
determined by the time during which a droplet rests on a thinning film
and the effect of any interfacial film adsorbed at the two oil-water

(o=w) interfaces,
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5.2.2 Spread of rest-times

In all the present experiments a distribution of the measured

rest-times was obtained. The spread of values increased with an increase

in overall stability. A distribution of coalescence times is a char-
acteristic of all previous droplet stability experiments, although some
reproducibility has been obtained by using interfaces immediately after
an elaborate cleaning procedure (280a). The scatter of values has been
attributed loosely to disturbances due to vibration (102ab), surfactant
displacement (104), inhomogeneity in the adsorbed film (107,306) or
thermal effects (275). Gillespie & Rideal (275) postulated that the
draining film could rupture at different thicknesses, It was argued
that the minimum rest-time corresponds to the maximum film thickness
at which rupture can occur; therefore, droplets which persist beyond
this time may coalesce whenever there happens a disturbance of sufficient
magnitude 0 rupture the film., It is also likely that the angle of
approach to the interface will vary between droplets which have travelled
some distance. This may cause some variation in the initial thickness
of the trapped film and hence the drainage time (100).

Despite the scatter of rest-times it has usually been possible to

conduct a statistical analysis of the measurements and to derive

reproducible stability parameters (Section 3.2.%). In accordance with
the majority of reports (102ab, 108a, 272-275, 277, 279, 281) the
present work indicated that somewhere in the region of 50 to 100
measurements are sufficient provided that the stability of individual

N & ‘ ——
droplets is not too great. Iowever, some workers have recorded obser

3 !
vations based on 40 or fewer separate measurements (104,100),

5.2.% The effect of surfactant

g The rest-times of oil droplets at the oil-water interface are

e t values for hexane and hexa-
extremely short, For example, the t . . . 8



decane under such conditions are about 1.0s and 0.6s respectively,

‘These values are consistent with the rapid rate of film drainage and

low resistance to rupture to be expected when no stabilizer is present
(281,306)o The stabilizing effect of SDDS is described in Section 3.2.5;
droplet stability increases sharply as the concentration of dissolved
surfactant is raised (Table 3—5). Similar observations have been
reported for the stabilizing effect of SDDS and other surfactants on
benzene and water droplets at the benzene-water interface (106). Indeed,
many of the investigations into the coalescence of o0il droplets at an
interface have included a surfactant to stabilize droplets (104,106,109,
272,275,280ab,281,3006-308). When surfactant is added the droplet
stability may be enhanced by changes in the rate of film drainage and/
or the resistance of the film to rupture,

A number of authors have proposed that the principal effect bf
adsorbed surfactant in stabilizing single droplets is to slow the rate
of film drainage (27b,275,280ab),Hodgson and others (280ab) have shown
that low concentrations of SDDS (<:10—6 mol dm“3) can act in this way.
Gillespie and Rideal (275) proposed that the process of film rupture is
likely to be similar both with and without the presence of surfactant,
When the draining film becomes sufficiently thin it has been argued
that van der Waals attraction (at film thicknesses below 100nm (306))
and random molecular motions (at thiclmesses below 10nm (102a)) would
rapidly thin and rupture the film,

The factors affecting film drainage are complex and interacting,
It has been pointed out previously (Section 1,2,3.2) that the rheological
properties of an interfacc are highly sensitive to adsorbed surfactant
and that a viscous or viscoelastic film should retard the drainage of
A further barrier to film drainage may be provided

an aqueous lamella,

by orientated layers of water around gurfactant molecules at the inter-—



face (Sections 1.3.1 & 5.3.,5.2),

The presence of an adsorbed species

males possible the development of interfacial tension gradients during
film drainage (Sectién 1.2,3.2), This may enable the film to "heal"
wealk spots and damp the interfacial disturbances responsible for film
rupture. Hodgson and others (280ab,306,307b,308ab) demonstrated that
even low concentrations of surface active agents may alter the mode of
film drainage and restrict the mobility of the oil-water interface.
This leads to retarded film drainage and increased stability., Immobil-
ization of the surfactant film around the droplet inhibits internal
circulation and may lead to a regime of slow drainage,

Since the droplet and interface carry a small negative charge in
1O~4 mo 1 dmw’5 SDDS (Section 4.4.4), film thinning may be retarded by
electrical factors., An electroviscous effect may arise when the distance
of droplet—interface separation becomes less than 103nm (102a), Film
thinning may be retarded or arrested by the electric double layer repul-
sion (Section 1.2.3.2), The magnitude of this repulsion is raised with
an increasing potential drop across each double layer and with decreasing
film thickness. The effective douhle layer thickness is in the region
of only 50nm whilst the double layer potential, calculated using the
Smoluchowski equation for a plane interface (Section 3.4.6), is about
40 to 45mV, At 1()“3 mol dm“3 the respective values are 10nm and 50 to
75mV,

The decrease in interfacial tension associated with surfactant
adsorption may allow greater defornation of the droplet and intérface,
thus increasing the area of the draining film and further inhibiting
film drainage.

An alternative view is that the principal effect of surfactant
when stabilizing droplets is to increase the resistance of the inter-

facial film to rupture, Cockbain & McRoberts (104) concluded that



droplet stability was determined by .the resistance of the interfacial
film to wetting by the dispersed phase. A similar suggestion was made
later by Nielsen et al (972). Watanabe & Kusui (106) supported the

view that droplet stability at the plane interface is determined largely
by the characteristics of the adsorbed film; the time required for film
drainage was considered negligible, The coalescence mechanism proposed
by the latter workers was that a defect formed in the film in the region
of droplet-interface contact, probably throuch desorption of surfactant.
Biswas & Haydon (107> reported that rapid drainage from aqueous lamellae
occurred in the presence of viscous adsorbed films. Interestingly,
stability was related simply to the ability of films to withstand the
weight of a droplet., }More recent studies on films of this type (108a,
277) have confirmed the dependence of stability on the resistance to

film rupture.

5.2.4 The effect of oil phase on stability parameters

5.2.4.1 Single oils
A wide range of oils of differing chemical types and polarities
have been investigated (Table 4-3). The nature of the oil phase has
a profound effect on the stability of single droplets. Table 4-3 lists
certain physical properties of the oils, namely the viscosity, the
density difference between the two phases (£>p) and the interfacial
tension ( Kow)’ which have previcusly been considered to exert some
influence on the rate of film drainage and hence the droplet rest-times
(103). Also iﬂcluded in Table 4-3 is the solubility parameter for each
of the oils, since this may affect the resistance of the adsorbed film
to displacement (sce below),
The role of oil phase viscosity in the film drainage and coalescence
processes has been considered by a number of authors (109,276b,308b).

Jeffreys & Davies (103) point out that the phase viscosity ratio will



affect stability; an incre

as@ in the viscosity of the continuous phase

relative to the droplet phase will retard film drainage and increase
the rest~time whilst a high oil viscosity might retard film rupture.
The data in Table 4-3 indicate no correlation between 0il phase viscosity
and droplet stability parameters,

The relationship between density difference (Ap) and stability
is not a simple one., An increased Ap results in greater buoyancy
leading to more rapid film drainage., However, large differences in
density can also cause deformation of the droplet and/or the interface
which extends the area of the draining film and leads to lonzer rest-
times, When deformation occurs this effect tends to outweigh that of
increagsed buoyancy. Deforwmation is resisted by a high interfacial
tension (130), thus rest-times tend to decrease as interfacial tension
increases, The stability data for the alkanes (Table 4-3) shows an
increase in stability as Ap increases and as 5 ow decreaseg, in
gqualitative agreement with theory; however, extending the consideration
to the other oil phases reveals no direct correlation with Ap or 6ow'

Several authors have attempted to relate the deformation of droplets
and the rate of film thinning to droplet-size, interfacial tension and
density difference between the phases, Mathematical analysis has been
completed for four simple theoretical models which are illustrated in
Figure 32. Provided any deformation is small, and neglecting the
effects due to electrical double layer repulsion, electroviscosity or
the physical presence of an adsorbed film, the time (th) required for
a film to drain evenly to a given thickness is related to interfacial

tension and density difference by:

=1
t o< Ap =
h
A/252
and th o< P ow

respectively for the spherical-planar (Type I, Figure 32) and parallel-




FIGURE

32

PROPOSED MODELS FOR THE DRAINING FILM BETWEEN A SMALL DROPLET

AND A LIQUID-

LIQUIL INTERFACE.

TYPE I TYPE II TYPE IIX TYPE IV
\\_.//“————hﬂ\“*"“””—__"
TYPE I : Droplet non-deformable, Interface non-deformable
SPHERICAL - PLANAR MODEL
TYPE II : Droplet deformable, Interface non-deformable*
PARALLEIL PLATE MODEL
TYPE III: Droplet non-deformable, Interface deformable*
TYPE IV : Droplet deformable, Interface deformable*

* {UNIFORM FILM MODELS
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plate (Type II, Figure 32) models (276b), The rates of film thinning
for type III and IV models have been interpreted successfully on the
same basis as the Type II model (130,275,309),

In many instances it has been found that the profile of an inter-
facial film is not represented by any of the theoretical models shown
in Figure 32, Instead the film between a flattened drop and the inter-
face may thin more rapidly around its perimeter, causing a thicker lens
or "dimple" to form in the centre., The effect of droplet "dimpling" on
film drainage has been considered (309—311ab). It is extremely difficult
to compute the rate of film thinning in this geometry (102a) although
calculations by Frankel & Mysels (310) indicate that the drainage rate
in the thinnest region of the film is approximately the same as for the
parallel-plate medel (Type IT , Tigure 32). Iartland (31lc) found that
coalescence occurred most frequently at the thinnest region around the
edge of a dimpled film (i.e. around the “bdrrier ring") unless tilting
of the droplet caused irregular and rapid thinning of a particular region
in the film. Similar observations have been made by Charles & Mason
(276b)., The analysis of Frankel & \iysels (310) also permits one to
estimate the drainage rate from the centre of the droplet contact area
(within the dimple)., Hartland (307b) found that in some instances the
bulk interface (which has normally aged for some time) can remain immobile,
whilst freshly adsorbed molecules on the droplet are swept away during
approach and film drainage. The net effect is that gow may be higher
at the droplet-water interface than at the bulk interface, thus changing

the film profile. \lathematical expressions have been proposed for non-

aniform film models, other than Type I (Figure 32), where the film may

be thinnest at either its centre or periphery (Bllb)-

2
N 1 = N
The data from Table 4-3% are plotted in the form foéfow versus

Ap in Figure 33 An approximately linear relationship is obtained for
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the alkanes, It has been shown (130,275,276b,279) that the thickness
(h> of the draining film at rupture can be estimated, for uniform

film models (Type II and III, Figure 32), from the rest time (t) by

t = _]; I‘5 IZQ APZ
h 9 506
2
v &

ow

(where r is the droplet radius,f&2 the continuous phase viscosity and

g is the acceleration due to gravity). The cfitical rupture thickness

for the alkanes can be found from the slope of the line (Figure 3%)

and the present results give a value of approximately 120nm (where

Q,Q = 9.5x10“4 N s me (283)); r=1,1%m; g = 9.8l m 5*2. Such a
value is not unreasonable since it 1is somewhat higher than values reported
for systems in which double layer repulsion is either absent or attenuated‘
by electrolyte (333,279). Nevertheless, the absolute value of film thick-
ness is difficult to establish and could be subject to significant error
(276b), This 1is particuiarly true here since, as stated, no account is
taken of the effect of added surfactant on the dfainage mechdnism. It
should be noted that T4 x gowz is somewhat lower (Figure 33) than
predicted by the uniform £ilm models, This discrepancy is not due to

the use of T4 rather than the more usual but less reproducible t¥ value

since the difference td (Equation 3.9 ) is small., The substitution of
T4+ by t1 in Equation 5.6 alters the time-tension product by only a

few percent, It is more likely that irregular thinning of the film

causes more rapid drainage (see below)° Uﬁsymmetrical drainage 1is also
promoted by tangential motion between the droplet and the interface
(307ab). The experimental procedure permitted droplets to move ireely
across the interface.

The result for octene (Figure 33) shows a slight negative deviation

from the data for alkancs. This could be due to the effecct of impurities
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in the oil phase and experimental error although other possible causes
of the discrepancy are discussed below,

Significant deviations from linearity in Figure 33 occur amongst
the oils with low Ap values, The relative stabilities of these oils
cannot be explained in terms of film drainage rates simply by differences
in Ap and K(NV. It is possible that drainage and coalescence occur by
a different mechanism for the oils or that the critical film thickness
for rupture is dependent on the oil phase (134). Also, deviation from
linearity might be expected at lower values of Ap where double layer
repulsion is not negligible in comparison witﬁ the buoyant pressure
on the draining film. This would certainly account for the behaviour of
benzene in relation to cyclohexene and the alkanes., The more pronounced
variation of the xylenes and toluene, oils with similar Ap values to
benzene can also be explained on this basis since they carry a somewhat
higher charge on their droplets (Section L, h,1)

The rest-times of alkanol droplets was immeasurably long in all
experiments, On the basis of the correlation with film drainage (Figure
33) a T% of 100 to 150s would be required (ie, if 5'ow2 x T%=6x10“3 N2
m~2 s at Ap = 170 to 180 kg m~3). In practice very few droplets
coalesced within 300s and most of the droplets persisted for more than
1035. This represents a degree of stability that cannot be explained
by the effect of zgow and Ap on film drainage, The zeta potentials
measured for each alcohol were very similar and all were considerably
lower than the corresponding values for the hydrocarbons (Table he1k),
Therefore, the degree of electrical stabilization expected would be
negligible, This suggests that the nature of the interfacial film is
the predominant factor in determining droplet stability for the alcohols,
A similar conclusion applies to systems containing alcohol as an additve

(Section 5.2,4.,2). The possible role of the adsorbed film and the effect



of the oil phase composition in determining stability are discussed
below,

The specific effect of the adsorbed surfactant, and particularly
its ease of displacement, on film drainage and rupture provides a
plausible explanation of the stability data. The adsorbed film has
been characterized by the area per surfactant molecule (A) (Table 4-1)
and electrophoretic measurements (Tables k-1k4 and 4-17). Predictably,
droplet stabilities increase with a closer packing of the surfactant
film (Figure %4) and with an increase in electrophoretic mobility (u),
both of which should provide a more effective barrier to coalescence
(Section 1.2.3), However, in neither case is the correlation particularly
striking. For example, slight variations in A and u are accompanied by
widely differing stabilities within the alkane series of oils. The
relationship between molecular area and degree of unsaturation (Section
5.1.2,3) does correlate broadly with droplet stability measurements,

The adsorption of surfactant depends upon the chemical nature of
the non-agqueous phase and is the resultant of two separate forces (220ab).
At the oil-water interface oil molecules must be separated if the sur-
factant chain is to penetrate into the oil phase, whilst the hydrocarbon
chains of the surfactant can interact with oil molecules, When SDDS is
adsorbed at an alkane-water interface it is suggested that the hydro-
carbon chains of surfactant molecules are aligned with those of the oil
as a result of van der Waals forces (220b). At low surfactant concen-
trations there will be negligible self-interaction between the surfactant
chains and each adsorbed molecule will be surrounded by oil molecules
(117d,23hc), The thermodynamics of SDDS adsorption has been investigated
by Gillap et al (QOOab) who have proposed that the surfactant will

penetrate into the 0il when adhesive forces between the alkyl chains of

6il and surfactant exceed the cohesive ferces between oil molecules,



FIGURE 34
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The cohesive nature of the oil phase may be expressed by the
solubility parameter (& ) which is given by the square root of the
cohesive energy density (ie, the cohesive energy per unit volume of
liquid) (312), The relevant values of § , obtained from the compilation
of Toy (313), are given in Table 4-3, The estimation of adhesive forces
between o0il molecules and the surfactant is more difficult (314,315).

By drawing further on the analogy of the interfacial region with bulk
systems to consider the thermodynamics of binary mixtures (316) some
indication can be obtained as to the relative adhesive forces between
SDDS and various oils, It can be supposed that the mixing of a dodecyl
moiety with an alkane will be almost ideal; that is, its activity co-
efficient at infinite dilution will be near tc unity with pure solute
as the standard ,state (Section 5.3.6.3). For example, the activity
coefficient of dcdecane in hexane at 2500 is about 0.95 (Table 5«7),
Qualitatively it can be assumed that forces of adhesion between adjacent
methylene groups of the surfactant and allkane molecules should be constant.
The total interaction between a dodecyi croup and dodecane should be
similar to the interaction between the same group and (for example) two
hexane molecules. Thus, adhesive forces between the surfactant and
allkancs arce aoproximately constant but cohesive forces between oil
molecules (solubility paramcters) increase with an increase in chain
length, This suggests that displacement of the surfactant may occur
more easily, and hence stability will decrease, with an increase in
alkane chain length.

Figure 35 shows a plot of T%»versus solubility parameter for the
Alkanes exhibit a decrease in stability as the

hydrocarbon oils.

solubility parameter increases. The remaining oils show the same

general trend for any particular class of compounds, although quanti-

) b : o i sgive. Unsaturation in tl 1o
tatively the correlation is not impressi 301 he straight



chain hydrocarbon increases the cohesiveness (solubility parameter)

slightly and would also be expected to decrease adhesion between oil

and surfactant molecules, The resultant greater ease of surfactant

displacement would account for the slightly lower stability obtained
with octene as compared with octane,

The van der Waals and dipole-induced dipole forces between hydro-
carbon chains and unsaturated or aromatic solvents cannot readily be
agssessed (317). However there should be further deviation from the
ideal type of behaviour at the interface, giving a lower degree of o0il-
surfactant interaction. The equivalent binary mixturcs are certainly
not ideal; the activity coefficients of hexane at infinite dilution in
cyclohexane, toluene and benzene are 1.20,1.65 and 2,15 respectively
(318). These oils have a strongly cohesive nature (Table 4-3) and a
lower adhesive nature, conditions which may be favourable for the dis-
placement of surfactant leading to low stability. The greater expansion
of films at aromatic oil-water interfaces compared with alkane-water
interfaces should also confribute significantly to a lower droplet
stability.

