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SUMMARY

The physical properties of concentrated solid-liguad
emulsion systems typical of materzals important in the pharma-
ceutical and cosmetic industries are investapated.

An ewulsaon 15 defired as a heterogencous systen consisting
of at least one 2muiscible liguid intimately dispersed an another
in the forit of droplets. However, 1t 21s noted that many
industrial oil-in-vater euulsions contzin high ameltaing peant
fats ond waxes so that the disperse phase is liquad at eclevated
temperatures but solidifies on cooling. fimlsion »ropertics
are reviewed fron the literature. It 1s coacluded that erulsi-
fication 1s a randou process so thet an eomlsien contains
droplets of varying sizec. The size distribution 1s best
described by a log-probabialaty relatienship. Previous investi-
gators have gencrally relied upon light microscopy for particle
size wcasure.aent but since submicron particles arce known to
exaist in some systens this methed is of linaited application.

Sizc analysis of a model erulsion using cafferent nethods
confarmed that the system contained submicren particles and
deuenstrated that extrapolation techniques are unreliable. It
1s concluded that no onc nethod 1s adcquuote for the wmeasurcneat
of the widc range of particle sizes that can cxaisl in cnulsion
systens and a coubination of centrxzfugal photosedimentoucter
and Coulter Counter 1s sugpgested. Coulter Counter neasuremenls
are shown to be subject to flocculation effects due to thc
presence of electrolyte and a neaas of overcoulng this s
descrabed. The centrifupal photoscdimentometer can only be
cnaployed using a homogencous suspension technique which is

also descrabed. Repeated analysais of the same sample using
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these two instruments suggests that the two nethods nay be
couparcé, at lcast over the common range of sizec. A nethod of
burldaing up a log-probability distrabution by a norualisation
process 1s described.

4 nuwber of oil-in-weler solic-liquid cnulsion systens were
preparcd by varying the type and conceatration of the ernulsafier.
A simple nethod of ultrasonic c.mlsification 15 descrabed whach
enabled the application of prolonged periods of irradiation,

Sone of thie physical characteristics of Lhe constituent phascs
of these cuulsions vere determined. The apporent densaty of
every systen was found to be less than the calculoted density.
Souc of the systens contoaned non-spherical particles and the
nunbers increascd with anercasced dispersc phase ratio. This
sugpests that the partacles are distorted by localascd close
packing cdurang the solidification stage of the euulsification
process.

Enmulsion dropletis have an ainterfacial failm of fanate
thickness with properties different frow the constituent phases.
These properties are probably influcenced by the presence of
inpuraties and feor this reason naterials of cormercial grades
of purity are enploycd an this i1nvestagation., Concontrated
emulsions exhibift couplex or non-lewtonian {low behaviour. There
is only qualatlative agrecment on the amplaed relationship between
the daisperse phasc particle size aad the flow behaviour of an
euulsion systen.

Flow bchaviour was neosurced using a Ferranti-Shirley cone-
and-plate viscometer. Most of the flou curves of the crulsion
systems exhiabaited hysteresas. The down curves were fitted in

a nuaber of cases by the Yailliamson cquatzion of pscudoplastac
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flow but noae -rerc fitted by the so-called structure cquation
of Shaagraw, Grin ond ilattocks. Using an interative method of
lecast squares tihe Jilliamson equation constaats were calculated
for the systeus under anvestagation.

For:imlataion factors are shoun to influence the partacle

size and the flow bechaviour of the cuulsion systens, in particular

the disperse »hase ratio and the concentration of the erwulsifzor.
Differences between otherwise siuilar systens appear to be due
to the nature of the ecuulsaifier, The aaomaly vetween apparcnt
and calculated cmulsion densities 1s showa to be consaisteat wath
the presence of aan interfacial layer whaich nay also account for
non-spheracal particles occuring in systens of disperse phase
ratio well below the theoretical close-pecking linit. A sannle
consideratlion of flow 11 terns of nass transfer enahled a
relationship between the vascosity at infinite shear rates and
particlc sizc parancters to be deraved. Thais appecars to be
broadly consistent with the experimental data. Alternative

theories arc considered and particle size, ond distribution of

size, arce shown to be among the niost important factors controlling

the [low behoviour of cuulsions. Some possible future

invesiigotions of tiis problen arce outlaned.
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CHAPTER ONE

GCNERAL INTRODUCTION AND BLCKGRQOUND TO THE STUDY

An ermulsron i1s defined as 2 hetercgeneous system consisting of at
least one immiscible liguid antimately dispersed an another in the form
of droplets, and 1s prenared by applyang shear to the system in order to
reduce the size of the dispersed droplets. There are many characteristics
of an emulsion, which differ from those of its 1ndividual constituentis.
For examnle, mixaing two liquids which individually exhibit siuple or
Newtonian flow behavicur wirll often result in a product with marked
non-NHewtonian properties. It 1s also widely recognised that applying
high shear rates to an emulsion product will increase its viscosity.
However, the relationship which may exist between droplet size on one
hand and flow characteristics on the other 1s imperfectly understood at
present and largely remains at a qualitative level.