Interfacial interaction forces are further complicated by the
properties of charged surfactant head groups. These certainly do
influence each other except at extremely low surfactant concentirations
(Sections 1.3.2.2 and 5,1.2.2), The repulsion and spacing of the ionic
heads may be susceptible to the nature of the oil phasec (Section 1.3.3.3),
particularly if the latter is significantly polar (228ab). Moreover,
an undergo head group interactions very stable droplets

when the oil ¢

may result. The CLl to C10 alcohols, for example, are strongly cohesive

(Table h~3) due to hydrogen bonding. Their binary mixtures with alkanes

are far f{rom ideal with activity coefficients in the region of A (318).

Nevertheless, these droplets are highly stable owing to the formation



of a more condensed mixed surfactant film in which sulphate head group
repulsion is reduced and there may be significant interaction between
sulphate and hydroxyl groups (Section 1,3,3.4).

2.4,2 The effect of additives

Small quantities of one hydrocarbon added to the oil droplets and
bulk interface of another hydrocarbon exert no influence on droplet
stability (Table 4~&). Such an additive exerts no mcasurable effect
on the interfacial tension, nor is it expected that the viscosity or
density of the oil droplet will be significantly altered. Consequently
no cffect on the rate of film drainage is anticipated, The interfacial
tension (Section %,1,2) and electrophoretic measurements (Section bk ,2)
reveal no detectable change in the properties of the adsorbed surfactant
film or the reswlitant electric double layer. A 50%V/v mixture of short
and long chain alkancs has predictably intermediate surface properties
and stability.

On the other hand the same molar concentration of added aliphatic
alcohol can have destabilizing or stabilizing effects that depend upon
the alcohol chain length, The short chain alkanols (carbon number<<c5)
exert a destabilizing effect on droplets of hexadecane (Table 4-k).
Presumably this effect is analogous to that of not using mutually
saturated phases (Section 3.2.5.2). The water solubility of the alkanols
increase with decreasing hydrocarbon chain length (Section 5.%3.6.3);
consequently the short chain length alcohols diffuse fairly rapidly
out of the droplet and the bull oil phase. Jeffreys & lawksley (273)
\Mason (319ab) observed that stability could be reduced

and MacKay &

or increased by diffusion out of, or into a droplet respectively, The

outward diffusing component has been shown to decrease stability by

promoting the rate of symmetrical film drainage without affeccting the

£ilm thiclmess at rupture (319ab). Such a component can cause internal



circulation within the droplet, thus promoting film thinning (320).
Other workers have proposed that molecular scale disturbances caused by
the chemical potential gradient across the interface may increase the
probability of film rupture and hence droplet stability (1023,272,306).

Alcohols with hydrocarbon chain lengths greater than C10 have a
pronounced stabilizing influence on hexadecane droplets, ‘Whilst the
effect on interfacial tension is a significant ome (Table h4-k) it can
hardly be sufficient to cause changes in the rate of film drainage to
account for the dramatic increase in stability. The most probable
mechanism of increased stabilization is through the formation of a mixed
surfactant film in which alcohol and surfactant molecules may interact
(Section 1.3.3.4), This would increase the resistance of the adsorbed
fiim to dispracement, thus reducing the probability of film rupture.
The characterist;c shape of logN versus time curves when alcohol is
present (Iigure 15) indicates that some droplets coalesce at a faster
rate. This may be due to the low concentration of both SDDS and alcohol,
leading to inhomogencity within the film, as in é liquid expanded film
(Section 1.3.2.2) for example.
5.2.4.,3 Conclusions

Two mechanism have been proposed in order to explain the relative
stabilities of oil droplets at an oil-surfactant solution interface.
There is some indication that the stability of alkane droplets can bhe
related to the rate of film drainage from a uniform or dimpled film
as predicted by modificd hydrodynamic theory. However, stability
vith alkane chain length, and therefore good

increases progressively ¥

correlation can be obtained with most physical data since these change

monotonically as a function of chain lencth, Significant deviations

which occur at low density dif{ferences may be due to the emergent

effect of electrical double layer repulsion oxr other film effects under



conditions of low compression on the draining film,

An alternative argument is based on the assumption that the initial

rate of film drainage is high and that stability is determined by the
nature of the adsorbed film. There is a qualitative apgreement between
the predicted resistance of the film to displacement and droplet
stability for saturated and unsaturated hydrocarbons, This mechanism
appears to explain the high stability of droplets around which a more
condensed mixed surfactant film can form,

The process of film drainage and coalescence of a droplet at a
plane interface is exccedingly complex, particularly where surfactants
are present since these complicate the properties of the interface
(276ab). Several authors have concluded that the prediction of rest-
times in the presence of surfactants may remain virtually impossible
(275,276b,306,307b). The relative magnitudes of drainage and displace-
rient effects may possibly be elucidated by extending the range of
organic phases studied. Also, the significance of adhesive and co-
hesive interactions should be manifested in the interfacial viscosity.
Ishida et al (109) have suggested the importance of this parameter in
droplet stability studies but the relevant data have been reported only
for macromolecular filus (107,108a,27?) in which the nature of the film
is known to determine stability; corresponding data for pgascous or
expanded adsorbed filmsaredifficult to obtain (Sections 1.2.3.2 and
5.3.5.2).

It might seem that the adsorbed films produced in the present
systemns (ie., with 10“Zl mol dm_3 SDDS) afe too highly expanded to offer
significant resistance to displacement from the area of droplet-inter-
face contact. The principal factor involved in determining the stability

is probably the rate of {ilm drainage. However, it has been shown

(0801b 306 307b,308ab) that very low concentrations of SDDS can
< (e 4 9 ’



appreciably influence the nature of the interface through an effect on

film mobility. It may well be that the amount of surfactant adsorbed,

film drainage, surfactant displacement and possibly electrical effects
(electro-viscosity and repulsion) all play a part in determining the

overall stability of droplets,



5,3 TMULSTON STABILITY

5.3.1 Theory of coalescence

It has been pointed out in Section 1.2.3 that the presence of an
adsorbed surfactant can permit emulsion droplets to lie in close proximity
without coalescing. Also, in well stabilized emulsions an extremely small
proportion of droplet collisions results incoalescence. Under such
conditions it has been argued that the rate-determining process in the
coarsening of emulsions is the rupture of the film between adjacent
droplets (133>. According to Schulman & Cockhain (l?Sa) the most effective
conditions for the stabilization of oil-in-water (o/w) emulsions are:=-

(i) the interfacial surfactant film should be stable and as

closely packed as possible,

(ii) the ipterfacial film must be electrically charged,

The mechanism of coalescence has been described as a rearrangement
of the surfactant film, during droplet contact, to permit closer approach
of the droplets and coalescence (113). Such a "rearrangement" of adsorbed
molecules can occur in a variety of ways. For instance, Cockbain &
McRoberts (104) proposed that displacement of the interfacial film was
necessary before coalescence could occur, It was suggested that wetting
of the adsorbed species by dispersed phase determined the probability
of droplet coalescence. A similar process was envisaged by Sumner (321)
although the oil was thought to penetrate through the adsorbed film to
unite adjacent droplets. The easc of desorption of a surfactant film
into either the oil or continuous phase has also been related with
resistance to coalescence (138). The presence of a charged monolayer on
the droplets gives rise to the further possibility that lateral dis-
the film can result from the interionic repulsion between

placement of

adsorbed molecules (153). Although this effect is opposed by interfacial

. e o )i
tension gradients it was thought to account for the greater stabilizing
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Qualitgti?e;y\gf legétgﬁhé'measurements iéCér&ed“
of the unstable emulsions can be related to changé&u”

ageing. Th¢ viscosity data plotted t://‘hie;gg reflestSznu*meke&;Q;

coarsening of hexadecane during th ﬂg;PgriQdy-ﬁhoughV£here
appears to be some effect due tQ;&ggregatibﬁEa?éé@ﬁ&gjon age increases,
The other oils examined each show a fairly rapid initial fall inlzif
particularly during the first 2-5 days storage. This can be attriﬁuted
to a fairly rapid disappearance of small droplets from the emulsions.
The rate‘of £al1l of viscosity over this region increases in the order
hexane < cyclohexane <cyclohexene <toluene <benzene in accordance with
the chserved stabilities (Table 5-4), The measurement of‘?r may provide
a useful technique to follow changes in emulgions in the early stages
of ageing, bto which light-microscopy is ingensitive, The‘z.rversus
emulsion age curves then become approximately linear or curvilinear in
éupport of the droplet sizing data until theédnsétégffextremernoné
Newtonian flow causes an apparentfincngaaEain/viscosity.

Similar conmclusions can be drawn from the‘? versug time plots

of emulsions containing additives (Figure 27). The presence of hexa-

decane in both hexane and cyclohexane emulsions causes behavxour.slmllar
to that of dispersed hexadecane alone, An emulsion of benzene w1th
added hexadecane showed a slight decrease 1n.? over the same perxod
perhaps indicating a slightly lower stablllty. The v130051ty changes
of the remaining emulgions su“gest a greater pér31atence of amall
droplets in the undiluted hexane + dodecane s&@ple than with hexane +

hexadecanol, In the f01mer case the 1n1t1a1 fall in TZ was sllght

and occurred over about 10 days, whilst in the latter, the rate of
change 1n,k2 was only a little lower than that of hexane alone. Agaln,

these observations are in qualitative agreement with emulsion Stablllty

data (Table 5-5).



5.3.4 Kinetics of emuisioﬁ?bréggaogn‘
The problems iﬁ%oived in deciding upon an‘gppfa
stability have been introduced in Section 1,2.2. o cmlsions coarsen
the average droplet size, the bread 7 0 ‘
and pessibly its skewness allféﬁéﬁg Thése/quan Liés éharacteriie
the emulsion though it is usually necessary to suppose that the size
distribution takes a simple matheméﬁicgiéféfﬁ/(Seé%{on'1,2;2;2)0 More
wsually emulsions are characterized by a#é}agé‘qﬁantities such as the
droplet size, droplet volume or interfacial area, In order to collate
experimentel obgervations several rate laws have been derived.
The first exhaustive study of the coalescence kinetics of soap
stabilized emulsions was maede by King & Mukher jee (75). The best
representation of the coalescence rate was found to be a relation
between the specific interface (s) and émulsion:age;f A stability

£ th rease in specific

factor (£) was defined as the reciproca’

area per \mit 'time 'per uﬂit interf&cial area—’:

“gﬁ = SO =t W - '5,’8
dt b4

where So is the initial specific interfacial area, A short rapéd ratg“

of change in S was foundsfollowed by a_much slower rate for the remain—

| ing period of emulsion storage. Subsequently thzkar & Maclay (81)

aesumed that the change in S was an exponential function of time.

Approximately linear plots of S (1ogarithmigrggalg):versus emulsion

age were obtained for cottonseed; mineral and olive 0il emulsgions

stabilized with macromolecules (acecia, tragacanth and_pectin‘)@; e

Jellinek & Anson (77) evaluated numerous expressions for the measure-

ment of stability kinetics but concluded that the best correlation wae

between S and emulsion age.



These relatively gimple“treatﬁénts of ihe Lin
breakdown were formulaﬁed on the basis that emulsion
owing to & large interfacial &reé of - " persed,éhggeﬁ‘sq ﬁhatgé .
reasonable representation of gqalggﬁenceféhbﬁlaabe;g~me@sure‘of:thef'
decrease in the specific interface with t : esults obgained
were in reasonable agreement Wifh tﬁis-@thry, !

In the present study this is ngp the/qaséf ¥Thg most unatable
systems (benzene, toluene, xylenes, cyclchexene, hexane and hexanol)
show a very rapid change in specific interfacial area during the first
5 days ageingsy (Figares 20 and 21) which results in the presence of
numercus large droplets end a broad droplet size distribution (figﬁre
17}. This initial period of coarsening cen be adequately represented -
by Equation 5.8 . Emulsions of intermediate stability (octane, decane,
dodecaone and decene) show similar behaviour during 15 to 25 days;ageiég,
then plots of S versus emulsion age g;hi@%éﬁggyggéLgﬁrvaturg as the
rate of change in interfacial area becomes qugggssively_slow&r.
Hexane emulsions in the presence of various additives also show a sharp
initial decrease in specific interface before the plots against time
(Figure 25) assume a pronounced curvature. The highly etgple emulsions

ghow only a slight fall in S during long periods of storage and their

stabilities can be described by Equation 5.8 .
The unsteble systems and emulsions containing additives give a

linear relation in log S versus time plots only over an initial ageing

period comparable to that described above. Eor,moderately gtable

emulaions the agreement is gomewhat improved although deviations from

linearity still appear after 25 days or more,

As a further attempt to linearize the results the relationship

between specific interface and log (emulsion age) was tried but apart

from an approximate correlation with the limited data for hexancl



emulsions the fit was genEraily poor,

measurement of a rate constant for
The flocculation of hydrophobic sol
study by Smoluchowski (330). /Hisiéiéééiééi~thebr ssumes that
particles diffuse into contact and unite at the first collision, The
proportion of collisions which result in the coalescence of stabilized
emulsion droplets can be extremely small. Tawrence & Mills (79) have
modified the Smoluchowski theory for emulsions by means of an eff~
iciency factor for ineffective collisions. In this way an énefgy\
barrier to coalescence was estimated for stabilized systems., According
to this modified theory the only functions to vary linearly with time are
the mean droplet volume and the reciprocal of the number of droplets

per unit volume of emulsion (Nv)' This behaviour wa§‘confirmed for ditolyl

and liquid paraffin emulsions (4= ﬁfdf) stabilized with sodium oleate.

: gt Slspas . . . X “1,
Interestingly, other authors have reported a linear increase in Nv

with time for more concentrated emulsions, in formal agreement with this

theory (77).

Using the data from Tables 4-5 and 4-8 the relationship between

d3 and emulsion age has been tested, All the plots showed some curvature
v

as the age increased although the unstable emulsions again gave an

approximately linear relation during the initial period of coarsening.

The more stable allane systems (ie, with 10 or more carbon atoms) gave

the least deviations from linearity. The data from Figure 26 were also

replotted as N_l versus emulsion age; emulsions of hexane, hexane +
" Y

hexadecanol and hexane + hexadecane gave approximately linear plots only

within the range 0 to 25 days, followed by a slower rate of increase in

Nt
v



According to Hill & Knightj(8§)’ the
will determine colloidal stability only when the coagulat
ig very rapid; when many encounters ag@%réguired~%b unite thé particles
other factors such as the rate/of_gég' o itself, the~collisioﬁ
frequency and the duration of\cg}lisjoys arefpf*g?;aiﬁr impéggan;é’
A separate kinetic theory, not applicabie toffépgd ;;agulatioh, was
developed for emulsion stability. It/wasgasgymed:that droplets move
as gas molecules and collide with a frequency predicted by kinetic
theory rather than according to the diffusional model, Consequently,
electrical effects were assumed to be negligiﬁle whilst collisipng,wereﬁ
considered of short duration and to involve only small droplet deform-
ation. The theory derived by Hill & Knight predicts that the reciprocal
of total droplet area should increase linearly with time, Such a
relation has been found to hold for anlsole and chlorobenzene emu151ons
well gtabilized with cetomacrogol (65&) though xt is less llkely to
apply to dispersions in ionic surfactants.

It is evident from Figures 20, 21 and 25 that reciprocal of the
droplet area does not vary in a linear manner with respect to time
over the entire range of ermlesion ages examined. |

Ven den Tempel (87bc,88) has investigated the kinetics of emulsion
breakdown in considerable detail, The processes of(flocculation and
It was postulated that

coalescence were considered separately.

flocculation proceeds according to Smoluchowski theory by the diffusion

of o0il droplets as affected by their mutual 1nteract10ns. Coalescence

was assumed to occur between aggregated droplets immediately apon

rapture of the jntervening aqueous £ilm, It was argued, therefore,

that flocculation could determine the rate of coagulation (£locculation

and coalescence) in dilute systems of low or moderate stability whilst

22 . . . . o : ’
the coalescence rate controlled coagulation in more concentrated systemsg,



The rate of formaﬁionvdfbaggreg&tes was esﬁimafédp
theory (87b,88):~

t o ot o | ;

where a® is the frequency of droplet g&fl ,,nézéesaltiﬁg‘in aggrégation,

N: i the initial droplet number and Nt is the dfdplet number after
time t, /

On the assumption that thé:nuﬁﬁef/éf‘é&ﬁfécﬁfpéintﬂ between
droplets does not alter (ie, aggregatéé;conéist of a large number of
droplets and the distributien of droplet sizes does not alter con-
giderably) and the stability of other contact points remains unaffécted
by coalescence, the following relation was derived (87bc,88):u

t

o
Nv = Nv exp (=b't) 5,10

where b' is the rate of coalescence determined by the average life-
time of the film separating droplets. The rate constant b'-was |
derived from the gradient of the 11near relatlon between logN and
time, From equation 5.9 it is seen that the tlme necessary for |
combining half of the droplets into a“greg&tes is (a'N ) Whllst
about half of the flocculated droplets coalesce after a time b' 1,
The relative rates were predicted from the ratio a'Nz /b' (87bc,88)_
Thus, if the ratio exceeds 1,0 flocculation is very rapid with reapect’
to coalescence but if a'N: /b' <1.0 cqalgscegce is rapid and floccu-
lation determines the overall stability. / /

By varying the inital droplet concentra£ion van den Tempel (88)
confirmed thaf the coagulation of 11qu1d paraffln emulsions (N >
106 cm‘B) gtabilized with SDDS or Aerosol OT was determlned by a first
order rate of breakdown in which other droplet contact points were
not affected by coalescence. A short.initial period of more rapid

decrease in droplet concentration was attributed to non-eguilibrium



of the adsorbed surfactant film,

The data plotted in Figure 26 1nd1cate non-llnear rela

N (1ogar1thmnc scale) and em31310n age. A gradual decrease in coalm

escence rate ceeurs with the unstabléiand modéfétely stable systems,
which nay indicate a reduction in tﬁéynumber, ;r increased re51stance;
of droplet contact points durlng emulslon breakdown (87b 88).

The initial coalescence rates for emuls1ons of hexane, hexane +
hexadecanol and hexane + hex&decané stab111zed/w1th 10 -2 mol dm -3 SDDS

(Figure 26) are respectively 2,39 x 1077, 1,06 x 1077 and 2.31 x 1070

-1 . . . -
s ", A rate for "rapid coagulation" wss estimated by van den Tempel

(87b988) to be a' = lOm11 cm3 sﬁl. The correspending value for liéﬁia
paraffin emuleion stabilized with 10“2 mol dm_3 SDDS was calculated to
be about 10_10 to 10’11 cm? -1 (88). Assuming such a rate in the
present study for a hexane emu131on (1e° & relatively unstable sy%tem)
then a'Nv/b' = L x 10 to & x 1059 where N 7?f{511fém3; ConSBQuent1Y’
the stability of the emulsions studled in thé pfeqent work should be
determined by coalescence with the flocculatlon rate having a negligible
éffect over the range of droplet concentrations involved (ie, about
102 to 1011 e ). “ A

In examining the kinetics of emulsion breakdowﬁ it is importaht tb
pote that several workers have observed a chhﬁging rate of coarsening
during emulsion ageing. In the presence of suff101ent surfactant to
provide a closely packed monomolecular fllm, an 1n1t1&1 fast fall in
droplet concentration lasting up to 24 hours &nd followed by a slower

linear change, has been reported for liquid paraffln emulsions stabw
ilized with SDDS (88) or sorbitan monolaurate (90). King & Mukherjee
(7%) have reported e similar two-pbase fall in interfacial area for

gsoap stabilized emulgions of kerosene and olive o0il, Van den Tempel

(88) has attributed such behaviour to an initial non—~egu11 brium condition



at the 1nterface, or to 8 change in droplet packlngrand't
contact points between droplets.. Sherm&n (90) suggests that the aq

f£ilm around small droplets is 1n1t1a11y 1oose1y packed because these .

droplets compete less successfully than dropleté w1th a larger radlus
of curvature, for murfactant molecules.szherefore, the smaller droplets
coalesce at a faster rate than‘larger/dfoplets,

Other workers have produced arguments for the more rapid disappear=
ance of small droplets, Higuchi and others (153, 331) have shown that
an initial period of fapid coalescence may occur where stabilizat;qn
igs due primarily to electrical repulsion., For moderately stable systems,
from BLVO theory (Section 1.2,3.2) it wasg predicted that small droplets
may aggregate or coalesce with themselves or larger droplets at rates
up to 50 times that of particles ten timgs larger (331). Higuchi et

8l (153) subscribe to the view that a low degree ofvcondensatlon of

the adsorbed film in fresh emulslons accounts for a perlod of rapld
coalescence, It was argued that 1n1t1a11y the surfactant molecules

are displaced more easily and that stablllty is predlcted‘by VR
(Section 1.2.3. 2) calculated for a constant surface potentlal yAsw»f,
the 1nterfacaa1 area falls, so the film becomes more closely packea’and
the increased VR (and therefore stablllty) was predlcted by a model

for constant surface charge.

The theory ¢f molecular diffusion alsq p;edic#s{that small emulsion
droplets will disappear more rapidly/frém:thee?glgion through digsol=
ution (even‘for 0oils with fairly low/sﬁ}ubilities) apd diffusion to
larger droplets (19,331,332) (Section 5.3.6).

The present observations, with emulsions of low or moderate
gtability, show a rapid rate of coarsening during the first few days
of ageing, In general, however, the stability measurements indicate

a gradual decrease in the rate of emulsion breakdown rather than a simple



two phase process, Viscosity me&éurements show a ra
-followed by an approximately linear decreaée f@r &03 ?a
systems (Figures 22 and 27) but droplet c unting (éignre‘zﬁ), which is
the most sensitive measure of changes in relatlvely coarse. emulsions, ,fﬁ
again shows a progressive decrease 1n the tgzoffbf akdown. Slmll&?l%,
curved plots of logN versus emulslon aQe h / reported recently

for paraffin emulsions @tablllzed w1th SDDS (71 91 92), and CTAB or

godiam dodecyl benzene sulphonate alone or in mlxed f£ilms with poly=

vinyl alcohol (93). In each case this behaviour has been interpreted,
through the theory of van den Tempel (87bc,88), as a gradualrrgduption |
in the number of droplet contact points and/or an increase in the
resistance of each contact point to rupture as coalescence ppqceeds.

It may be that the simple first-order approach is‘inadequatg to describe

the kinetics of emulsion breakdown. Van den Tempel (88) restricted
droplet counts to Nt>»0 QN and stipuiéted that/the?draplet,size diau
tribution should not broaden con31derab1y durlng measurement, in order
to avoid significant changes in the number of contact points. Thls
factor must exert an effect after considerable coarsening has t?ken \;[
place, However, geveral of the emulgions studied in the‘present work

ghow a slowing in the rate of breakdown when the size distribution

remains narrow and N: js considerably greater than 0.11N0 (see Pigure
26 for example).

There is some indication that the resigtance/pf droplet contact

points to rupture increases, This will occur ifjthg packing of

gurfactant molecules at the interface/becqmes more complete._ Initially,

as swall droplets disappear, the interfacial £ilm may become consider-

ably more condensed (153). If it is assumed that the limiting area per

2 2
adsorbed molecule (4) is about 0.60 nm  for the alkanes and 0,70 nm

for aromatic oils, the concentration of svrfactant in the agueous phase




should reach the cmec at specific interfaeial«érégé;(é)
and 3.37 x 104 cm? cmm3 respectively (Table 5-6) . xn;nbﬁejﬁf th. emul-
sions studied (excepting possibly the mlxed systems contalning SDDS aﬁd
an alkanol) should the surfactant concentrat1on be significantly depletea’
Therefore, a short period of age1ng~shouldibe”snff;cient‘to provide a
saturated adsorbed film around the oil droplets (88,90), (See also
Section 5.3.5.1). In many of the systems studied d undergoes a two
to five fold increase during the "initial" period of coarsening, which
cannot be accounted for on the basis of a non-equilibrated £ilm around
the droplets. The investigations on the effect of ageing on electiro-
phoretic mobility (Sectien %,%,3) support the view that an optimum:
degree of interfacial packing arises in a relatively short time,

A more condensed interfacial film can arise from the hydrolysis
of SDDS to dodecanol during emulsion ggeing. rThe non=icnic charﬁcterv
of dodecanol enables it to COwadsorbfatrongiyEWijh?SDDSc The presence
of only a small amount of the alcohol can exzert a profound effect on the
properties of an adsorbed SDDS film and emulsion gtability (Sections
1.,2.5 and 1.3.3.4) and could account for the apparent increase in
resistance of the film to rupture, There ia some doubt as to the rate
at which SDDS hydrolysis occurs. Harrold (267) found that thc’surface‘k
tension of a 7.9 X 1673 mol dm > solution of SDDS fell by almost
2 mN mfl during the first 24 hours of storage. The same author detected
a minimum in the surface tension versus log concentration plot (Section
2.2,2,2) af{er this period. Motsavage & Kostenbauder (333) found that
acidic medium was accelerated by interfacial

the rate of hydrolysis in

adsorption or by the presence of micelles and that hydrolysis was auto-

catalysed by the dodecanol formed, However, studies carried out on

neutral or alkaline solutions of SDDS have shown that the hydrolysis:

occurs slowly and the rate ss little affected by interfacial adsorption



or by raising the surfactant concentration above the cme ( ‘

Nogami et al (335) first detected SDDS hydrolysis after 5 to 10 da;

in solutiong above the cme and,stggeg/gt/7géc.‘,‘

It seems probable that the hydf;1y§j§;5é5$§§§ to aodécénolléan
contribute to a fall in the rate pfdropiet/gggiéségncé during,&geing,
The effect should be negligible un§11 several days {at least) have
elapsed, particularly if the origin&l surfactant sample is of high
purity and the agueous phase solutions are freshly prepared, Wide
differences in emulsion stability have been observed during an initial
ageing period throughout which there is an approximately linear change
in the various stability parameters such as specific interfacial area,
mean volume diameter and droplet concentration, Simple stgbility

parameters such as the rate of change in S or dv appear to provide a

reasonable means of quantifying the quite large d}ﬁferences in stability

for the present range of systems. The stgPi}iFXJﬁactor (rguation 5,8 )
is given in Table 5-4 for emulsions of Ya?ipqgrqils, and in Table’5~5

for emulsions containing additives, The gsignificance of various
properties of the oils and additives given in Tables 5~Z§and_§rgag;9

discussed below,

5,%.5 The influence of dispersed phase composition on droplet coalescence

The results (Section %,3.1) indicate that stability has a definite.

dependence upon the natare of the oil phase in emulgions stabilized with

SDDS., The stability factor (f) obtaingd from Eqpation 5.8 1is given
in Téﬁle 5;é for a range of oils, In general, an increase in the

polarity of the 0il phase causes & decrease in stability. This con=
clusjion is consistent with previous observations on various emulsion

gystems (Section 1.,2.5). The order of increasing stability for cyclic

0il emulsions is benzene <toluene«<p—xy1ene < g=-xylene < cyclohexene

< cyclohexane Changes occur extremely rapidly in the initial ageing
. )



period of these emulsions and oil separates freel&ﬁwitﬁiQ &\f”
(Table 4-~7). The alkanes produce emulsions of gregte;fsﬁégilityugndjﬁ
there is also a definite relationship bgﬁwegg sﬁ&bility~énd_the'hjdro~‘
carbon chain length of the oil, alkanes witgglonger chain lengfhs’
giving more stable emulsions, The introduction of unsaturation into
the alkyl chain of the cil causes a~slight £all i; stability.
Bmulsion stability is enhanced/by {he incluéion of a long”chain
aliphatic alcohol into the oil phase, the longer the chain length of
the additive the greater its stabilizing effect ( Table 5-5), Similar
observations have been made by numerous workers (Section 1.2.5), Not
surprisingly, the alcohols produce highly stable emulsions when dis-
persed alone in SDDS solution (Table 4-5), A marked increase in the

gtability of hydrocarbon emulsions (eg. hexane, benzene, eyclohexane)

is caused by the inclusion of long chain alkane (eg. hexadecane) into
the oil phase (Table 4~8). Indeed, such an emulsion exhibits a degree
of stability almost as high as that of a dispersion comprising the
long chain hydrocarbon alone in SDDS solution.

Generally, the stability factor £ gives an adequate description q? ﬁf
the relative stabilities of the systems studied during the first few.u
days of ageing. Problems arige with a number of systems (particularly
where C,, and Cl6 alkanes are included as additives in hexanc emulsions)

12
where a glight increase in the measured droplet size (or a fall of

interfacial area) is followed by a high degree of stability. In these

cases the f value tends to give a misleading impression of the overall

stability, although & qualitative indication of relative stabilities

is still obtained.

The influence of dispersed phase composition on emulsion stability

has been examined in terms of the properties of the o&l phase and

their probable effects on the mechanism of coalescence,
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Table 5-5

The stability of hexane emulsions in the presence of varlous addltlves,

hexane-water partition coefficient (Ka(y)) and partition coeff1c1ent .

ratio (F (y) =X (Y)/ (hexane)) for each addltxve vroperties which
may affect stability in the 011-SDDS solution (10 ~ mol dm~3)system;

ADDITIVE _ Stability  Interfacial Spreading .
0.04mol dm °  factor tension coefficient/ kd(y)a Fda
(£) mN mm1 mN m--1 / |

None 7.3 . 5.4 9.6 5.0x105 1
Octane 5.5 - - 7.7x106 15
Decane 25 - - 1.3x108 260
Dodecane 28 - - 1.1x109 2200
Hexadecane 35 5.5 9.4 1.9x109 3800
Octanol 10 - - 3.5x10%  7x107"
Dodecanol 14 - : SRR e & ‘1.1X105, QXIOfl
Hexadecanol 22 (1,0) 19,5 4.ox107 80

TOTES a see Section 5.3.6.3




5.3.5.1 The interfacial tension

The various oils manifest widely differing intérfééiai téhéléﬁsl
when in contact with water (Table 2-3) or surfactant solution (Téﬁiés
fel, 4=3 and 5-4). It has beeh‘argﬁed that a low interfacial tension
should favour & high emulsion stability (Secti;£/1;2.3a2). This
postulate is not supported by the present res“i%s, indeed; in some
instances the converse appears to apply. TFor instance, the cyclic
bydrocarbons exhibit the lowest tensions against aqueous surfactant
gselution (eg° benzene 5.2 mN mml, toluene 5,0 mN mal, cyclohexane 5.5
N mel; against 10“2 mol dmﬁB SDDS) and also manifest the lowest
emulsion stabilities, The alkanes give somewhat higher interfacial
tensions (eg° hexane 5.4 mN mﬂl, hexane=P 7,1 mN mml, hexadecane 9.5

3

mN mfl; against 10m2 mel dm ° SDDS) which cannot explain their widely

differing stabilities although the oils with lower/interfacial tensions

again produce the least stable systems,

Lawrence (118) suzgested that a low interfacial tension could, in
fact,; favour the ccalescence process by facilitating the initial
dilation of the interface during droélet contact, The dispersal of
one liquid within another is greatly facilitated by & low interfacial
tension (58,335). Therefore, it might be expected that a standard
procedure of emulsification would produce a more effective disperéal
of oils (ie. creater interfacial area) exhibiting low tensions., Indeed,
a direct relationghip has been reported between the interfacial tensions
of alkane hydrocarbons and their respective interfacial areas when
dispersed in non-ionic surfactant (Tween 20 or Tween 81) solutions
(336). This gives rise to an alternative explanation of any relation-
ship between low emulsion stability aﬁd low interfacial tension., A
large area of interface in an emulsion might succeed in depleting the

. T i e guffici
surfactant concentration 1n the continous phase sufficiently to prevent



the adsorption of a closely packed interfacial'fiiﬁ"aQOQndwégéﬁyéf
Under such conditions an initial rapid rate of coaleéééncéwéhéﬁld.béx.
evident (Section 5.3.4). In order to examine this éossibility the
total interfacial area of dispersed oil has been estimated for a
number of conditions using Equation 1.27 .t The areas per adéorbéd
moleecule (at the cme) given in Section 4,1,1 have/been used to calculate
the totél amount of SDDS adsorbed, and hence the concentration of sur-
factant remaining in the aqueous medium, The values obtained are

listed in Table 5-6,

Tahle 5.6
Tstimation of the concentration of unadsorbed SDDS for emulsions

containing 20% by volume of oil in 10“2 mol dmmB SDD3 solution, .

GIL dvs Specific Area per Adsorbed  Agueous phase
PHASE interface ‘molecule molecules congcentration

(jpm) (10& cm2 cmnj) (nm2) : (X10«19) (10“3~m011dm"3)
Hexane 1.95 3.08 0.59 10 .44 7.83
Decane 1.79 3.35 0.60 11.17 7.69
Cyclohexane 2,42 2,47 0.62 7.97 8.5k
Cyclohexene 2,63 2.28 0,62 7.35 8,47
Benzene 2.36 2.5k 0.71 7.15 8,51
Toluene 2.19 2.73 0.70 7.80 8.38
Specific
interface

1.03 5.78 0.60 19.27 6.00
required to _

0.82 7.23 0.60 24,09 5.00
lower SDDS

0.69 8.67 0.60 28,91 4,00
concentration

0,59 10.1% 0.60 33.73 3.00

to a given

leve‘lo




If the aqueous phase concentrations in Table 5-6 are COmparéd with

‘the adsorption data in Table k-1 it can be.seen that sufficieﬁtdéﬁ;—\\H
factant remains to provide a "saturated® adsorbed film in all the
systems considered, Although these calcuiations shbuld‘oﬁly b; regarded
as approximate it is anticipated that a short period of coarsening would
raise the surfactant concentration to the region of the cmc in all the
emulgions studied, Caleculation of the appfoximate interfacial area
which will reduce the SDDS concentration from 10-2 mol dmw3 to a part-

3 =3 nol dm_3) gupports this

jcular value (between 6 x 10 ° and 3 x 10
statement (Table 5-6), For example, the alkanes cause the greatest
lowering in SDDS concentration by adsorption. In order to affect the
packing of the interfacial film significantly a surfactant cencentration
of 3 x 10_3 to b x 10u3 mol dmm3 or less would be required (Table 4-1),
This can arise only if the specific interface is greater than about
8 x 104 cm2 cmuB, which corresponds tﬁ dvs = 0,75mn, It is comcluded
that the large changes in droplet size distribution cannot be explained
on the bagis of surfactant depletion, and consequently, that the qual-
itative relationship between low interfacial tension and low stability
does not arise through this mechanism.

Purther evidence for this view comes from the measurements on
systems containing equimolecular proportions of various additives in
the o0il. The stabilizing effect of added alkanol is accompanied by
a marked decrease in interfacial tension (Table 5-§) and a measurable

5 2

jncrease in initial interfacial area (eg. hexane = 6.1 x 107 cm ;

2 .. .
hexane + dodecanol = 6,82 x 10° om ) (Table 4-8), Similerly, emulsions

-2 =3 . .
of aliphatic alcohol dispersed in 10 = mol dm = SDDS exhibit a high
interfacial area and stability with a low interfacial tension. The

presence of a small amount of hexadecane in hexane (for example) results

in an extremely high degree of stabilization without significantly



affecting the interfacial tension (Table 5-5).

In conclusion, there appears to be no direct relatiggshipﬁﬁétﬁeEA
the interfacial tension between an o0il and surfactant (SDDS)\SOIution
and emulsion stability provided that sufficient surfactant is present
to maintain & saturated monomclecular adsorbed film., In all the
systens studied the interfacial tension represents considerable inter-
facianl free energy.