mrulsions occur vwidely in industry, have a variety of industrial
applications and often forn the desrred end-product of a process.
Farrliar examples are the edible salad dressings and dairy preducts,
cutting oils, insecticidal and pesticidal products, rubber and pelyrer
latices, textile and paper finishes, polishes, paints and the various
pharmaceutical creauds and lotions. These exerplify the wide variety of
tyres that can exaist but it 1s the pharmaceutical smulsions which are of
particular interest since many of then contain high melting point fats
or waxes so that the daswerse phase 1s liquid at elevated temperatures but
solid at arbient conditions. These preparations are true liquid-liquad
emulsions at elevated temperatures when the two phases are mixed and
erulsified but cool to solid-liquid dispersions; they therefore combine
properties associated wath emulsions and with suspensions. To aillustrate
the frequency of occurrence of this type of preparation, nine of the twelve

emulsions in the 1963 British Pharmaceutical Codex fall into this category,
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as do forty of the fifty preparations described in a cosmetic formulary
issued in 1960 by the Atlas Powder Company. Inevitably each industry
has its own specialised requirements but materials as varied as rubber
latices, some milk products and wax polishes could also be classified
as solid-linquid dispersions although they are usually regardsd as
emilsions 1in the widest sense.

Industrially, practieal problems occur at all stages during the
development of zn emulsron product. For example, the viscosity of a
given formulation may change following the translation of a manufacturang
process from a pirlot scale batch to a factory bateh., Subtle changes an
the state of the dispersed phase may also occur on storage and vender
a product unsatisfactory for use. Certain types of equipment or certain
fermulation features are recognised_as yieldaing satisfactory products
whereas others do not; the exact reasons are less clearly understood,

This present study i1s concerned with the relationship between the
droplet size and the flow behaviour of simple erulsion systems such as
are found in the pharmaceutical industry. This may not only lead to a
better understanding of the factors that influence emulsion behaviour

1n general but also indicate possible solutions to practical problens

which are applicable to other industrial fields.
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CHAPTER TWO

REVIEYW OF THE LIT&R.ATURE: THE PRCPERTIES CF EMULSIONS
4ND THE INFLUENCE OF PARTICLE SIZR

2,1 Definition of emulsions, their preparation and theories of
emilsrfication

2.2 The properties of ermlsions

2.3 The rheology of emulsions and methods of measurement

2.4 The meaning of particle size and methods of measurement

2.5 The influence of particle size con viscosity of erulsions and
suspensions

2.6 Conclusions

2.7 Lines of enguiry follewed in this study.

2.1 Definition of emulsions, their preparation and thecries of
erulsification

2.1.1 Definitions and terminology

Becher (23) reviewed the definitions of an ermlsion and suggested
the following as a basis for discussion:-

Tin emulsica 1s 2 heterogeneous system, consigting of at least

one i1mmiscible liquad intimately dispersed in another in the form

of droplets, whose diarmsters, in general, exceed 0.1 p. Such
systems possess a nminimal stability, ‘hich may be accentuated by
such additaves as surface active agents, finely davaded solids,
ete, !

In this present work it 1s necessary to accept the qualification
suggested by liclachlan (303), since one phase can be solid at ambient
temperatures although at the time of emulsification the two immiscible
rhases are liquad. This will be discussed later but Becher's definition

1s satisfactory on most counts. His limitation on the lower size of

the disperse phase particles 1s clearly not intended to be anything other
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than a broad generalisation. Indeed, Becher himself recognised thas
since in a later section (p. 44) he stated that: '"Emulsions are
essentially unstable heterogeneous systems; they are partly dispersions,
partly colloids™; the use of the term, colloid, inferring sub-micron
sizes.

When discussing emulsions 1t is necessary to eclearly distinguish
each of the phases present. The phase present in the form of finely
davided droplets is salled the disperse phase; the phase forming the
matrix in which the droplets are suspended, the continuous phase.

Since two immscible liqurds are required to fort1 an emulsion

it 1s generally understood to refer to oil and water; for this reason

two distinet emulsion types can be shown to exist depending on which

coriponent 1s the coniinucus phase. These are by convention oil-in-water

(0il the disperse phase) or water-in-cil (water the disperse phase)
emulsions, econveniently abbreviated to o/w and w/o respectively, The
terminology 1s often extended fo systems in whiech the phases are not,
strietly speaking, either o1l or water and becomes inexact when con-
sidering multiple emulsions. In this present work, confined to a solad
"oil" phase dispersed in an aqueous system, ambiguity cannot arise and
the o/w convention will be retained,

Although the systems under investigation are stabilised by surface
active agents 1t 1s not proposed to discuss these materials in detail
since they are adequately dealt with in standard texts (157, 284, 391,
392, k20, 513). 4 surface active agent will be simply defined as a
substance which preferentially migrates to an interface between two
phases., (ther properties of surface active agents will be discussed

where relevant to an understanding of the properties of emulsions or

dispersions.