5.%.5,2 The interfacial barrier

It is evident from Section 5.1.2.% that the oil phase can exert
a considerable effect on the nature of an adsorbed film at the oil-
water interface, For example, an adsorbed film of SDDS is more ex-
panded at the aromatic hydrocarben-water interface than if the oil is
an alkane. These observations have been discussed in terms of the
degree of cilwsurfactant-water interactions within the interfacial
region (Section 5,1.2.3). The aromatic hydrocarbon emulsions manifest
low stability (Table 5-%) and & significant degree of coalescence is
evident from the rapid separation of free oil (Table 4-11), ‘Tt is
reasonable to conclude that these emulszions are stabilized less effect—
ively than those of alkanes as a result of the more expanded surfactant
£ilm. Not only does such a film afford less protection against coal-
escence but it should also be more easily dieplaced from the region of
droplet contact. Similar observations have been recorded for dispersions
of benzene stabiiized with potassium laurate (70) and aniscle or
chlorobenzene stabilized with non-ionic gurfactants (37a).

The results obtained using different alkanes are more difficult
to explain. Frmulsion stability increases markedly as the alkane chain
length is increased (Table 5-4). However, adsorption studies suggest

that the surfactant film pay become more expanded asg hydrocarlLon chain

length increases,

although this effect may arise as a result of impurities



in the oil phase (Section 5«1.2.3), A number of _anthgrg have reported ,

an apparent increase in the area per adsorbed SDDS moleculefai,éﬁ \
alkane_watgr interface with longer hydrocarbon chain length (71,237).
More recently however, Buscall & Davis (240) have challenged such
observations; no evidence was found to suggest that the degree of SDDS
adserption varied with the chain length of alkenes at highly purified
oil-water interfaces,

Irrespective of whether the area per adsorbed molecule increases
with the longer chain length allanes, or remains constant, the relative
stabilities of the alkane emulgions evidently cannot be explained simply
in terms of the amount of surfactant adsorbed, |

The most obvious explanation for the behaviour of emulsions of
alkanes, or those containing long chain alkane as an additive, is that

the longer chain length homelogues are increasingly contaminated with

surface active impurity. The contaminant could then be co-adsorbed
with alkyl sulphate molecules to produce a more coherent interfacial
film, Tven small quantities of such an impurity can exert profound
effects on interfacial properties such as film compressibility (117¢),
interfacial mobility (280a,306) and viscosity (125,126), all of which
may influence the coalescence mechanisgn (Sections 1.2.3,2 and 5.2.3%).
Nevertheless, the results from interfacial tension studies do not
suggest that a high emulsion stability in the presence of extremely
small quantities of hexadecane results from impurities, The relative
stabilities of emulsions containing various grades of aliphatic hydro-
carbon, and the observation that purification of hexane and_hexadecane
samples failed to alter the properties of these emulgions appreciably
(Section 4.3.3), support the conclusion that any contaminants present

did not play a major role in determining stability.




Emulsions which manifest different stabilitiéé‘musf'fesiéﬁiy\;fﬁf
coalescence to varying degrees, Coclbain & McRoberts (104) sﬁéééé%é&h
a mechanism of coalescence involving’displacement 6f fhe interfacial
film into the dispersed phase, High stability was therefore favoured
by high resistance of the interfacial film to wetting by the dispersed
phase, In this context Becher and others (1b9337) have correlated the
gpreading coefficient (Fquation 1,8b ) with emulsion gtabiiity for
various oils dispersed in mixed surfactant systems, It was proposed
that a negative oil-water spreading coefficient (8) was required for
good emulsion stability., Furthermore, Rehfeld (173) found that the
centrifugal stabilities of a series of alkane emulsions dispersed in
SDDS solution was related to the respective spreading coefficients.
Becher (lb) pointed out that droplets of nen-spreading oils (ie,
negative value of 8) might tend to maintain a separate idéntity whilgt
a positive s value would allow the droplet te lose its identity at
the emulsion surface, However, it was considered more probable that
the spreading coefficient could be correlated with other properties
of the system which are of significance in emulsion stability (see
below). The measured coefficients for alkanes on water (Table 5—1) and
10““2 mol dmm3 SPDS solution (Table 5-4) decrease with an increase in
hydrocarbon chain length. Spreading coefficients for the cyclic
hydrocarbons are gomewhat higher than those for alkanes, Qualitatively
at least, there is sgsome agreement with previous findings,., However this
theory certainlybdoes not explain the enchanced stabilization caused
by the presence of hexadecane where the spreading coefficient remains
unchanged, or long chain alcohols where the spreading coefficient is
It must be concluded that spreading behaviour

increased (Table 5-5).

is not a principal factor in emulsion brealdown in the present study,




Similar conclusions also apply to the numerous co,rrelatiqu;g"w”a’,,’,’,,,,,”,’
between stability and oil phase properties which change monotonicaliy:
with chain length (eg. density, viscosity), but which cannot explain
the stabilizing effects caused by small quantities of long chain alkane,

Sumner (321} proposed that coalescence could occur through the
penetration of the surfactant film by dispersed phase, Closely allied
to this is the observation that the aqueous lamellae separating oil
droplets can rupture at different thicknesses depending on the oil
phase (134)9 It was shown, for example, that the critical thickness
for f£ilm rupture of aqueous non~ionic films'between 0oil phases varies
from 18.5nm for octane, to 19.5nm for chlorobenzene and to 21,0nm
for cyclohexane., Such behavicur could contribute to the differences
in stability between cyclic and aliphatic hydrocarbon emulsions,
However it is unlikely that slight differences in lamellar thickness
can account for the widely variant stabilities of alkane emulsions,

It bas been pointed out earlier that the structure of water near
the surface of a solid»or a liquid is different from that in the bulk
phase (Sections 1.%3.1 and 5.1.1). The hydration layers around a particle
may differ in density and viscosity from bulk phase water, The general
concept of interfacial water at the oil-water boundary is of several
layers of molecules being oriented to form a layer of "gsoft ice" of a
few nanometres thickpness, the properties of which approach those of
bulk water at an increasing distance from the surface (117a), The
modifications in water structure are undoubtedly influenced by the
nature of the other surface., For example, a mechanism has already
been described whereby "icebergs" can form around non-polar groups
such as hydrocarbon chains in water (Secti&n 55101). It is conceivable
that similar structures may be formed around the surface of hydro-

carbon droplets., This is in contrast te the opinion of MacRitchie




(138) that no orientation of water should occur at anrinterfaCe4With'{;,:\t“

paraffins, There is no doubt that the presence of adsorbed surfactaﬁt
molecules will further alter the interfacial structure, The water
phase is involved in interactions with the polar "head" groups at

the interface through ion-dipole or dipole-dipole attraction and
through hydrogen bonding (117&,338). TFor example, lonic species
adsorbed at the interface can produce polarization and orientation

of water molecnles; for long chain alcohols the hydroxyl group dipele
may succeed in orientating the dipoles of water molecules to develop
a structured layer,

Davies & Rideal (117a) suggested that oriented "hydration sheaths"
might influence emulsion stability by preventing the clese approach of
0il droplets. They anticipated that ionic groups should orientate
a considerable number of weter molecules. Such a stabilizing mechanism
could give rise to variations in stability depending on the chemical
nature of the oil phase. It was further proposed that the inclusion
of a long chain alcohol with en ionic gurfactant would increase the
water of hydration and hence improve emulgion stability. However de
Vries (339) opposed this view, gsuggesting that alcohols of different
chain lengths ghould be equally effective by this mechanisgm, whereas
in practice long chain alcohols were the better stabilizers, In &
review of emulsion stability Kitchener & Mussellwhite (45) explein
the phenomena formerly ascribed to hydration sheaths by electrical
forces or steric factors arising from the adsorbed molecules, One
principal objection to gtabilization by structured water is that the
organized layers prebably extend over only.a short range insufficient
to prevent the increasing van der Waals forces of attraction from
bringing droplets into contact., Perhaps gignificantly, similar

congiderations of colloidal stability have suggested that a repulsion




barrier arising from the structuring of water around pagticles.mgy be
important at very low surface potentials, but insignificant where
electrical repulsien is large (340,341). By ‘analogy with the micellar
purface, a degree of structuring might be anticipated where SDDS is
adsorbed; for a surfactant concentration not too.far in excess of the
cme it bas been suggested that only cne or twe layers of water molecules
are orientated around the micelle (342), It remains unlikely that the
observed variations in emulsion stability arise through differences
in the amount of structured water at the oil-water interface., Such a
conclusion is also suggested by the wide range of gtabilities obtained
with emulsions of alkanes or alkane mixtures. It is not anticipated
that a slight variation in the degree of hydrocarbon-water interaction
with alkane chain length (Section 5,1,1) would give rise to sufficient
differences in interfacial structure to explain such results, In the
presence of long chain alcohol there is some indication from electro-~
phoretic measurements (Section 4,4,2) that the thiclmess of a structured
layer may be increagsed slightly, although the contribution of such a
factor to stability is unknown,

1t has been established that the chemical nature of an oil gives
rise to a specific emulsifier HLB necessary to produce a stable
emalsion (Section 1.2.4). The so—called required-lLB (or critical-HLB)
ig therefore an empirical quantity which may usefully describe the |
behaviour of dispersions of various oils stabilized by a particular
surfactant., Although the available number of required-HLB values is
limited those compiled by Lo et al (170) enable some degree of comparison
with the present stability data (Table 5~§). For example, values for
the alkanes fall from a required-HLB of 11,6 for hexane to 8,5 for

tetradecane, whilst further values for cyclohexane (12,0) benzene

(>12), and toluene (> 12) are also listed.




The relationship between empirical required«HLB‘values,and Qﬁher’
properties of the oil phase have been the subject of much‘spegulétion
(1f). In a detailed study Lo et al (170) measured the required-HLB
. by employing various blends of non-ionic surfactant., For aliphatic
hydrocarbong (06 to Clh)the required-HIB could be inversely related
to dielectric constant, whereas for hydrocarbons with the same carbon
number but of different chemical types (hexane, cyclohexene and benzene)
the required-HLB increased with dielectric constant, The latter result
supports the correlation between dielectric constants of various oil
phases and the required-JILB observed by Gorman & Hall (169). It is
noteworthy that HLB value has long been considered to be related
directly to pelarity and therefore, it should be a function of any
parameter which is some measure of polarity. In this context; a striking
correlation between the spreading coefficient and required-liLB has been
noted (1f, 337). The present emulsion stability results do in fact
show a similar dependance (Table 5-4) upon the required-lIB and the
spreading coefficient (see above), For the case of mixed oils.the
concept of an additivity rule for required-HLB has been questioned,
therefore, it is difficult to predict the effect of a small quantity
of additive on its value, although the required-HLB varies by only
2 units throughout the alkane series from C5 to Clh and only slight
effects would be expected when, for example,; 0.04 mol d.m“3 of dodecane
or hexadecane was included in a hexane emulsion, It is important to
note that some doubt has been cast on the validity of required-HLB
by the observations that gtable emulsions can often be prepared over
a wide range of emulgifier HLD (170,34%), and more significantly, that
many surfactants giving an optimum IILB failed to maintain even moderate
stability (170)0 Lo Eﬁ Ei (170) were forced to conclude that more

fundamental properties determined stability, and that an interaction




between emulsifier molecules and those of the oil was probably the

important factor, The use of surfactants of structure and polarity
adapted to the structure and polarity of the 0il was considered
necegsary, whilst the use of emulsifier mixtures with HLB equivalent
to a required-HLB value for the oil was found not to be an adequate
index,

Hallworth & Carless (71,92,126) have reported that emulsgions of
various petroleuwn fractions exhibit differing stabilities when dispersed
in SDDS solution. Long chain length oils gave far more stable enulsions
than the short chain fractions, This behaviour was attributed to the
ease with which surfactant could be displaced from the region of
droplet contact. It was postulated that allkyl sulphate molecules can
associate with the long chain length oil molecules to form a more
colerent 2%%m, ond thue provide a more effective harrier against
coalescence, The stabilizing effect of long chain length additives
(alcohol or alkane) was also observed (91,92,126) and was presumed to
result from the interaction of additive with surfactant molecules at
the interface. This theory provides a plausible and attractive
explanation of the relative gtabilities of alkane emulsions as observed
in the present work and consequently it has been examined in detail,
One obvious reservation is that, even assuming that each of the {welve
alkyl groups of the surfactant penetrafes into the oil phase, a max-
ipum interaction (and therefore maximum stability) should be achieved
with dodecane as the oil phase., However, the stability of the Clli
and 016 alkanes was found to be greater than dodecane (Table 5-4),

The suggestion that as many as four or five allyl groups of the sur-
factant may in fact be drawn into the alkane (heptane) medium by the

polar head-group (34k) must also detract from the interaction theory.



Further doubts arise in applying this theory when the effect of

various additives is considered., It is known that in the presence of
aliphatic alcohols the interfacial film becomes more condensed and should
provide a more coherent and effective barrier to coalescence (section
IOQ.F). The suggestion that long chain alkane will behave in a similar
manner (92,126) is open to question, Intuitively such behaviour would
be egpected to result in an increase in the interfacial free energy

of the system, The argument for "adsorption" of the long chain alkane
is not convincing from a strictly thermodynamic viewpoint, When an
alkanol is dissolved in an alliane the activity coefficient of the solute
at high dilution (j) is essentially independent of its chain length;
therefore, the non-ideality of alkanols as solutes in alkanes (=15 at

2500) can be attributed wholly to the hydroxyl moiety (345a). The

adsorption of an alkanol from an alkane to the oil-water interface is a

result of the polar nature of the hydroxyl group whilst the contribution
of the methylene groups to the free energy of adsorption is negligible
(3é5b9346). In contrast, it can be supposed that a long chain alkane
will behave almost ideally when dissolved in a shorter chain length
homologue and there should be no tendency for the long chain component

to concentrate at the interface (203b). The present results indicate
that the inclusion of a long chain aliphatic alcohol in the oil increases
the stability of a hexane emulsion, the effectbecoming more pronounced

as the alkanol chain length is increased (the C12 additive is less
effective than the Cl6 on a molar concentration basis), Surprisingly,
alkane additivesg are more effective in enhancing stability than the
corresponding allkanols although the dependguce on chain length is still
apparent, Neither of these observations (the chain length effect above

C 5 OF the better stabilization with alkanes) can be adequately explained

on the basis of a simple “interaction" theory of stabilization,



It is known that normal hydrocarbons exhibit an increasing degree of

crystallinity between the 08 and Cl8 homologues (347b). This phenomenon
or the resultant effect on oil phase viscosity (see beleQ could explain
the relative stabilities of the alkane emulsions, However, such a
mechanism would alse require the preferential adsorption of long chain
alkane te the interface., Furthermore, there is no evidence from inter-
facial viscesity measurements (125,126) to suggest that crystallinity

is significant in saturated hydrocarbons at 2508.

A possible explanation of the observations on emulsion stability,
related to that just described, ie that droplets are stabilized by a
liquid crystalline phase (Section 1.2,5). Liquid crystal posesses almost
gel-lile physical preoperties and when formed at an eil-water interface
in emulsions this phase tends to surround the dispersed droplets and
prevent coaslescence, Furthermore, the formation of liquid ecxrystal in
this way is known to be highly dependent on the chemical nature of
the 0il phase, Mixed surfactant systems such as the anionic surfactant-
long chain alechol or Span-Tween combinations tend to favour ligquid
crystal formation, particularly at high concentrations, and may exert
s stebilizing effect on emulsions in this way (183-185,%38,348). However,
Hallworth & Carless (91) considered that the concentration of added
alcohol (octadecanol) would have to be congsiderably higher than 0,015
mol dmgj in order to permit a ligquid crystalline phase to form, If this
were so the concentration of added 06 to Cl6 alcohols used in the present
investigation (0,04 mol dm-’3 in the oil phase) may also be insufficient.
Again, the stabilizing effect obtained with long chain alkane as an
additive can only be sccounted for by the participation of a high pro-
portion of these molecules in the interfacial.structure. Furthermore,
the surfactant film at interfaces of SDDS goluticn against the alkanes

or allkane mixtures (without alcohol) remain in an expanded state which



will reduce the probability of liquid crystal formation in these systems,

Nevertheless, this aspect of emulsion stabilization cannot be discounted
entirely without confirmative data from phase relation studies on the
systems involved, Ekwall et al (338) has pointed out that types of
liguid crystal can form even when the surfactant concentration is not
great., It is also known that long chain alcohol is adsorbed strongly
at the oil-water interface, even from dilute solution in the oil. It
is concluded, therefore, that liquid crystal formation represents a
pogsible but unlikely explanation for the present results,

The significance of hydrocarbon chain interactions (between oil
and surfactant molecules) and the incidence of liquid crystal in pro-
moting emulsion stability may yet be resolved by measuring the rheological
properties of the interface (34893&9), At present, however, meagurements
of the required exactitude are difficult to obtain (Section 1.2,3.2).
Carless & Nallworth (1259126) have investigated this aspect of emulsion
stabilization in some detail, The argument for en increased condensation
of an adsorbed alkyl sulphate film by leng chain alcohol (octadecanol)
was supported by the observation of an increase in interfacial viscogity
in the presence of alcohol and an associated increase in emulsion
stebility. The enhancement of gtability was attributed to an increase
in the visco-elasticity of the adsorbed film, thue preventing the dis-
placement of alkyl sulphate jons and maintaining a high degree of elec—
tricel repulsion between adjacent or colliding droplets, However, it
was also found that a small quantity of impurity in the oil can exert a
quite éonsiderable effect on interfacial visco-elasticity without any
apparent influence on emulsion stability, and conversely, that a small
amount of long chain paraffin can enbance the stability of an emulsion
a corresponding influence on the rheological properties of the

without

interface, It is worth noting that the above study revealed no general



correlation between the rheological properties of the interface and -

stability for various paraffin emulsions stabilized with SDDS. More
recently Boyd et sl (348) have investigated the rheological behaviour of
various interfaces at low shear rates and have gucceeded in demonstrating
that the occurence of liquid erystal at an interface does give rise to
vigco-elastic interfacial films,

It seems appropriate at this point to review the role of rheological
properties at the interface in emulsion stabilization. A complete
deseription of the rheclogical behavicur of an interface must account
for the resistance to shear at constant arca (shear viscosity) and the
resistance of the interface against changes in area (dilational viscosity).
In addition, two elasticity coefficients; representing a shear modulus
and & dilational elastic medulus are required (350), The significance
of each of these parameters in determining emulsion stability remains
somewhat ohscure (Section 1.2.3.2).