For out of olde feldes, as men seith,

Cometh al this newe corn froe yeer to yere;
And out of olde bokes, in good feith,

Cometh al this news science that men lere,

Chaucer, G.
The Parlement of Foules, 1, 22 (1380)
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2.1.2 The preparation of emulsicns

Baecher (23), Sumner (451) and others (143, 262) have reviewed
the types and operation of emulsifying equipment currently availlable.
The types can be classified into those which introduce one laquid
wnto another by means of orifices, by high shear, by ultrascnic
techniques or by simple agitation.

(a) Simple agitation

Direct mixang of the two phases 1s often satisfactory for
preparation of emulsions. The eguipment 1is generally of the propeller-
type (373) or the paddle and whisk type widely used in the food
industry. In many situations simple mixing is also used to prepare
crude emulsions before final homogenisation by a high shear method.

(b) ligh shear methods

These methods include the so-called ¢o0lloid mrlls in which the
dispersion 1s sheared between a stator and high-speed rotors of various
designs. The rotor, revolving at speeds from 1,000 to 20,000 r.p.n.,
fits closely to the stator face so that the emulsion must pass through
a gap as snall as 0.001 anch. The oppesing faces may be completely
srooth or roushened by a series of concentric or radial corregations.

(¢) Orifice honogenisers

In this type of emulsifier the mixture to be emulsified as forced
through a small orifice under very high pressure., Hand operated
homogenisers are used in the laboratory and are claimed (322) to be
useful for the preparation of standard ermulsions. Industrially such
homogenisers are used with pumps and have one or two stage valves
arranged in tandem. & simple orifice homogeniser consists of two
hypodermic syringes connected by a double-hubbed needle, through
which the liquids are passed back and forth. This type has a number
of advantages for the preparation of small quantities of emulsions

under controlled conditions, Some of the factors involved when using



Shangraw (115),

(d) Ultrascnic emulsifiers

Ulirasonic energy 1s applied to erulsion systems by mesans of
plezo-eleciric or magnetostrictive devices. The magnetostrictive
transducers overcome the difficulty of obtaining large piezo crystals,
thereby enabling application on a larger scale. The best-known example
of an industrial ultrasonic ermlsifier uses the principle of the crgan
pipe, the so~called Pohlnan "liquid whistle'' (263).

2.1.3 Theories of emulsification

r

All ermlsification qulpﬁent enploys a means of inereasing the
"

shear or applying cavitation fo a system in turbulent flow. Agcordingly
it 15 neeessary to consider the fragrmentation of l1guid droplets under a
shear flow, and the break-up of liquid jets. Sir Geoffrey Taylor, in his
¢lassical investigations into the forration of emulsions in definsble
fields of flow, showed ¢learly that under shear a droplet undergoes
distortion, elongates into thread-like filarents and subsequently

breaks up 1nto smaller dronlets (460, 461). The following figume 1s

1
-6 -
a low pressure capirllary homogeniser were investigated by Fox &
\
|
|
|
typieal of a drop breaking up under shear stress.

Fig., 2.1 The break-up of a droplet under aincreasing rates
of shear (371)

Rumscheidt & ilason (371) emphasised the fact that simple brnary
breakage did not always ogcur so that the breakage mode and, therefore, the

size distribution of the daughter droplets are the result of a random

proeess,
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Thus, 1t would seem unlikely that any emulsification process will
produce a monosize disverse phase and, indeed, a range of particle sizes
must occur.

Stamm (447) suggested that the method of preparation was a primary
factor in determiming ermlsion dispersaney. However, Clay (63) appears
to be the first to have drawn attention to another factor influencing
the state of dispersion, the growth of particles in an emulsion. In a
thorough 1nvestigation of the factors involved in the genesis of an
emulsion size distribution Clay showed that particles could coalesce by
either direct impaction in turbulent flow or by cchesive forces of the
type later discussed by Cockbain (65). Vermeulen et al, (383) correlated
average droplet size with stirring speed, geometry of the vessel and
physical properties utilising this principle. Churech & Shinznar
(62, 418, %419) demonstrated the coalescence effect, and evaluated
various emulsifying rachines. Rajagopal (340) proposed a hydrodynamic
rechanism for the daisruption of the anterface between two liquids leading
to the basic formation of the disperse phase droplets. Valentas et al.
(469, 470) investigated the theoretieal aspects of the breskage and
coalescence and proposed a n&thematical model.

It 15 therefeore surprising to find in the literature statements
sueh as that of Jurgen-Lohrann (202) who claimed that his laboratory
homogeniser would vrepare essentially mono-disperse emulsions, ilartynov
(268) chowed that a lamiting droplet size was achieved after a long period
of stirring, an implicit recognition of an equilibrium between the rate
of breakage and coalescence, HUttig (190, 191) reecognised that in grinding
or erulsification an equilibrium was produced which was independent of
the 1natial particle size. Rodger et al. (364) related the interfacial
area of droplets formed by turbulent fluid rmotion with equiprnent size.
Similarly, Cockton &.Vynn (68) evaluated emulsifying equipment and

emulsifying agents by determining the nuwiber of droplets a unit volume of
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0il had been broken into, Ilarshall & Tayloe (264) compared the
erulsifying efficiency of a number of machines by assessment of the
particle size distribution of the disperse phase.

It 1s generally agreed that emulsification proeesses will yield a
product with a spread of particle sizes., This was ncted by Clayton 8
korse (64%) and extensively confirmed (62, 331, 348, 393, 418, 448, 4k49g),

2.1.% Electrostatic emulsification

Although 1t has been shown that the majority of emulsification
methods yield a spread of droplet sizes, a method which ecould produce a
substantially monosize product would have a considerable advantage fron
the investigalilonal standpoint. This resulted in the suggestion by
Nawab & hason (304) of electrostatic enulsification for experimental
purposes.

Uhen a high electrical potentizl is applied to certain liquids
eontained in a glass tube ending in a capillary, the ligquid 1ssues
from the eapillery in the form of threads and, under certain conditions,
as a highly dispersed aerosol consisting of drops of relatively uniforn
size. The formation of threads, apparently diseovered by George Mathias
Bose 1n 1745, uas investigated further by Burton & 'hegand (50),

Zeleny (520 - 522) and theky (523). Vonnegut & Neubauer (307, 493)
produced streans of uniforn droplets about 0.1 rm diameter with potentials
of 5 - 10 kv, a.c or d.¢c., Uith liquids of low electrical conductivity
issuing fron a positively charged capillary mono-disperse aerosols with
particle radii of l.f:or less were obtained, Drozin (97) reported that
non-polar organic liquids with snall eleetric constants could not be
dispersed. However, Nawab & Mason (304) found that a metal capillary
enabled a wide variety of non-polar ligquids to be dispersed. The techanigue

was claimed to have many advantages for Preparing emulsions for research

purposes,
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Denier, in a French patent (86) i1ssued some nine years prior to
Nawab & Mason (lecc. cit.), claimed an emulsification process in which
0il was passed through hollow needles under a 30 - 200 kv potential;
this device does not appear to have been exploited cormereially.

sone groups of workers, notably those zssociated with Haguchi
(179, 241) appear to have accepted Nawab ° Mason's method uncritically.
Wachtel & La Mer (494, 495) stated frankly that 1t did not work and
produeed charged oil aeroscls by means of a Sinclair-la ller generator.
These were dispersed in the aqueous phase, The resulting emulsions were
claimed to be nono-disperse although the evidence for this c¢laim must
be viewed with caution. The method also produces a thoroughly aerated
product or foam, a disadvantage for most investigational purposes.

Hendricks (171) and Ryce (375) have continued these investigations.
Lingdblad & Sehneader (346) proposed an alternative methed in which a steel
capillary tube 15 tapped with a transducer to set up instabilities 1in the
liquid stream, and produced drops down to 50 p in diameter. The main
problem when preparing on emulsion is that of daspersing the droplets in
the eontinuous phase. Experimentally this has been econfirmed by other
workers in the field, notably Swift & Friedlander (455). Eleectrostatic
erulsifieation is not at rresant 2 useful cxperimental technique for
rreparing rono-size emulsions although this might offer a topic for
later investigation,

2.1.5 Ultrasonie emulsification

Using piezo-crystals oscillating at 300,000 eyeles/sec Wood &
Loomis (517) were the first to show that stable emulsions could be formed
when ultrasonic waves passed across sn oil/water interface although
Richards (345) eonsidered that the action of ermlsification was mainly

at the walls of the containing vessel. Rogowska & SBllner (365) showed

that the appearance of a paraffin oil/water emulsion depended upon the
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presence of air as a third cowponent., Later, SBllner & Bondy (31, 32, 445)
demonstrated that the rechanism was due to cavitation of dissolved gas
bubbles i1n the system, particles of disperse phase being disrupted when the
cavities collapsed, & fsect confirmed by Kruger (229).

Morozov (389) stabilised paraffin oil droplets without the use of
surface active agents, Bondy & SB8llner (31) havang earlier suggested that

dissolved gases could alsc act as stabilisers. Freundlich & Gillings

(118) used ultrasonics for degassing liquids. auerbach (11) extended thas
observation by suggesting that ermlsification could be achieved by purnping
two lrquids through a venturi tube, improving stability by adding surface
active apgents. He further suggested that high speed impellers alsc produced |
emulsification by a cavitation process, a suggestion which seems reasonable
following section 2.1.2.