Gibbs and Marangoni effects, which give rise to dilational elagticity
(Section 1.2,3.2), are believed to promote the regular thinning of a
draining film by opposing the lateral displacement of surfactant and
extengion Qf the interface, The presence of a high degree of elasticity
is believed to play a positive rele in the stabilization of foams (131,
140,350), In the same way elasticity may maintain the liquid lamella,
and hence a barrier to coalescence, between contacting emulsion droplets
although its precise contribution to emulsion stability is as yet unknown,
It has been shown that dilational elasticity can give rise to immobilization
in theAinterface of individual oil droplets in surfactant solutions and
hence decrease the rate of drainage from lamellae (section 5.2.3). It

might be postulated that the more expanded surfactant film at a henzene-

water interface (for example) should manifest a lower degree of elag-—

s - .
ticity than a film at an alkane-water interface, Such a mechanism could



contribute to the lower stability of benzene and other cyclic hydrocarbon

dispersions in relation te alkane emulsions, Furthermore, Mysels et al
(139) have shown that the presence of small guantities of dodecanol
cauge a measﬁrable increase in the dilational elasticity of SDDS films
in air. Support for this cbservation has some from other workers (137,
140)o Similar changes may occur at the oil-water interface in the
presence of alcohol, Again; film elasticity eould contribute to the
higher stability of emulsions containing long chain alcohol., On the
other hand it is difficult to envisage appreciable differences in the
dilational elasticity of SDDS filme at the various alkane-water inter-
faces, where the physical state of the film is gimilar in each case
(Section 5,1,3) and the degree of interaction between film molecules
should pot vary significantly, However, wide differences in emulsion
stabilities have heen observed in these systems,

0f the four rheologicali parameters mentioned above, only the sghear
viscosity has been investigated experimentally to a significant extent.
A high interfacial shear viscosity has the effect of retarding film
drainage and surfactant displacement, The stability of foamsg has been
partly attributed to a film viscosity effect (349,350). If conditions
of shear prevail at the interface during coalescence the shear moduli of
vigcosity and elasticity should be important, It should be noted that
mixed f£ilms of SDDS and hexadecanol (351) or octadecanol (126), which
are known to enhance emulsion stability, have been found to give a
measurable increase in interfacial viscosity., However various invest-

igators (45?55,125,126,3&9) have failed to show conclusively that a

relationship does exist between interfacial viscosity and emulsion

gtability. Films of %pure" SDDS at oil-water interfaces are generally

found te posess low shear viscosity (125,3&9,350)9 whilst emulsgion

stability varies considerably.



Interfacial films frequently develop visco-elastic behaviour, which

can be studied by analysis of the deformation-time relation of the film
when subjected to a small stress, Sherman (124) has discussed the role
of the various rheological moduli in preventing droplet coalescence.

From a consideration of the net forces acting on contacting droplets

he peints out that a visco-elastic interfacial film will begin to rupture
when the compressive force acting on a droplet exceeds a critical value.
Provided that this rupture is sufficient, the adsorbed emulsifier becomes
displaced and coalescence will occur. Consequently, in the absence of
interfacial visco-elasticity the adsorbed film should rupture more
readily when a compressive stress operates., There is some experimental
evidence that high film visco-elasticity correlates with an enhanced
emulsion stability (124,%48), The investigation of SDDS films at air-
water interfaces has indicated & low order of interfacial viscosity

which increases with surfactant concentration. Some visco-elasticity
develops only after a lengthy period of ageing (3%9). The inclusion of
dodecanol has been shown to cause visco—elasticity in the film (137,

140) and appreciable yield value(the tension that the monolayer will
sustain before flowing) (352). Brown et al (352) found that yield

value is reduced above the cmc of SDDS, presumably through golubilization
of alcohol in the surfactant micelles, In the stabilization of paraffin
emulgions by SDDS it has been postulated that the film becomes increasingly
visco-elastic with the addition of octadecanol (and to a lesser extent,
hexadecanol) 2and that this resulted directly in an increase in emulsion
stability (91,92,126). 'However, in the same study some paraffin

emulsions stabilized with SDDS showed high stability without evidence of

. s = (9] .
visco-elastic interfacial films (146),



5.3.5.3 Electrical stabilization

The repulsion between two electrically charged spheres arises from
the surface potential,\Po (Bquation 1,5 ). The measurement of electro-
phoretic mobility provides information regarding the magnitude of the
electrostatic repulsive forces between such spheres, although the
gubsequent accurate determination of Y; is not possible (Section 1.2.3.2).
The substitution of ﬁ; by the zeta potential (Z) at the plane of shear
ig generally considered to give rise to little error. Further problems
arise in predicting the energy barrier to close approach of charged
bodies, particularly in emulsion systems where the effects of a’dis~
tribution of droplet sizes, overlapping double layer, the magnitude
of the Hamaker constant and the possible change in surfacé potential
lead to uncertainty in the determinmation of overall interaction energy.
The variation of surface potential during droplet approach is particularly
important, The estimation of the repulsive potential VR from Iquatien

1.5 assumes that the droplets maintain constant potential as their
double layers overlap., This can be achieved by rapid desorption or
displacement of surfactant molecules (see below), which ig likely if
the surfactant fijm is expanded. More condensed films may maintain a
constant surface charge during droplet contact or collision, and this
may inecreage VR considerably (153).

The electrophoretic mobilities and estimates of zeta petential
(from Tguetion 3.20 ) are given in Table 4-1A for a range of oils
dispersed in SDDS (lOm2 mol dm_j) solution, Tor convenience the relevant
Droplets of the allkane emulsions

values are also listed in Table Heals

carry the highest zeta potential (=115 to ~130 mV) whilst that of cyclic

hydrocarbons 18 somewhat similar (cyclopentane -131 mV; cyclohexane

-125 mV), The sntroduction of unsaturation into either type of molecule

causes a reduction in zeta potential (decene -118 mV; cyclohexene ~116mV;



benzene ~114 mV),

In general it appears that the mobilities and zeta potentials of
the oil droplets can be related to the degree of surfactant adsorption
at the interface (Section 5,1,2.3), Consequently, there is no striking
correlation between the magnitude of % and emulsion stability; some of
the differences in stability can be explained in terms of a greater
degree of adsorption, leading to increased repulsion between the droplets
(see below), but there are notable exceptions, For example, the relation
between alkane chain length end zeta potential is an interesting one,
The observed decrease in Z with increasing alkane chain length (and
stability) could arise from a lesser degree of adsorption at longer
chain length (see Sections 1.3.3.3 and 5.,1.2.3). An alternative
possibility i that the faster coarsening of short chain alkane emulsions
produces a more closely packed interfacial film, either by better
molecular packing after coalescence (Section 5.3.%) or through the
concomitant increase in SDDS concentration in the aqueous phase with
& reducticn in interfacial area (Section 5.3.5.1).

Notwithstanding the cause of differences in zeta potential with
alkanes as the oil phase, there is an inverse correlation between
changes in Z with chain length and emulsion stability for these systems,
Furthermore, the inclusion of a small quantity of long chain alkane
into the oil phase of a hexane emulsion has no gignificant effect on
droplet charge but the stability of the dispersion is markedly enhanced,
Even more remarkable is the measured fall in Z for emulsion droplets
comprising or containing long chain alkanel, since this is also
accompanied by an increase in stability. In the latter case the reduction
of SDDS adsorption as a result of the adsorption of alcohol molecules
vious explanation for a £all in Z. This possibility has

is the most ob

been discussed in a previous section (Section 5.1.2.4) and was considered



improbable, A change in the measured electrophoretic mobility, and

therefore zeta potential, can arise in two ways, by a change in the
charge dens;ty at the droplet surface or a change in the thickness
(lﬁé) of the double layer (see Figure 1), In this case it seems more
likely that the fall in zeta potential results from an outward shift
of the shear plane caused by adsorption of the alcohol, possibly through
an increase in the thickness of structured water around each droplet
(Section 5.3.5.2),

The range of zelta potentials measured varies from approximately
-100 mV for the stable alcohols, to «120 mV for unstable cyclic hydro-
carbons, to =130 mV for the alkanes, These potentials should give rise
to energy barriers sufficient to maintain moderate or good stabilization
against comlescenee (11%,158), Nevertheless, the poor correlation
between the magnitude of Z and emulsion stability is supported by
several previous observations (3?&,71,91,153«155), When two droplets
approach the ionic "head" groups of the surfactant tend to repel each
other, In an expanded or mobile interfacial film the surfactant molecules
may be dispelled frem the region of closest approach by desorptien into
the aqueous phase or displacement around the droplet surface., The latter
mechanism, originally proposed by Ilobinson (153), has been suggested as
the main cause of discrepancies hetween zeta potential measurements and
emulsion stability (&8,650). TItebinson (153) postulated that a closely
packed film which cannot be compressed easily would prevent coalescence
through digplacement of surfactant. The close approach of droplets
should inhibit desorption of surfactant from the interface into the
Davies & Rideal (117¢) have discussed the com-

aqueous phase (10%).

pressibility of interfacial films in some detail, The concept of two-

(C ) was introduced, the reciprocal of which
s

1

dimensional compressibility

urface compressional modulus (CS ). The latter assumes

was termed the s



the value of the surface pressure for ideal films, but increases

progressively for more condensed films,
The stability results for the cyclic hydrocarbons relative to alkanes
can be explained in terms of the lower repulsive potential and ease of
displacement of SDDS films, The lower charge density on the droplets
will allow thinner lamellae to form between benzene droplets than
alkenes for example. The displacement of surfactant will be opposed by
high elasticity and/or low compressibility in the film. The more
expended film should be less effective in opposing the displacement of
surfactant, particularly if the proposed allyl chain interaction of
dodecyl sulpbate ions in cyclic oils (Section 5.1.2.3) occurs, since
this will further increase the compressibility. The relative stabilities
for many of the systems can be explained on this basis, emulsion stability
would be expected to increase in the order benzene <cyclohexane < hexane
for example. The lower stability of unsaturated oile (eg., decene or
cyclohexene) might also be due to a slightly greater expansion of the
surfactant £ilm and the lower zeta potential. Although the adsorption
data in Section %.1.1 do not confirm this view it may be that these are
insufficiently accurate to detect the differences involved,

The high stability of emulsions containing alkanols suggest that
resistance to displacement and compression are the important factors
in stabilization. Despite carrying a slightly lower charge the emulsion
droplets are more stable and the visco-elastic properties (Section
5.%.5.2) and lower compressibility of the more condensed film (117¢)
presumably resist £ilm displacement and maintain the electri§&l barrier
In the case of emuleified alkanes such a mechanism

to coalescence.

can describe the observed differences in stability through the increased
interaction of aurfactant with leng chain 0il molecules, as discussed
%

. - T { . » 3
previously (Section 5,3,5,2). Where a long chain alkane is present as



an additive it is necessary that the minor component concentrates at

the interface, The compressibility of SDDS films at any alkane interface

gshould be similar, whilst the role of long chain alkane in producing
enhanced viscous or elastiec properties in the interface is in some
doubt.,

It is interesting to compare the stabilizing effect of hexadecane
(0,04 mol dm"3) on droplets of hexane or benzene. In the former case
the emulsion assumes a high degree of stability., With benzene the
gtability increase is also very considerable but free oil separates
more readily, Here the adsorbed £ilm is probably more expanded,
electrical stabilization is less and the elasticity and compressibility
of the film favour coalescence, However, the droplet size digtribution
yemains quite narrow! It is postulated that the largest droplets cream
to the emulsion surface where they coalesce, Some evidence that coal-
escence is favoured at the surface where droplets remain in cloge
proximity was introduced in Section 4.3.%, The short duration of a
droplet collision in the bullk emulsion may reduce the probability of
coalescence, there being insufficient time for the necessary rearrange-
ment of surfactant to talte place (65c). The creaming rate of emulsions
containing hexadecane is considerably reduced, owing to the increased
stabilization of small droplets. However, the prevention of creaming
in unstable systems does not appear to influence the coarsening rate
to any significant extent (Section 5.3.2.2).

Such observations provide some indirect evidence for the molecular
diffusion route of emulsion degradation, Further correlations bhetween
this theory and the observed emulsion stabilities are discussed below
(Section 5.3,6). It may also be gsignificant that the proposed theory
alescence describes the behaviour only of those systems which

for co

exhibit coalescence 1o a marked degree (by separation of free 0il)



relative to those which do not,

5.3.6 Influence of dispersed phase on molecular diffusion

5.3.0.1 General principles

The "molecular diffusion" theory of emulsion degradation was first
presented in & semi-quantitative form by Higuchi & Misra (49). The
possible importance of this process in emulsion coarsening had been
mooted previously (88,353), whilst its significance in solid/liquid
dispersions {("0Ostwald ripening") was well established (354-355).

The theoretical argument for molecular diffusion is presented in
Appendix IV, Its basis is that small particles demonstrate deviations
in their physical properties as compared to larger particles or plane
surfaces. Specifically, the vapour pressure, and therefore solubility,
of small droplets is increased. Higuchi & Misra (49) concluded that
this increase in so¢lubilitywill wake small droplets thermedynamically
unstable with respect to larger ones; thus the small droplets will tend
to dissolve as the larger ones tend to grow at their expense.

It is important to realize that a great number of factors will
affect the rate of such a process in emulsion systems, It is evident
that molecular diffusion depends upon the presence of very small droplets,
As these disappear from the system the rate of coarsening will slow
progressively. A significant increase in solubility of the oil phase
will occur only for very small droplets, It has been reported, for
example that the solubility of benzene will increase by about 5% (at
2500) for droplets 0f0.1}m1(357a). Similar values have been reported
for the vapour pressure and solubility of small crystals (358). A
distribution of sizesmay cause gmall droplets to aggregate around large
ones, a factor which should strongly assist diffusion. Creaming or a
let gize should have similar effects due to a reduction

decrease in drop

in droplet separation. On the other hand, it has been shown that attempts
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to reduce the diffusion rate by narrowing the droplet size distribution
would probably affect the rate of coarsening only slightly (49).

It is assumed in the theory (49) that the emulsion degradation
process is diffusion controlled in the external phase. Factors which
affect the diffusion coefficient, such as the viscosity of the external
phase, should affect the degradation rate (Appendix IV). Small velocity
gradients, however, are unlikely to affect the degradation rate (49,
359). The diffusion coefficient will be markedly affected by any barrier
to interface mass transfer, Higuchi & Misra (49) supposed that inter-
facial films, unless of the viscous polymeric‘or the polymolecular type,
probably do not significantly affect the overall diffusion rate. However,
adgorbed filus of low molecular weight surfactants are particularly
impertant in inhibiting interfacial turbulence (360 ) and the internal
cireulation of droplets (357b) both of which would promote diffusion,
Recent investigations suggest that the presence of reversibly adsorbed
molecules at an interface may, after all, reduce the rate of interfacial
mass transfer (26,357b).

Another important aspect of the molecular diffusion theory is that

the rate of transfer of solute from an oil droplet into water is depen-

dent on the interfacial tension (Appendix IV). A reduction in tension
will result in a slower rate of diffusion. Iowever, the presence of
small guantities of water dissolved in the droplet should have no
appreciable effect on the diffusive rate (49).

5.3.6,2 Tffect of oil phase

Molecular diffusion theory predicts that the greater the solubility

of the oil phase in the continuous medium, the greater the instability

due to droplet dissolution and growth, For a hypothetical system

comprising droplets of 0.5 and 1.0 Juny in equal number councentrations,

Niguchi & Misra (&9) calculated the approximate limit at which the oil
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solubility would prevent degradation by the molecular diffusion route.
It was shown that a solubility of 3 x 10”8 kg deS will lead to only a
10% change in the radius of small droplets in one year if interfacial
tension 5ow,= 1.0 N mmla However, for a mixture of 0,05 and 0,10 o
droplets the corresponding changes will occur over one thousand times
faster, through the stability being proportional to the cube of particle
radiug, Calculations show that for & solubility of approximately 10“3
kg dmu39 submicron particles in the presence of larger particles should
disappear within an hour !

It appears that molecular diffusion can contribute éignificantly
to the instability of emulsion gystems under certain conditions, even
at surprisingly low o0il solubility. Since instability by this process
depends upon the solubility of the oil; molecular diffusion could provide
an explanation for the observed effects of dispersed phase eon stability,
In Figure 37 the stability factor f (Table 5-L) is plotted against water
solubility (271,36lab) for the hydrocarbon oils. It should be noted
that the relevant parameter for stability in emulsion systems ought to
be the oil solubility in the aqueous medium (sPDS solution). In this
case solubility values will be higher than for water but the range of
valuee required are not documented., It is assumed, for the purpose of
evaluatiiag the molecular diffusion process that the relative magnitudes

and order of solubility will not be altered significantly in surfactant

solution. The order of stability for the hydrocarbon oils follows

their respective solubilities (Figure 37). Similar conclusions can be

: h i 1
drawn from correlations betwecn the changes with time of mean volume

diameter or viscosity and golubility (3h73)0 The molecular diffusion

theory also predicts that the rate of coarsening of an emulsion will

decrease with time, as was found in the present work (Section 5.3.4).