Beal & Skauen (22) investigated the effects of ultrascnic irradiation
of an emulsion by a piezo-electric quartz crystal generator and fcund
there was a marked tendency to cause coagulation on prolonged exposure.
Singiser & Beal (433) evaluated two other ultrasonic devices, the
Pohlmarh "liguad whistle® device noted earlier and a barium titanate
tank-type transducer. The forwer, known as the Minisonic or Rapisenic
horogeniser, reviewed by Mzrghall (262) and heCarthy (295), was extrenmcly
efficient (155). The tank-type transducer was less efficient and
required gentle stirring to keep the emulsion components in contact.

Ostroski & Stambaugh (318) also considered ulirasonic polymer
emulsification to be an iuprovement over other emulsification procedures
although no size analyses were provided in support of this.

Rajagopal (335, 336) studied the particle size distributions of
emulsions prepared by ultrasonic emulsification and showed that they
were of the same order (A1 p) as those obtained in colloid mills. He

also demonstrated that the effect of continued irradiation was to
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increase the mean size of the particles and to broaden the size
distribution, presumably due to coalescence following droplet collisions.
The srtuation 1s probably even more conplex. For example, allinscn
found (4, 5) that there was a discrepancy between theory and practice
when considering the particle size, especially with snaller particles.
He suggested that this was due to pulsation of globules which deforred
to an ellipsoidal shape but did not disrupt.

Fren a consideration of the work referred to in the foregoing
section it was proposed to utilise ultrasoniec irradiation to broaden

the shape of the size dastribubion in emulsions prepared by simple uixing.
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2.2 The properties of erulsions

2.2«1 The interface

Since an ermlsion is a two-phase system the nature of the interface
and adsorbed materials have a ceonsiderable wanfluence upon 1ts behaviour.

Hatschek (163) speculated on the presence of an adsorbed layer at
the interface and the effect of the thickness of this layer on the
viscosity of the dispersion. Later Sibree (424, 425) found he had to
increase the allowance for an adsorbed layer, and sugiested the presence
of a hydrated layer of erulsifier. Sheppard (400) reported that ermulsion
stability was favoured by the presence of interfacial films. The
existence of the interfacial film and its importance in stabilising
emulsion systens has been confirmed by others (52, 77, 78, 93, 113, 213,
216, 255, 258, 316, 360).

Some properties of the interfacial film forming between aquecus
sodium oleate solution and various oils were investigated by Serrallach &
Jones (396) who later (397) made quantitative rmeasurerients on the strength
of interfacial films by pulling a platinum ring through the ¢i1l/water
interface. Shotton & “hite (421, 422) and Minzel % Zwicky (292) extended
these 1nvestigations to paraffin or olive o0il emulsified with acacia or
a number of surface active agents.

Accepting for the morent the point made by Osipow et al, (316) that
the interfacial film does exast and that 1t is the principle energy barrier
to the coalescence of emulsion droplets, it is useful to enquire into the
nature of the filn and its thickness.

Stamm (447) and Fischer & Harkins (113) coneluded that an expanded
monemolecular layer of soap was formed which in time condensed to a
rigid condensed layer.

King (213), considring stabilised emulsions, felt that the strength

and compactness of the filn were the rost important factors favouring
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stability, a conclusion supported by others (238, 458, 459), The
investigations of Schulman and co-workers using moncmolecular filns
spread on the Langruir balance provided quantitative evadence (388).
Water-insoluble materials were spread on solutions of surface active
agents and it was noted that some of the substrate solute penetrated
into the monolayer., Schulman & Friend (389, 390) found that a definite
molecular cormplex was formed between the inscluble material of the
ronolayer and the penetrating molecules. Vhen this occurred the corplex
film withstood greater pressure than either component alone. Pilpel
(326) later showed that interaction, and hence some sort of corplex
formation, occurred between waler and any third component normally
regarded as an emulsifying agent. Delgado (85) used X-ray methods to
investigate the structure of the interfacial emulsion films found with
olive and soya bean oils and showed them to be of a complex lapoprotein
nature. The significance of the interfazcial complexes for erulsion
formation was claraficd by the work of Schulman & Cockbain (388) who
reasoned that if conplexes could form at air-water interfaces they could
also forn at o/w interfaces. They coneluded that the conditions for
maximum stability of a o/w emulsion wore satisfied 1f the interfacial
film was charged, vas completely covered with charged nolecules and was
stable enough to keep the interfacial tension at a ninimun. The packing
at an interface was found to be densest when a distinet complex filn

was formed. Mixtures of surface active agents evidently form complexes
and ruch of the confusion arparent in the early literature nay well have
been due to the presence of trace quantities of inpurity which complexed
with one or riore of the components (for exanple, free fatty acids and
long-chain alechols in cils from natural sources). Alexander (1, 2

pointed out that adsorptien and desorption of stabiliser 1s much slower

than weuld be predizted from diffusion considerations and this in itself is
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indication of complex formation or steric hindrance at the interface.

The viscosities of interfacial films have been reasured directly.
Using highly purified materials Cockbain & McMullen (66) found that
there was no evidence of enhanced viscosity due to molecular interaction
between anionic, cationic or non-ionic detergents and oil-soluble surface
active materials. Davies & Layers (&%), using an interfacial viscormeter,
found a very high interfacial viscosity of a rmixed film of adsorbed sodium
lauryl sulphate and cetyl alcchol. Using essentially the sane apparatus
as Davies & Mayers, Carless & Hallworth (52) were unable to confirm this
result with purified sodium lauryl sulphate, in agreement with Cockbain
& MciMullen, tut found an extrenely rigid interface with an impure surface
active agent and cctadecanol. These conclusions all sugsest that purified
materials may yleld different results from the less pure commereial
products. Accordingly the materials selected in this present investi-~
gatrion were taken from cowmereial sources to ensure that the results had

some relevance to industrial produects.

2.2,2 The thiekness of the interfacial film

It was suggested in 1957 that maxamum stability was obtained uf
equimolecular coneentrations of surface active agent were present in
the o1l and water rhases and sited at the interface (238, 274, 283),
preferably (283) above its critical micelle c¢oncentration (CMC). Tt
follows that the interfacial film 1ust have a finite thickness. Hatschek
(loc. ¢it.) included a factor for the thickness of this layer without
giving dimensions. van der Yaarden (479) concluded that during flow cof
emulsions all oil droplets, irrespeetive of size, behave as if they were
enveloped by a rigid layer of 30 - 35 I thickness. van den Tempel (476),
investigating the distance between ermlsified droplets upon coalescence,

found that the droplets were always separated by a water film of at least

100 & thickness. This film was reduced 1n thickness by the presence of
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electrolytes but the results suggested that other repulsive forces of
a steric nature were operative at distance: between interfaces of less
than 125 %, This observation is consistent with the suggestion of
Sherman (410) that adsorption of the emulsifying agent occurs at the
water-o1l interface, resulting in the development of nolyrolecular
layers when the surface active agent concentration is in cxcess of its
CKC. He also nostulated that the disperse phase particles nay be linked
together by orientated rmultilayers of ermlsifier i1n concentrated emulsions,
However, experimental investigations of the dimensicns of the
interfacial falm indicate thicknesses sometimes in excess of those
suggested above., Kremner & Soskin (227) obtained values in the range
of 0.01 - 0,024 p (100 - 240 2). Fiourovskiy & Futran (110, 111) found
the effective thickness of eulsifier layer in the presence of 0.1%
sodiurt oleate to be 0.25 - 0.3 P incrcasing to 0.5 - 0.55 p with 0.82%
sodiun oleate. From geometrical considerations Hartynov (269) deduced
that the thiekness of a gelatin film around heptane droplets was between
0,106 and 0,108 P+ Rajagopal (334) calculated that an interfacial
failn up to 100 R thick could account for the increased viscosity of snqall
droplets, with a film thackness of up to 2000 % for larger sizes.
Shotton & White (423) deduced that the filn in their ncacia-stabilised
systems wis elastic and up to 0.1 p thick. In the subsequent discussion
of this paper Janus mentroned gelatin films of up to 0.17 P thicknress
which he suggested were highly hydrated. Sherman, in the same discussion,
also gives examples of monoglyceride-milk protein complexes of 0.3 P
thickness.,
Correnting on theoretieal approaches to the flow behaviour of
suspensions of spherieal particles, looney & Hermcnat (286) found that
1t was necessary to anclude a factor for an increase of hydrodynamic

volure due to the presence of an adsorbed layer, the nature of which was
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not specified. Saunders (379) had to make the sane correction when
measuring the rheological properties of monodisperse latex systems.
whitmore (507) found that a layer of dispersing agent of at least
100 - 200 £ wos necessary to prevent coagulation of polymethyl
methacrylate spheres suspended in aqueous solutions, the thickness
increasing for saaller particles.

It must therefore be concluded that in most emulsion systems
there 15 a rigid (or almost so) film about 100 £ thieck at the oil-
water interface which can in some cases make a significant contributicn
to the behaviour of the emulsions,

2.2.5 The ragidity of emulsion droplets

Emulsions are generally regarded as suspensions of deformable
liquid droplets. Mony pecple have found 1t neeessary to take into
consideration the viscosity of the internal oil phase, the anterfacial
film merely transmitting tanzential stress from one phase to another,
However, this view appears, in practice, to be unrealistic., In 1927
Bond (29) showed that fluid spheres should rise at a velocity 1% tires
that of a sclid sphere of the same diarmeter and density according to
Stokes' Iaw., Bond & Newton (30) showed experimentally that drops and
bubbles below a ecertain critical size hehaved like rapid spheres.
Richardson (347) and 3roughton & Squires (43) ccneluded from viscosity
data on stable emulsions that the particles were small enough to behave
as rigid spheres. Taylor (460) showed theoretically that cairculation
patterns would be detectable inside a fluid droplet and this has been
confirmed by Mason and his co-workers (20). However, Mason (273) also
reported that the presence of an interfacial filn induced by impurities
or added surface active agents instantly stops internal e¢arculation.