The slicht deviations arising in Figure 37 for the xylenes can be
= o



explained since the stability has been assesgsed from rather limited data.
From Figure 37 it can be seen that emulsion stability is low when

the 0il solubility in water is somewhat greater thah that of hexane

b - "
(9.5 x 10 kg dm 3)» Stability is moderate for octane (6.6 x 10 7

-3 . .
kg dm ~) and high for oil solubilities less than that of dodecane

=

(8 x IOI_9 ke dmm)), For droplets in the micron size range with an
interfacial tension ( gow) of 1.0 mN mnl Higuchi & Misra (%49) predict
that emalsions should exhibit a high stability (10% increase in the
radius of larger fraction of droplets in one year) if the solubility

. -8 - . o . .
is less than 3 x 10 = kg dm 3)c A similar calculation for interfacial

9

tensions of 5 and 10 mN mm1 gives the limit of solubility as 6 x 10~

-9 - . .
and 3 % 10 ° kg dm ~ respectively, Corresponding changes would occur

within a day (low stability) if the oil solubility was greater than

-5 - - - -6 -
1077 kg dm 5 for & v = 1.0 mN m 1 (ie. 5 % 10 6 and 107 kg dm ? where
o

. -1 . . .
! ig 5.0 and 10.0 mN m respectively). Trem the particle gsize
oW

data in Table 4-5 it seems reasonable to compare these data to the

-]
present systems. The measured 60wvvalues fall bhetween 5 to 10 mN m

3

: w2 - kad 3
for the alkane systems in 10 = mol dm surfactant and the oil

golubilities predict emulsion stabilities which are in good agreement

with those measured,

Thes e observations are hy nc means conclusive evidence for molecular

diffusion, eince several 0of the oil properties described previously

(Section 5.3.5.2) give approximate correlations with the stability of

hydrocarbon emulsions, Furthermore, the alkanol dispersions show an

unexpectedly high degree of stability although the mean droplet size

is extremely small (Table 4-5), and despite considerable droplet

ageregation and a relatively high oil phase solubility., For example,
>t o

the water solubility of hexanol is almest a hundred times greater than

. Cimsas . ‘1 )
that of cyclchexeney yet the measured stabilities are almost identical,
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This may well bhe due, at least in part, to the error invelved in

measuring d_ for fr hexa . . .
as g4, fresh hexanol emulsions whose interfacial area may

well be greater than that measured, Other factors which could account

for an enhanced stability in alkanol emulsions are discussed helow,

5.3.6.3 Effecet of additives

According to molecular diffusion theory (Appendix IV) the inclusion
of a component which is soluble in the dispersed phase, but with
extremely low golubility in the continuous medium, can exert a profound
effect on stability. The rate of emulsion breakdown will be retarded
by a factor (Fd) given by the ratio of partition coefficients (Kd)
for the components of the oil phase. Thus,

where Kd(x) and Kd(y) are the partition coefficients for the major

and minor components respectively, As Fd increases the stabilization

against molecular diffusion should increase, Higuchi & Misra (49)
predict that about 1% of additive should normally be sufficient for

emalsions in the micron size range if T': is large. As droplet size

w

decreases a larger quantity of additive or one with a higher Fd value
must be employed to maintain stability. As interfacial tension falls
correspondingly less additive is required.

The principal problem in relating the present stability results

for hexane emulsions containing additives to wolecular diffusion theory

is in obtaining hexane-water partition coefficients for the determination
p=d

F alues.
of 3 v

Provided that effects due to solute dimerization and/or ionization

are necligible a relationship between partition coefficient and activity

coefficient (j) can be used to advantage:-

= i j 5.12
K, = 3, / ,

i i . ective activity coefficients of solute in
where g and Iy are the respec 3
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water and oil at infinite dilution, It is reasonable to assume that a

‘solution of an alkane in hexane is almost ideal, and therefore jo
(alkane) can be estimated without significant error (362) (Table 5-7) .
Also, the activity coefficient of an alkane in water is approximately
equal to the reciprocal of its mole fraction solubility (346), which
enables jw to be estimated from the available solubility data (296,
361lab). The relevant values for jo, jw and Kd for the alkanes used
are given in Table 57,

The partition cecefficients for alkenols present a somewhat greater'
problem, Several measurements on Kd have beén carried out on short
chain length alkanols (345&), but values for the less water soluble
higher homologues are difficult teo obtain experimentally. Aveyard &

Mitehell (345a) have determined the free energy of transfer from oil-

water partition data for various alcohols ((%9Cm906 and C, n-allkanols)

in C89C12 and 616 alkaneg, The Kd (alcohol) values were not affected
by alkane chain length. By calculating log Kd values and plotting
these against alkanol chain length a linear relation can be obtained.
Dy assuming that the linear relation between log Kd (alcohol) and
carbon number holds for longer chain alkanols (up to 016) the values

of Kd for octanol, dodecanol and hexadecanol have been determined

graphically. These values are given in Table 5-8.
An alternative approach is to utilize the group contribution

approach of Davis (363abc), By the subtraction of one -OH group

e) a theoretical value of K

value from the corresponding Kd (alkan 4

(alcohol) can be obtained. The conversion of a terminal methyl group

to a methylene (363b) and the addition of an -0H group (3630) results

. 4 . e Z26(7% -
in an overall change of approximately ~3,66 in logK, (363¢). The hd

. + 3 . " ~, d in !ﬂable -—-8.
(alcohol) values calculated in this way are liste T 5
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The theory of group contribution can also be applied to estimate
Kd (alcohol) from the activity coefficient values of lower homologues,
The most useful data found cited in the literature was for octanol in
the heptane-water system (318). The activity coefficients at 25°C were
reported as jw = TI;.,E'}’xl()ljt and jo = 3,35 x 1019 which gives Kd = 3,7
x 10~ according to Equation 5,12 , The activity coefficient j, will
inerease as the alkane chain length ig decreased and Kd will be somewhat
lower for the partition of octancl from water into hexane. Approximate
values of Kd for higher alcohols can be obtained using the increment in
log Kd per methylene group which is +0,62 (363&), The calculated
partition coefficients are again listed in Table 58,

The X4 (alcohol) values obtained from activity coefficient and
partition data for lower alcchols show reasonable agreement (Table 5-8).
Not surprisingly the data obtained by group contribution considerations
for the addition of an -OII terminal grouping to the allane serics shows
gsome disparity, although Kd still increases significantly with hydro-
carbon chain length. The difference arises because solubility values
used to calculate Kd (alkane), and hence Kd (alcohol) do not increase
in & regular fashion with carbon number. The solubilities of alkanes
with chain 1ength;>C11 appear to be greater than would be expected if
the log solubility=carbon number relationship was a continouwous function
(36113)o This behaviour has been attributed to a probable aggregation
of alkane wolecules (Bogy361b). Wo comparable behaviour has yet been

renorted for long chain alcohol molecules at high dilution in water
A g o

g1 ) | 1re tances it was decided to
although thisis possible, In the circumsta

proceed using the Iy (alcohol) values extrapolated from partition co-

o _ v : vh, inevitably, these are approximate
efflclellts ior lo\\.rgr a,lCO“OlS, Although, Y Lp ki

the qualitative conclusions relating molecular diffusion theory and

. i 4 vemain valid.
emulsion stability should remain val




Table 5-7
Partition coeificient data for alkane hydrocarbons in the hexane-water
systemn,
Solute Mole fraction Activity Partition
water solubility coefficients coefficients
dy Jo Kd
Hexane 2.0x10™° 5,0x10° 1,0 5,0%10”
Octane 1,3x1077 7.7x0° 1.0 7.7x10°
Decane 700210“9 lehxlOS 0,95 103X108
- Q
Dodecane 8.5x10™0 1.2x10° 0,95 1.1x10°
Tetradecane 6“4x10m10 1°5x109 0.9 1,4X109
Hexadecane S,OXIOHIO 200x109 0.9 1.9x109

Lable 5-8

Partition coefficient data for alkanols in the hexane-water system

Solute Partition cocfficient (Kd)

(1) (2)

(3)

3 2
QOctanol 3,53{102 l,?xlOJ 3,0x10
Dodecancl l,lxl()5 2,5x105 lanlO5
Hexadecanol 4.0}:107 4.2x105 2.51(107
NOTES: (1) Extrapolated from data of Aveyard &

Mitehell (345a),

(2) Group contribution from K, (alkane) (Table 5=7)

(3) Group contribution from activity coefficients

(318).



The values of Kd (y) and Fd for the range of additives employed in
this work are collected in Table 5-5, The correlation between stabilizing
effect of a minor compoment and its partition coefficient is striking.
Both the effect of increasing the chain length of an additive and the
creater stabilizing cffect of allanes than alkanols are predicted by

Bquation 5.11 .
In the presence of hexadecane as an additive the stabilization

obtained is perhaps more noteworthy than is suggested by the specific

interfacial area data and therefore by £he gtability factor in Table
5.5 (see Section 5.3.4), An initial fall in épecific interfacial area
occurs which was not observed with hexadecane alone (compare Figures

20 and 25)9Suggesting that the amount of added hexadecane is insufficient
to stabilize the smallest hexane droplets., After the initial period,
corresponding to only a small change in the measured dv (from 2.0pm

to about Q,SPm), the svstem assumes a stability almest as high as that
of a hexadecane emulgion, llexane emulsions containing an equivalent
amount of decane or dodecane (0.04 mol dm«3 in the o0il phase) display

a gradually decreasing rate of coarsening as predicted by molecular
diffusion theory. Octane exerts a barely perceptible stabilizing effect

on hexane emulsion, an observation not inconsistent with predictions

from the molecular diffusion concept of stability.

In contrast, the gtabilizing effects of the aliphatiec alcohols

-3 .
. ! 1 P
show some anomalous behaviour. When hexadecanol (0,04 mol dm ~ in the

0il phase) is present in hexane emulsion the stability is glightly less

. . - y 2 .
than that obtained when decane 18 the minor component, This behaviour

would be expected from the relative Fd values of the two additives., The

. i s . s . _
jnitial rapid change 1in specific interface is significantly more pro

b Y 7Y o ~a 1}
nounced in the presence of hexadecanol than with decane, possibly

. - ; small ¢ iet e
owing to the occurrence of a larger number of all droplets when alcohol
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is present (Table 4~8)° In the presence of octanocl or dodecanol a

hexane emulsion coarsens at a rapid initial rate, as expected from their
Fd values. The dependence of the rate of change in dv or specific
interface upon aleohol chain length in this region could arise from

the original degree of dispersion (through a different interfacial
tension for example). MHowever, contrary to the predictions of molecular
diffugien theory, a definite stabilizing effect has been obtained with
octancl or deéanol as additives to a hexane emulsion at longer storage
times (Figures 24 and 25, Table 4-8), Similar behaviour has been noted
carlier for emulsions of the alcohols as the oil phase (Section 5.3.6.2),
The stability was found to be far greater than that which would be
predicted through molecular diffusion and inspite of a greater jincidence
cf small droplets,

Such behaviounr may be partly due to the lowering of interfacial
tension, and therefore molccular diffusion rate, in fhe presence of
alcohol (49). Tor example, the tension shows a tenfold variation from

w] -1 i
about 10 mN m = for alkanes to 1.0 mN m  for alcohols, the effect of
which corresponds to a tenfold decrease in golubility. It is also
possible that adsorbed SpDS + alcohol films provide a greater barrier
to interfacial mass transfer than does SDDS alone (Section 5.3.6.1),
The mechanism of such an action is not well wnderstood although it
appears that several processes could bé responsible. The suppression
of interfacial turbulence and internal circulation in the droplet
probably play a part but in addition the "blocking" of a greater area
of the interface by adsorbed molecules is possgible (357b). Also, more

specific effects such as the mutual interaction of film molecules

(234e) or interaction with the oil (91,92) could conceivably operate

4 =~
in reducing the rate of transfer of hexane across the interface (357b),
=

o 7 .‘ ‘ -1
'he presence 2% a more condensed film when alcohol is present will also




reduce any contributicn of coalescence to instability (Section 5.3.5),

which could account for the stabilizing effect of the shorter chain

length alcohols,

The alkanols are known to undergo appreciable self-association even
at low concentration levels in alkane solvents (345a,364-366). The
partition coefficient Kd (alcohol), and therefore ng will be increased
if the alcoliol associates in hexane (345a,357b). Such behaviour would
offer an alternative explanation for the unexpectedly higher stability
of hexane emulsions containing octanol oxr dodecanol,

Liddel & Becker (736G4) showed that dimerization of butﬁnol in carbon
tetrachloride could be detected at concentrations as low as 0,05 mol dm“B
at 250C, The association in alkane would probably be greater (3657,

More recent worl on the CZSE alcohol has suggested that self-association
in octane can be detected by infra-red spectroscopy at about 0,06 mol
dmm3 end shove (345a). Fletcher & leller (365) detected association of
octanol in decane at concentrations as low as 10“11t nol dmmz. Both

>4

. -3
octanol and dodecanol have been found to associate above 0,02 mol dm

in octane by infra-red and osmometric techniques (3606).

Solutions of 0.04 and 0,08 mol dmﬂj dodecanol in hexane have been
prepared and examined at 2500 by infra-red gpectroscopy using a Grubb-

Parsons Il spectrophotometer with 10mm silica cells, The spectrogram

for the most concentrated gample is preSented in Figure 38, For both
solutions a sharp absorption peak was obtained in the wave numbher region
of 3660 cm”]'e This can be attributed to the 0~ stretching mode of
alcohol monomers (3&5&,36&9366), Iowever, no broad hand was observed
in the region 3350 to 3500 cm_l. The absence of absorption at these
avelengths indicates that no 0~ stretching in hydrogen

slightly longer W

bonded alcohol could he detected.



FIGURE 38

INFRA-RED SPECTROGRAM FOR HEXANE CONTAINING 0,08 mol dm-BDODECANOL
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5.3.6.4 DIvidence for molecular diffusion

Previous experimental evidence for the role of molecular diffusion
in emulsion breakdown is notably sparse, althouch the diffusion process
has been implicated in this respect on several occasions (32941,42,88,
90)6 The same phenomenon can be observed more readily in solid dis—
persions (354-356) or foams (45). Kitchener & Mussellwhite (45) presumed
that the effect was less evident in emulsions where the oil solubility
is usually low, giving slow diffusion rates, and because of the difficulty
of observing droplets of the relevant gize,

Twenty years ago Kremnev & Ravdel (353) argued in favour of
"jgothermal distillation" of small droplets into larger ones., It was
estimated that benzene droplets of less than 0.1 pun in water would distill
inte larger droplets in a few seconds whilst those of 1.0 ym and 5.0 pus
would take several minutes and hours respectively. They proposed that
in the presence of a surfactant the redunced interfacial tension, and
to a lesser extent the formation of an adsorbed film,; were responsible
for a slower rate of distillation. Nevertheless it was considered that
digtillation contributea significantly to the observed rapid disappearance
of droplets with radius 1 pm or less from benzenc emulsions.,

Higuchi & lisra (19) have followed a very gimilar coursge in their
worl, but expanded the theory to predict the behaviour of a hypothetical
system consisting of an equal number of droplets with radius 0,5 and 1.0

m, The general conclusions from this simple case were considered to
€ o AL S IS

j i J :;ms such as
be approximately applicable to more complex systems such as a log normal

i i i i heor to explain the behaviour
distribution of sizes. The theory was sSeen P a

of carbon tetrachloride emulsions in various concentrations of surfactant

i ese 1 wantities of Nujol or hexa-
(Acrosol 0T) end in the prescnce of small g j

decane.



\

237

A somewhat more quantitative study by Kahlweit (367) revealed that
the brealidown of an isoamyl alcohol dispersion, measured as a change in
the size distribution with time, was predicted reasonably by Ostwald
ripening during the initial period of coarsening, Nixon & Beerbower
(324) have explained a sharp fall in the yield value of kercsene emulsions
with a high content of dispersed phase in terus of a rapid disappearance
of small droplets through melecular diffusion.

On the other hand Mallworth and Carless (71,92) have calculated
the expected rate of degradation for light petroleum and chlorobenzene
emulsions stabilized with SDDS, The demulsification rates of the petroleum
erulsions were found to be much faster than those expected from the
dis&bpearunce of 1,0 and 2,Gpm droplets by molecular diffusion. Molecular
diffusion could only account for the instability of chlorobenzene emulsions
or systems in which paraffin golubility was enhanced by solubilization of
the o1l in surfactant micelles. However, no account was taken of the
rapid increase in the calculated rate of molecular diffusion which would
arise if submicron sized droplets were considered, Similarly, the
increase in stability due to adding octadecanol (91,92) was found to be
several times greater than could be explained by the effect of a lower
interfacial tension on molecular diffusion, A similar observation has
been made in the present work., MHallworth & Carless (91,92) considered
that an interfacial barrier to diffusion, caused by the condensed mixed
£ilm could explain this discrepancy, but that coalcscence was the nore
likely demulsification process. The possibility of an additional
stabilizing effecct preventing molecular diffusion, which can arise from

the F. value of octadecanol in paraffin (Section 5.3.6,3), was apparently

d

overlooked,




From the present work it has been noted that the stability of
hydrocarbon dispersions in SDDS solution is highly dependent on the

chemical nature of the oil., The presence of 089C or Cl6 alkanols and

12
especially C

ip OF Cl6 alkanes enhance the stability of hexane emulsions.
The C16 alkane has been shown to exert a similar effect on benzene and
cyclohexane emulsions, The small droplets in the emulsions seem to be
particularly affected by the inclusion of long chain alkane. The process
of molecular diffusion is dependent on the solubility of the cil phase
in the continuous mediwm but the presence of a less water soluble
component in the 0il will retard emulsion degradation through this
mechanism., Goed correlation has been observed between the water g01-~
ubhility of the range of oil phases and emulsion stability and between
the effectiveness of an alkane or alkanol additive in stabilizing hexane
amnlsions and its oil-water partition coefficient. In the absence of any
evidence for interfacial effects in many of these systems it is con-
cluded that a major route for the change in interfacial area and increase
in droplet size with tine is the dissolution of smaller droplets and
the growth of larger ones.

Pise coalescence of oil droplets will also occur and its rate will
be affected by the extent to which molecular diffusion gives rise to
large droplets and accelerates creaming. The allane and alkanol emulsions

) =3 _ . T .
in 10 mol dm SDDS appear to be quite well stabilized with regpect to
coalescence and will undergo changes principally through molecular
diffusion whereas in the brealdown of aromatic 0il emulsions both
mechanisms will contribute. This is best shown by comparing the stability
regults of benzene and benzene + hexadecane emulsions., In both caseg

the separation of free 0il is significant but in the latter a far greater

atability of small droplets can be ohserved both vigibly and micro-

scopically.




Summarizing, it has been found that wide differences in emilsion

stability result from varying the nature of the oil phase whilst using

~ a particular surfactant (SDDS). According to Schulman & Cockbain (175a)
the most effective conditions for stability should be the presence of

a closely packed and electrically charged interfacial film. In some
instances the degree of expansion of the film at the oil-water interface
correlates with stability. However, in other cases wide differences in
stability arise when the expansion of the film and electrical charge

on droplets are not significantly different. These observations can

be explained either through differences in the ease with which the
surfactant film can be displaced, or by the effect of oil phase
gsolubility on molecular diffusion, The former mechanism has been used
previously to describe the stability of paraffin emulsions (71,92,126)
and the stabilizing effect of long chain alcohols (91,92) in terms of
the interaction of adsorbed species with 0il molecules. A number of

the present obsefvations cannot be accounted for in this way and suggest
that molecular diffusion may give rise to significant differences in
emulsion stability when the system is well stabilized against coalescence.
It should prove possible to elucidate the relative importance of the
interfacial and diffusion mechanisms through measurements on the
rheological properties of interfaces. Alternatively, a more precise
vanalysis of the changes in the shape of droplet size distribution

curves during ageing may prove to be informative (3470). The principal
problem is of course that the rate of molecular diffusion is largely
dependent upon particles in the submicron size range which cannot be
measured by light microscopy. The examination of a wider range of oil
phases may also give some indication as to the importance of molecular
diffusion. An obvious choice would be to include isomeric alkanes as

0il phases and particularly as additives (347d). For example, a branched



igomer with high carbon number and low water solubility would be
expected to enhance the stability of a hexane emulsion if molecular
diffusion was the main route of breakdown, but should have no effect
or even reduce the stability (by impairing the interfacial packing eof

surfactant molecules) if film effects and coalescence were important.

S

)

5¢%e7 The effest of surfactant concentration

et

A4

A namber of observations have been made on the changes in stability

for hydrocarbon emulsions as SDDS concentration is varied (Section 4,3.4),
Z

. . . wly - o2 -
An increase in concentration from 10 to 10 3 and to 10 mol dm 7

results in a progressive increase in stability.

-2

-

. =3 hna .
Below s concentration of 10 mol dm SDPS substantial amounts of

free o0il separated from all the systems studied. The area per adsorbed
molecule increases extremely rapidly as the surfactant concentration

3

mol dm ~. The increase in area per

Is

is decrecased from lOw2 to 10
adsorbed molecule represents a decrease in the surface charge density

on emulsion droplets, which is reflected in a sharp fall off in electro-
phoretic mobility and zeta potential (Figure 30). Thus, the potential
energy barrier to close approach of colliding or contacting droplets

ig reduced, It is sugrested that as the area per molecule increases

the electrical stabilization is further reduced since surfactant mole-—
culeg can be displaced more readily from droplet contact points (Section
5.3.5.3). Therefore, an increase in film expansion as the surfactant
concentration falls results in a progregsive increase in the coalescence
rate, It is notiéeable that free oil appears relatively rapidly in

2
those systems where the area per molecule exceeds about 0,60 nm ., This

ig illustrated by the instability of a benzene emulgion, even in 10

=3 2 -1
mel dm ? SDDS (area= 0,70 nm molecule ).




towe (58) reported that there was a minimum concentration of SDDS,
in the region of the cme, below which emulsions of mineral o0il exhibited
rapid separation of free oil, Rehfeld (173) made a similar observation
for SDDS stabilized hydrocarbon emulsions under centrifugation . It was
suzcested that the cmec corresponds to the highest degree of molecular
packing for adsorbed molecules and the greatest mechanical stability
in the interfaecial film, Additional reports confirm the progressive
increase in stability with surfactant concentration up to the cmc,
ander gravity (86,105) and centrifﬁgation (368).

Increased stability can also be ascribed in part to the increased
resistance to molecular diffusion (Section 5.3.,6) through a lower inter-
facial tension and possibly an increased barrier to interfacial mass
transfer (Section 503,633). However the contribution of molecular

: _ . -2 -
diffusion to emulsion brealtdown below a concentration of 10 mol dm
assumes somewhat less significance owing to the considerable changes
in the rate of coalescence,

The systems studied show an excellent correlation between the fall
in interfacial tension and increase in electrophoretic mobility as the
surfactant concentration is incrcased below the cmc., Similar observations
have been reported for the adsorption of SDDS (369) and other anionic
surfactants (370) at paraffin-water interfaces. Barlier studies
suggested certain anomalous behaviour (ie. a maximum in electrophoretic
mohility in the absence of appreciable interfacial activity) for various

anionics including alkyl sulphates (1&3), No such behaviour was observed

in the present work,

-2
As the concentration of surfactant is increased further, from 10

re

to 1()”1 mol dmﬁ) the limited number of obsgervations give inconclusive
- t .

results, A small fall in the stability of a hexane emulsion is indicated

. s ati i easarement of the rapid changes
although experimental variations in the mea ) } I hanges
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taking place could account for this, Alternative explanations for a
fall in stability are outlined below, No significant fall in stability
was found with a hexadecane emulsion. It seems that an examination of
the effect of surfactant concentration on systems exhibiting moderate
stability may be more informative,

The raising of the surfactant concentration from 10“2 to 10~1 mo 1
dm produces a megligible fall in interfacial tension. Previously this
behaviour hés been interpreted as evidence for little or no further
adsorption above the surfactant cme., Significantly, the measured zeta
potential falls slightly over the same concentration range, indicating
the absence of micellar adsorption (Section 1.3.%.2). The fall in
zeta potential occurs because the mobility of the droplets is a function
of both surface charge density and the thickness 1/}'(,1 of the eleectric double
layer, Doth these faclors are dependant on surfactant concentration. As
the concentration is raised an increasing excess of counter~ions in the
medium tend to reduce the double layer thickness (see Table 3»9) (371),
Increascd penetration of counter ions into the Stern layer will tend to
reduce the surface potential slightly. A fall in the electrophoretic
mobility (and zeta potential) above the cmc can be explained as a thinning
of the double layer, leading to a steeper drop of the repulsive potential
in the aqueous phase, without a compensating increase in the nunber of
adsorbed ions,

It has been reborted previously that cmulsion stability is maximized
at about the cmc of surfactant (sce above), Osipow et al (105) proposed
that the prescnce of micelles between adjacent droplets would favour
urfactant and reduce stability. At high ionic stirengths,

desarption of s

as when there is a high concentration of surfactant (or in the presence

of added clectrolyte), a reduced surface petential and thinning of the

double layer enhance the aggregation of drcplets (8?c), A high ionic




strength also favours a reduced thickness of the aqueous lamellae between

contacting droplets (45,88), According to Davies & Rideal (117a) the
net effect may be a large increase in the coalescence rate.
Alternatively, if the o0il droplets are well stabilized against
coalescence changes might he expected in the rate of molecular diffusion
as the surfactant concentration increases, In section 5.1.2.1 a mechanism
was discussed wherehy dissolved oil reduced the cme of SDDS by its in-
corporation in the hydrocarbon core of surfactant micelles, The degree
of cmc depression was apparently related to the water solubility of the
0il, The solubilization of ocil molecules within SDDS micelles can cause
relatively large increases in the water solubility of slightly soluble
substances (372), and provides a potential mechanism for the acceleration
of molecular diffusion, However, the change in molecular diffusion need
not necessarily parallel the apparent increase in solubility since the
availability of solubilized oil for transfer to large dropletls is open
to question. Probably movre inportant is the effect of increased droplet
aggregation on molecular diffusion as the surfactant concentration is

increased (Section 5.3.6.1).



Selt CONCLUSLONS

Over the years many aspects of emulsion stabilify have been studied
in detail. However, the importance of the chemical nature of the
dispersed phase in determining stability has received little attention.
‘In the present work four main techniques, namely the measurement of
interfacial tension, the stability of oil droplets at an oil-water
interface, emulsion stability and electrophoretic mobility, have been
used to study the effect of dispersed phase composition on emulsion
stability. |

The molecular structure of an oil-water interface is affected by
the nature of the oil phase when the latter is significantly polar
(228ab). Evidence has been presented to support the view that diff-
erent non-polar oils also affect interfacial structure, possibly
enough to influence the process of surface adsorption.

Samples of sodium dodecyl sulphate (SDDS) were carefully charac-
terized for use throughout this work.

The adsorbed film of SDDS at a plane air-water interface was found
to be of the non-ideal gaseous type at concentrations between 10~
mol dm"3 and the cmc. Considerable deviation from ideality is caused
by the ionic repulsion between surfactant molecules. This deviation
is reduced as the film becomes more expanded.

At any given area per adsorbed molecule it was shown that the
surfactant exerts greater surface pressure at the oil-water inter-
face than at the air-water interface, owing to a reduction in inter-
action between hydrocarbon chains of surfactant moleculés. There was
some indication that surface pressure may depend upon the effective~
ness of the oil phase in preventing this interaction.

At a given surfactant concentration the adsorbed film was invar-

jably more expanded at oil-water rather than air-vater interfaces.




at the area per moiecuie of adsofbed surfactant .

It was concluded th

can be affected by the chemical nature of the oil phase. The more
polar oils resulted in more expanded films. Slight differenceé were
detected for the adsorption at various alkane-water interfaces. These
were probably due to impurities in the oil phase although other poss-
ible explanations have been discussed.,

The inclusion of a small amount of alkyl alcohol into a particular
0il resulted in a considerable lowering of the interfacial tension

wing to the adsorption of a mixed surfactant film. The surface press-
ure arising from SDDS in the mixed film was apparently lower than when
alkyl sulphate was used alone. This may have been due to the reduced
adsorption of SDDS and/or a lowering of the effective repulsion between
the ionic species in the film,

The presence of an alkane mixture as the oil phase gave rise to
predictable surface pressure and molecular area data for the adsorption
of SDDS.

In general electrophoretic mobility measurements closely reflected
changes in the degree of adsorption. Slight differences in mobilities
were observed with alkanes, the shorter chain length oils producing
droplets witk a higher charge. This may have been due to differences
in SDDS adsorption. Alternatively the more rapid coalescence in emul-
sions of lower alkanes may have led to a closer packing of surfactant
at the interface. No significant changes in electrophoretic mobilities
were observed when emulsions were aged from one to fifty days. A small
amount of alkane added to the oil phase produced no significant change
in droplet charge. The presence o¢f alkanol in ﬁhe 0il caused a slight
decrease in mobility, either as a result of reduced SDDS adsorption
or through an outward shift of the shear plane.

The stability of oil-in-water emulsions was found to be highly dep-

endent on the nature of the oil phase . Those oils which produced



expanded interfacial films of SDDS gave rise to unstable emulsions.
Systems containing alkanol as the oil or as an additive manifested
enhanced stability because of the presence of the mixed film. In some
cases differences in stability could not be accounted for by differe-
nces in interfacial adsorption. For example, alkane emulsions were
found to have widely different stabilities although the properties

of their interfacial films were apparently similar. Also, small
quantities of long chain alkane were shownto exert a considerable sta-
bilizing effect when added to unstable systems. The possible explan=-
ations for such observations have been discussed. It was concluded
that emulsion breakdown may be due, at least in part, to the prefere-~
ntial dissolution of small droplets and "condensation™ of oil onto
larger droplets (molecular diffusion).

The coalescence rate of droplets at a plane interface is dependent
on a great number of experimental factors including temperature,
vibrations, droplet size and interface curvature. These factors have
been investigated and a standard procedure for droplet stability
measurement has been developed. Under controlled conditions droplet
coalescence rates showed the stabilizing effect of increasing concen-
trations of SDDS. The presence of added alkanol in hydrocarbon oil
led te a greater stability than when SDDS alone is present in the
system. This was no doubt due to the formation of a mixed surfactant
film.

The stability of droplets at the plane interfacgtmﬁ dependent
on the nature of the 0il phase used. However, the correlation with
emulsion stability was poor. It has been concluded that differences
in stability parameters for various oilswere attributable largely
to differences in film drainage in the systems investigated and

that the droplet stability measurements did not provide a sensible

indication of emulsion stability.

a Eriori
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APTENDIX I

Phe (33h A 111 Terat s a p 3 i i
The Gibbs Adsorption Fguation for a strongly dissociating electrolyte

at the oil-~water interface

At any interface there is a region of finite distance across which
the properties change gradually from those of one bulk phase to those
of the other (see diagram), The "interface" may be considerved as a
dividing surface (Gibbs surface) of zero thickness and volume,
pesitioned somewhere between the two planes AB and CD, The two bulk

phases are congidered to be homogencous up to the two planes.

7 e

Gibbs surface

Cl-=--=-=-=---1D

From free encrgy considerations at the Gibhs surface it can be

showvn that

g ar + A 4% + yn,du, = 0O
e ¢ 1 1
where S is the surface entropy, T ig the temperature (Kelvin), Ae
e
is the surface area, ¥ is the surface tenSTon ny is the number

of molecules of the i th component in the surface and uj is the surface

chemical potential.
Thus at constant temperature
A dl + En Jdu = 0.
e 1 i
Dividing by the surface area:-
ad + [ du , = 0,

1 1

where r;= ns/A which may bsdefined as the surface excess of the adsorbed
(<]

species in molecules per unit area.
: . . . + - 3 )
For the adsorption of a univalent clectrolyte (A B ) at the 0il (L) =

water ihterface six molecular and ionic speciles must be considered,

4+ e ot -
AT, BT, o

Pt

5 H20 and L, llence,




~a8 =T(A") du (W) + PE7) au (B) + PEY) aw (1)

+ o™y au (0E7) + M(11,0) du (m,0) + (L) du (L)

It is usually assumed that dissociation of water with respect tO
dissociating solute is negligible (though this may not be so in very
dilute solutions), Furthermore the Gibbs surface is definéd so that
the excess or deficit of both oil and water is zero. This condition
is enly physically reasonable for an adsorbed monolayer (117d) when
the two liquids exhibit low mutual solubility (203b),

Thus in terms of the surface excess of solute relative to the

bulk phases:-

-dd

i

M"Y au (&%) + M7 au (B7).

Since the surface phase is defined as being electrically neutral
(a9 M) = Ms)

and therefore

38

1

i

fj(AB) du (A&) + (aAB) du (37)
The chemical potential of any component may be represented by
. 0
u = U + RT 1n a ’
vhere uo is the standard chemical potential of the component and is

constant for a given substance at a given temperature,and a is the

activity of the component.

Now, du (A+) = RT Inea (Af)
and du (B7) = ®T Ina (B) ,
therefore
a8 = T'(aB) BT 1na (A7) + [M(48) RT Ina (B7)
or
- /emr = ['(aB) d 1Ina®

L . +2 + —
where o is the mean activity given by a-~ = & (A7) a (B ).

A2
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This form of the Gibbs equation differs from the usual form

by a factor of two., Thus the variation in surface tension with
activity for a 1:1 clectrolyte is twice as large as for a non-
electrolyte., The alternative form is derived in the same way
but with one lesscomponent in the original summnation term, The
latter form may also be used in the presence of a high concentration
of inorganic electrolyte (eg. Awa)Q Here the adsorption of NN
does not produce an appreciable change ip the surface concentration
of common ion; du(A%) and du (C7) may be neglected in comparison
with du (B),

The precise physical significance of "excess" concentration
(rj) requires some clarification. In the above argument the
amount adsorbed is measured by its surface excess, defined as
the extra amount of component in the interfacial region. by virtue
of the presence of the interface. DBy applying the alternative
convention of a surface phase of finite thickness (210) rather
than Gibhs surface, the total surface concentration may be
calculated (203&), For strongly adsorbed monomolecular films
there is no appreciable difference between excess and total

concentrations at the interface,



APPENDIX II

EASTMAN KODAK COMPANY

ROCHESTER., NEW YORK 14650

Aston University

Content has been removed for copyright reasons

Dear Mr. Smith:

We wish to acknowledge your recent letter concerning
the difficulties you experienced using our Dodecyl Sodium Sulphate,
chemical 5967. '

When this chemical was originally prepared, our
analysis showed 95+ percent Cyjp. We have now retested the material
by hydrolyzing the ester and analyzing the alcohol portion by G.C.
Our tests agree with your findings. This analysis indicated 71
percent of Cy,, 17 percent of Cys, 8 percent of Cy4, and 4 percent
unknown. Under the circumstances, we have removed this material
from stock and we are starting a new batch which should be available
shortly.

By a copy of this letter we are advising Kodak Limited
of your findings and we are sure they will contact you concerning
proper adjustment.