Thus, when an interfacial film i1s present droplets behave as rigid

spheres (npwpare tae significante of impurities on the interfacial faln,
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noted in Section 2.,2,1)., Nawad & Mason (305), investigating the viscosity
of dilute emulsions, found that the bchaviour of some systems could be
satisfactorily explained 1f internzl eirculation existed. Many of their
systems, however, behaved lake suspensions of rigid spheres, Leviton &
Leighton (242) found that Taylor's work could be extended to the viscosity
of emulsions of milk fat in skim milk. On the other hand, Sherman (405),
investigating concentrated erulsions of various types, concluded that the
viscosity of the 1internal phase was of no significance in most cases,
Sherman (410) surmarized the situation by pointing out that if
emulsion droplets do bchave as rigid spheres, the viscosity (and
constitution) of the internal phase does not require consideration.
Thus, equations developcd for the flow properties of solid suspensions of
spherieal particles in liquad media {(of which there are many) should also
be applicable to eimlsions.

2.2.4 The shape of emulsion particles

Taylor (460) shewed that above a certain size liquad spherical droplets
would deform under shear. Swift & Friedlander (455) caleulated from
Taylor's results that 1 P droplets of Unity 01l (paraffin oil) would only
deforr from sphericity at a shear rate in excess of 106 sec.—l, con-
cluding that the drops renaincd spherical for all practical purposes.

The implicit asswaption that the dispersc phase particles of an
emulsion are spherical droplets hos been a cenvenient starting point for
rany investigations of ermlsion systers, such as those of Lawrence &
Mills (237). This assumption is not always justified. Axon, in the
discussion to his paper (14) suggested that emulsions containing
cetylalechol (similar to those investigated in the current work) tended
to have a crystalline appearance if the ratioc of cetylalcohol to ligquid

paraffin was greater than 8 : 5, liinsor (513), describing an emulsion

as a dispersion of spherical droplets of one isotropic liquad in another,
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extended the definition to include a dispersion of an 1sotropic liquid
1n a laquid crystal, or vice versa, and noted that the equilibrium form
of the droplets may not aluays be spherical. Phapps (324), investigating
the supercooling behaviour of dispersions of hydrocarbons of high
rolecular weight, found that the particles were sometimes slightly
irregular in shape, whereas glyceride varticles were usually unifermly
spherical, Similarly Simpson & Cavanagh (431) reported that some of
their nitrocellulose lacquer emulsion particles had a wrinkled appearance
owing to the rigid nature of the interfacial films. Schulman & Cockbain
(383) noted that the water envelopes in w/o emulsions were frequently
irregular.

Martynov (271) pointed out that a non-spherical surface may have a
lower surface energy than a spherical surface enclosing an equil volume
and found that a dodecahedron has a lower energy than spheres of
equivalent volume below about 10_6 cm radius. £4n alternative explanaticn
1s required to explain the presence of larger polyhedra in concentrated
emulsions. This appears to be provided in terms of the ‘polyhedral
drop foang", or honeycombs, descrabed by lianegold (256) in unstable
close-packed emulsions with disperse phase ratios 1n excess of 0,74, the
thecretical limiting value for close vacking rigid spheres of equal
diometer. ILissant (247) extended this 1dea to a consideration of the
geometrical shapes produced by close packing of i1nitially spherical liguad
drops 1n very concentrated systems.

2.2.5 The size of emulsion dronlets

From hydrodynamic eonsiderations such as those of Taylor (460)
1t would be anticipated that there was an upper limit to the size of an
emulsion droplet which is imposed by the flow pattern around 2t, a

conclusion drawn by Troesch (466) and confirmed by Hinze (18%a), Bath

these authors gave theoretieal formulae for the maximum size likely to
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be encountered under a given set of conditions. Kaufman (203a) extended
these cobservations and shored that there are two hydrodynamic rcgions,
from R, 2000 - 17,600 and 18,000 - 53,000, which yield different values
for particle size of variocus oils in water.

There 1s however some difficulfy when considerang the lower limit
of particle size which could be encountered in an emulsion system.
Part of this difficuliy i1s philoscphical in nature and i1s iwnposed by,
for cxample, the definition of Becher (23) noted in 2.1.1. To overcome
this difficulty it is necessary to agree with the views cof Sennett &
Olivier (395) who dieeusscd this preeise point. They pointed ocut that
the classical, and to some extent current, definition of the colloadal
state 15 in terms of sizc alone; a lower limit of 10 - 50 R and an
uprer of 0,1 - 0.2 R being generally accepted. The upper limit is
arbitrary, as is Becher's lower limwt for emulsions, in that it was
chosen to ceincide vath the smellest particles visaible with the light
microscope. Dispersions smaller than about lJD}lare generally considercd
to be sols and those in excess of this value, suspensions. '"hereas thecse
terms are useful for conveying an 1dea of the particle size, emulsions
and suspensions can exhibit colloid properties and should be so treated.
lany of the propertiecs associated with colloids such as Brownian
movement, diffusion retes and light scattering phenomena 7re associat.d
with particle size., Other factors such as rheology and stability are a
function of the nature and the extent of the surface or fiuid interfacc.
The saize of colloidal particles is therefore largely an incidental
quality except insofar =zs it affects the degree to which the surface
forces arc manifested. There is therefore no reason why an emulsion
particle should not be small enough to be considered a colleid in

classical terminology.