If we can be of further assistance, please let us

know .
Yours very truly,
DKBrophy:MC Eastman Organic Chemlca]s

i,

AIR MAIL A S .
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T LINE STATEMENT

CENGV S NSO

APPENDIX TIT PROGRAM FOR ANALYSIS OF DROPLET REST-TIME DATA
18/06/76
U _YIKOUTE Q=Cro
0 POUTPUTY 0=(po o
e _YSPACEY 20000 - -
] ‘EXTENDED{ L
-0 e L .. YREGIN' YCOMMENT: DROP STABILITY ANALYSIS MARKS;
N . _YREAL' MAX. TXHF:LI“ITT:LIMITdaServrSXSQ'SVSQFSXY:
k| IB'CIVA"IDEN QATE,LIm; =
i _YINTEGER! “d”vCODt.IrSUM'L,K'M,N:D,Q;
e . . L YARRAYY DROPS, TIMECYCLEfTIMES, TIMEREG,CORR,NUTCOALREG[]1:100Q01];
3 AR X 4 bER"ARRAV'NOTLOAL[b,sUNS[1 10001
4 A__CODF-=READ. MCOMMENT' SYSTEM COpEs _
.6 SNEWLINE (2); .
7 e WRITETEXT('(TSYSTEM%CODE® ) vy,
L6 .. PRINY(CODE,3,0); !
9. NEWLINE (1) . oo
S Le=0y Lo B e
11 NUk:=READ; *COMMENT' NUMBER ofF DROpS MEASURED
-1 : MAX‘“READ, CCOMMENT MAXIMUK {IFETIME SECONDS:
13 : NEWLINE(¢1):
164 . URITETFXT('('NUMBERXOFZDROPSZMEASUREO ')')L
1% PRINT(NUMAZ,0): ezl L EmeowlloTAun
16 - NEUWLINE (1)
17 L% ;urITFTrXT('(‘MAXLMUMKLIFETI%EZ(Sﬁcs)“)'7
18 R PRINTCuAX2:2) ;. - -
19 = CNEWLINE(2) . o
2y . WRITETEXT (s (! LIFCT[MESX(S[CS) )'):
21 T igone L-n1 TSTER®] FUNTIL® NuM +pOr *BEGIN®
2 - ~DROPS(IJ}:=READ; ‘'COMMENT! INDIVIDUAL DROP TIMES IN SECONDS;
24 il eadmes o CENEWLINE (1) : ST eBe LmeZziooo- =
25 PRINT(nROPS[I], er). -
26 - . =-UEND Y . N s £ =S
er . PAPERTHROW;
28 AR 'Jgi.qéiJCOMM&NT' CALCULATE KUMBER OF DRUPS KOT COALtSCED
2 AT GIVEN TIME: o )
28 ~  VFOR'TIME:=n 'STEPY Q.1 'UNTIL' MAX 10D0°
2y LT U 'YBEGIN'  SUM:=U jli=lael; -
3¢ - CEORTTs=1 YSYEP! 1 tyuNTIL' NUM 'DOV
35 tBEGIN'Y  1IF' ZR0PSLIY +GE' TIME 'THEN® .
24 SUM;=SumM+1; 'Enp'; -
36 r ~SUMSLLYI+=SuM; TIMECYCLE [{):=TIME; ) Lo cet
36 VEND!; ]
3y L. SUMSIO01:=500 MimU; TE 3
41 . tCOMMENT' SQRT DATA TO GYVE TIMES AT WHICH DgroPp
Iz ) NUMRER DECREASES 8Y INTFGRAL AMOUNTS;
41 UFORY Kgx1 1STED' 1 TUNTILIL tpO!
42 A _ _'BEGIN' U1F' SUMSLK] < SUMG[K=1, *THEN''REGIN'
45 MszM+i;
45 CNOTCOALES(m)i=SUMSIK];
L6 o TIMES[M]:STIMECYLLE[K); 'END';
L8 T tEnpt: L T
49 NEWLINE (1) )
59 NEWLINE(3);
51 URITFTtXT(‘(‘TIMF(bErs)szNnXNOTxcUALXAZZLNxNoncoAL')')
5¢ B ] NEWLINE (1) - i :
55 TFORY N:=1 1STEP' 1 'UNTIL® M pO? 3 o
56 ) JBEGIN! ’ : N
54 PRINT(TIMESINI/U,4); SPACEC(R): -

continued overleaf




APPENDIX  TIIT : continued

5( .. PRINT(NUTFOALESINY,Z,0): SPAFE(G):
57 ;i - CORRINY:=LN(NOTCYALES(N]): B
60 L R CRINTC(CORKINI O,4) ;SPACEC(LY S )
| 6¢ el UNEWLINEC1)P . .
63 v TEND S T e B
6l T . YPOR'H:i=1 'STEP' 1 SUNTIL'MipO* - o
65 e TCOMMENT'  VALUES UF  TiME AND LOG HNOT COALESCED ARE
i 63 . .._".... . OBTAINED OVER THE LIMIYS 5% TO LiMy TIME MAX;
| 6> * . . LIMy=0,3: o -
| 66 . L LABR: LIMITT 20, 05%MAX;,
‘ 67 e . LIMITOg=LIM=MAXS e
; 68 U PRINT(LIMITZ2,0,2); L e
: 6% L .. Pi=0: .
70 e iw lies . YFORY Nez1 FSTEP' 1 tUNTILY M ‘DQ°

71 - - LYBEGIN' 'IFY TIMESENI < LpMITT STHEN' 1GgOTOf LART;

73 S VTEY TIMESONY > LIMIT2 *YHEN® $GOTO" LAB1!
7h o PixsPeqg; . :
75 TIMERFGIPY:=TIMESIND;
76 .. NOTCOALREGIP):=CURRIN]; .
77 o LARTPENDYE o e mmr
B 77 78 o TCOMMENTY START  PEGRESGION 3} T
L. .78 78 . . SXe=ESYi=SXY . =SXSQi=syYSQ.s0,
79 7Y i W .. YFOR' Q:=1 'SYEFPY 9 TUNTIL' P DO ~ e
80 80 I YBEGIN'  SX:=SX¥TIMEREGIGY; : H
81 8¢ L o §Yt=Sy*novCoarrealQy:
£ 82 83 L. SAY:~SAYe(TImMEKea({QJ«NOTCOALREG(Q) ) ~ ;
.. 83 &u R SASC =0XSQ¥TIMEorGlRITL:
N &4 g5 ] SYSQ:=SYSo+NOTCnALREG[WITZ:
R - ) &6 e e YEND!Y; . . e -
E 1) 87 L A:=SXVaSX#SY/D; a ’
.87 8y . DEN:=SOFT((SXSQTSX4</P)Y(SYSA-SY1L/P));
88 89 el A L VIF'DENCI® UT(=S) CTHEN' 'GOTO LABS3] s
8y 9y L _ Ci=A/NEN; o
.90 1 . - Cneeie . NEULINE(Y)Y S ol e Lo o
91 9 . UNEWLIWE(1); e . -
92 95 L WRITETEAT(C (T LIMITYZZ ) 0 D e
. 93 94 o PRINT(LIM,1,2);
R X 9> . I WRITETEXT (' (' COKRELATIONYCOEFFICLENT ) )¢
: g5 G6 PRINT(C,0,L); :
T 964 9 Besh/ (SXSO-SX+2/P): 'COMRENT GRADIENT OF REGRESSION [k
Q7 98 L VARITGYSU-PE(SY/p)el-guRu(SXSOePH(SA/D)T2))
T 9 9y VARISVARI(P=2);
99 10U . VaRiEcgRT(VAR) S
100 1071 ) . YRITETEXT (' ('STANNARDYDEYIATION ) ')}
P 101 tue S UPRINT(VAR,U,LY;
102 103 NFWLINECTY
. 105 106 T tCOMMENT' CALCYLATE RATE COKRSTANT FROI GRAOLEWTS
T 104 104 RATE:=~R:
105 109 KEYLIKE(Y) !
i 106 100 ' WRITETEXT (1 (*RaTE CONSTANTLSEC=17)%);
o 107 107 o PRINT(RATE (0, L) )
108 108 - CWRITE TEXT ('('HALE TLIFF%SECSt) )i i o
1% 109 C OPRINT(N,69X/RATEO, 47 ‘ B : N
110 11U KEWLIRE (1) 7
111 111 ) HFEWLINE(S) !
114 1494 ) o LsB3. Livy=LiM¥0 05;
1S5 iis ) : CIETLIMCY  USFTHEREEGOTDY  LABZ o .
ith ik YEND'; . . .o R B
S GEGMERT AKXX LENGTR A28 B T
WO UF BUCKETS URED L B} o e e I . o
COMPILED HARXX CEC - - S e o S - e

* LiM:i=0,7 and LIMIT2:=0.01*¥LX where t :y) 1008, ’ !
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APPINDIX TV MOLECULAR DIFFUSION

i
E{
|
g&
‘}:

m N r . . .
The basis of the molecular diffusion theory is that very small
articles exBibit  geviati i i ical properti
Pt * deviations in their physical properties as
compared to larger particles or plane surfaces, Lord Kelvin showed
1 L v vmmn . - r . . . * .
that the vapour pressure of a liquid droplet is greater than the satur-
ation vapour pressure over a plane surface (355). In terms of fugacity
(f) one can write
nr 1m (22 /¢®) = w8 v /a V.1
t | - s °
AL . . o as ] oo |
where f is the fugacity of a small droplet of diameter d and f," 1s
" . y )Y “ ’ . .
the fugacity of the flat surface, ¢ is the surface tension and V is
the molar volume,
For the case of a single droplet of a spardngly soluble oil in
water, assuming lenry's Law to hold, Tguation (1) can be written
OQ)

d
nr In (C /C

= 2% M/ rp, IV,2

ow

d Koyl . cn e . .
where C and C are the respective golubilities of droplets with
radius r and radius infinity K(W{is the interfacial tension, M and
p are respectively the molecular weight and density of the oil, This
equation may be simplified to
‘d m ’7a
¢ = ¢ oexp (X /1) V.3
provided that & w and p remain constant for small particles, (To a
0
) : . a . .

first approximation I is assumed to be a constant although there is
evidence to suggest that 8 - and p change with particle size (347a)e

Higuchi & Misra (&9) gsucgested that an increase in solubility will

* r 3

result in small emulsion droplets being themodynamically unstable with
respect to larger oncs. An analysis of the rates of the dissolution
of small droplets and growth of larger droplets was presented, The
rate of growth or dissolution for a gspherical particle can be expressed

by the following equation when the process is controlled by diffusion

throush the external phase:—



G = 4nxbpr (¢ -¢&) , V.4
where G is the rate, D is the molecular diffusion coefficient of the

s . . s . q s
particle material in the external phase, C is the solubility of the

i C e o . .
growing or dissolving phase and C° is the concentration of the material

in the exlternal phase at a point remote from the particle (353%,359).
From Bguation IV.3 s
L8 o~
G = 47UDrx [C“’exp (x* /r) -¢C _J ’ V.5

From Bquation 1IV.5 and a consideration of the total mass of

the particle matervial dissolved in the system the rate of change of

radius of a droplet can be estimated (&9,353)° For a mixture of particles

of two different radii Ty and r,,; which grow at rate Gl and dissolve

at rate G, respectively, the rate of decrease of o will be

Lo

L waa B
drz/du = DC X n, (rz rl) , V.6
Yo N
el n.l}.l 1121'2

wrere n, and n_ are the respective numbers of particles with radius

1 2 )
: oo
¥ and Tye Higuchi & MMisra (49) calculated how small C  would have

to be to give only a 10% change in the size of small droplets in a

yeaxr (ie, a "stable" system), where ry o= 1.0 pm and ry, = 0.5 pm and
with equal number concentration of the two sizes, Using D - 5x10°

3 e o

sz le, Zfow = 1.0 mN mwl, M = 100 and p = 10

” - ) o0 c .
Cd>was 3x%10 8 leg dm 3. This low value for C was talten to indicate

that molecular diffusion may be important even for sparsely soluble

oils.

Thie presence of dissolved external phase in the droplet has a

negligible effect on the molecular diffusion rate (%9).

422 m ~, they found that

The addition of a third non-interacting component (y) to a disperse

phase (x) has also been consgidered (h9), Trom Zquation IV.,3 -



AQ

d
C (x) = €% (x) exp (i (x) / r) 1,7
and
a
¢ (y) = ¢F(y) e (& (y) /x) Iv.8
where K (x) and i (y) represent 2 8 \ / RT and V is the partial
ow

molal volume of component (x or y) in the droplet.
The €% terms can be related to the partition coefficients (Kd)

of the two components by

(. = ¢% ® .
Id 0il /'C water 4 IV.%a
go that
o0 v .
0% vater = C oi1/ T 3 1V.9b

From Rguations V.7 and IV,8:=

Cd(x) = C«>(X)oi1 exp (KM(x)/x) , V.10
K, (%)
and
) - (), e (W), W
x, (v)

Higuchi & Misra (49) concluded that the presence of the y component
will give rise to a pseudo-steady state situation where the rate of
degradation depends on the diffusive rate of x or y or both, If the
diffusion coefficients D (x) and D (y) are similar and K, (x)>» Kd(y)
then the degradation rate will be similar to that of component x alone.
However, if Kd(x)<5:Kd(y) then the diffusion rate of component y will
govern the degrzdation of the particle, the changes in the system
proceeding only as fast as the changes in distribution of the slowest
diffusing component. It was suggested that the degradation rate will
be retarded by a factor Fd given by:=

Foo= Ky(y)/K(x) S IV.12

d

According to this theory, the higher Fd becomes, the more stable the system

is with respect to molecular diffusion degradation.




Glossary

APPUNDIX

v

of symbols and abbreviations

1&.

chic

j=5

av

\:
at/do

E

area of interface available to each adsorbed ion or molecule

area of interface available to each adsorbed ion or molecule
at the surfactant cme

cross sectional area of electrophoresis capillary

Hamaker constant

cross sectional area of adsorbed ion or molecule

total area of a plane interface (Equation' 1,12 )
coefficients of polynomial equation (lquation 3.5 )

frequency of droplet collisions resulting in aggregation
(Equation 5.9 )

mean thermodynamic activity of a solute

cell constant for conductivity measurement

coalescence rate for emulsion droplefs (Bquation 5.10 )
carbon number (where n is an integer)

surfactant conceniration

droplet diameter

mean (lengthwnumber> droplet diameter of emulsion = ¥ nd
2 n
mean (volumewnumber) droplet diameter of emulsion =( Snd3 )%
in
mean (volume~surface> droplet dimaeter of emulsion = an3
2
an

ratio of mean volume diameter (d ) at a particular time to the
initial mean volwue diameter of emulsion

strencth of applied electric field in electrophoresis cell
end correction for Wilhelmy plate

force acting on ‘Wilhelmy plate

fraction of droplets coalescing with plane interface in a given

time = N_ - N/N
0 0

emulsion stability factor (¥quation 5.11 )

A0
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M

emulsion stability factor (Zquation 5.8 )

conductance

acceleration due to gravity (9.81 m 8_2)

distance of separation between two interacting particles
distance of separation between droplet and plane interface

activity coefficient of a solute (specified in brackets) at
infinite dilution

activity coefficient of a solute at infinite dilution in water

activity coefficient of a solute at infinite dilution in oil
conductivity (formerly specific conductance )

partition coefficient of a solute (specified in brackets )
reciprocal thickness of electrical double layer

Botzmann constant (1.380 5% x 10‘“23 J Kﬂl)

rate constant for droplet coalescence at plane interface
(Equation el }

length of “ilhelmy plate
length of elcctrophoresis capillary
thickness of Wilhelmy plate

pecometric mean rest~time for droplets at a plane interface
(Bquation 4.1)

nunber of droplets not coalescing at a plane interface after
a given time

number of droplet rest-times measured
5
nunber of droplets in lem” of emulsion
. . 3 .
nusber of oil droplets in lem” of freshly prepared emulsion

number of oil droplets in lem of emulsion after time t

constant (Tquations 1.1% 3,10 , 3.11) ; number of

emulsion droplets of a particular diameter (d) (in definition

of mean diameters)
. 0, . .
refractive index at 25 C and at the average D~line of sodium

excess number of molecules if ith. component in an interface

charge number (Iquation 3.19)

A1
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R

It

¥

w

i

t

t
d

t
max

t
mean

t
0

th

t

tl’ 2

vV

‘r“\L

a2

gas pressure (Dquation 1.9a )

density

distance of stationary level from outer wall of electro-
phoresis capillary

density of dispersed oil

mean separation distance hetween emulsion droplets

gas constant (8.31k4 J kml m01~1)

electrical resistance in electrophoresis capillary

droplet radius

radius of electrophoresis capillary

specific interface of emulsion

specific interface of freshly prepared emulsion

spreading coefficient

Absclute temperature

first order half-life from droplet rest-time data

time (droplet rest time or emulsion age)

drainage time for film between single droplet and plane interface
maximum rest-time

mean rest~time

minimum rest—-time

time required for film to drain evenly to thickness h

respective flow times of phases 1 and 2 through U tube viscometer
age at which emulsion creaming becomes apparent

age at which emulsion cream volume reaches minimum (negligible
coalescence)

age at which emulsion serum becories clear

age at which free oil separates from emulsion
electrophoretic mobility

volume of pgas (Equation 1.9a )

attractive interaction between two particles



ViR
VT

v

WA

WC

a-w
cme

CTARB
DLVO

DTAB

0 W

rpm

SDS

SHDS

w/o

o

o> X< (04 -

o

\54

repulsive interaction betwecen two particles

total interaction between two particles

velocity of particle migration in electrophoresis capillary
sedimentation velocity of suspended particles

work of adhesion

worlk of cohesion

zeta potential

air-water (interface)

critical micelle concentration
cetyl trimethyl ammonium bromide
Der jaguin=Landau and Verwey-Uverbeek theory
dodecyl trimethyl ammonium bromide
gas-liquid chromatography
hydrophilic~lipophilic halance
oil-water (interface)

oi1~in~w§ter (emulsion)
revolutions per minute

sodium decyl sulphate

sodiuwm dodecyl sulphate

sodium hexadecyl sulphate

water-in-oil (emulsion)

coalescence constant for droplet rest-time data (Equations
3,10 , 3.11 and 3.12 )

surface excess of solute
surface or interfacial tension
eritical interfacial tension for spreading

respective surface tensions of oil and water phases
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interfacial tension between 0il and water phases
respective surface tensions of phases 1 and 2
interfacial tension between phases 1 and 2
dispersion force contribution to surface tension
polar force contribution to surface tension
excess polar interaction at interface

apparent increase in weight of Wilhelmy plate when in an
interface

density difference between two phases
solubility parameter

dieleectric constant

viscosity

relative viscosity

ratio of relative viscosity at a particular time to initial
relative viscosity of emulsion

respective viscosities of phases 1 and 2

surface chemical potential of adsorbed species

surface or interfacial pressure (film pressure)

film pressurc due to adhesion betwcen surfactant molecules
kinetic film pressure

film pressure due to repulsion between surfactant molecules
£ilm pressure due to adsorbed SDHS

film pressure due to adsorbed aliphatic alcohol

film pressure due to mixed (SPPS + alcohol) surfactant

£ilm pressure due to SDDS in mixed film

geometric standard deviation (Zquation 4,1 )

volume fraction of o0il dispersed in cmulsion
ratio of crecam volume to total emulsion volume
Girifalco—Good constant (Equation 5.2 )
maximum volume fraction of dispersed phase

surface potential
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