Yhat then is the smallest particle size which is likely to be
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encountered in an emulsion eystem? The ultinate limitation vas discussed
by Gogoberidze (128) in terms of the dispersed phase vanour pressure.

The lamitaing vapour pressure of a curved surface from the Gibbs-Kelvin

Lav 1s that of the atmospheric pressure, and the limiting size of a water
droplet was shoun to be of the order of 10-8 e, Leuis (244) and others
(112, 159, 160) related surfece tension and droplet radius of curvature.
Cassel (55), dascussing thernmodynarmic adsormtion on to curved surfaces,
derived an expression similar to that of Gibbs-Kelvin and proposed the
idea that emulsions are only stable 1f the interfacial densirty of the
emulsifying falm 1s greater for larger drops than for thaose of smaller
curvature, suggesting that small partieles vers unlalely to exist. Hosever,
Hartynov (269) showed that, because the surface tension of a droplet
1nereases when the radius decreases, the vapour pressure of snall drozlets
mast be grealer than that calculated from the Kelvain equation. A likely
limiting value 1s therefore between 10_6 and 10-8 en1 radius., Although
these relatacnships apply to spherieal particles, 1.e., curved svrfaces,
dalton (51) revorted that the Gibbs-Kelvin equation can be applied to
polyhedral particles,

From a practieal stanrdpoint i1t should be pointed out that emulsion
droplef sizes vell below Becher's laimit of 0.1 J have been reported in the
literature. Droplet diameters in the transparent emulsions investigated
by Boweolt & Sehulman {33) were of the order of 100 - 500 2, Ewulsions
prepared by van der 'faarden (479) had diameters varying between 250 aad
9C0 x. Kiyara et al. (217, 218) reported particle sizes in ranges bei.een
80 and 200 pp, finding up to 304 w/w below 80 Pp in some instanees.

Lueas (251) found that rubber latex particles were generally below 0.1 B
and chylomicrons have a size range extending down to 150 2 (26).

Schoenholz & Kamball (383) showed that braght-drying wax polish emulsions

had particles in the range of 0.05 - 0.1 Py the particle size decreasing
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if the emulsifier/wax ratio was incrcased.

2.2.6 Electrical effects at the oil/water interface

Although evaidence for the existence cof an interfacial film has
been reviewed 1t 1s also necessary to consider the presence of an
electrical charge on the oil droplet interface. The existence of a
surface charge was recognised by Lewas (244) and can arise by icnisation,
adsorption or frictional contact. The distincticn between ionmisation
and adsorption becomes blurred when discussing emulsitons stabilised
by 1onisable surface actaive zgents., Although there 1s little experaimental
evidence, Becher (23) considered it likely that the charge on non-ionic
emilsions arises from frictioral contact between the disperse vhase and
continuous medium. a5 a rule of thumb measurement, the charge at the
particle interface wath a cationic emulsifier 1s positive and waith an
anicnic erulsifier, negative. Nevertheless, as recognised by Helmholtz
and modified by others, the layer of charges at the interface must be
balanced by others of opposite sign. Stern (450) postulated that the
layer was in two parts: one, approximately one ion in thickness, remains
fixed to the interfacial surface. In this layer, therefore, there is
a sharp drop in potential. The second layer extends some distance into the
liquid disperse phase and 1s diffuse, with a gradual fall off in
potential into the bulk of the liquid. The notential at the shear plane,
the so-called zeta potential, can be measured by electrophoretic
techniques which, in themselves, provide good evidence foyx the presence
and magnitude of the interfacial charge. van den Tempel (475) repcrted
an experimental determination of the Stern layer potentizl and
demonstrated that it was lowered by an increased salt concentration, The
nagnitude of the cherge has considerable 1nfluence on aggregation and this

cbservation 1s inportant when considering the use of the Coulter Counter.

The charge clearly prevents particles of like charge approaching closely
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and, although on exact quantitative treatment has proved difficult,
Vervey & Overbeek (486), preceded by Derjaguin (87), analysed the
problert of the interaction of two double layers. They showed that the
total interaction between droylets 1s the sun of the repulsive
electrostatic force and the atiractive van der Waals forces. These
latter forces, dependent on the polarisability of the rnolecules
comprising the droplet, are only effective over a short distance
whereas the electrostatic repulsion has a nuch longer range effect. A
nodern picture of the situation taken from one of van den Tempel's

recent npapers (478) 1s as follows:-

» DISTANCE (h}

Fig. 2.2 Showing hov interaction energy depends on distance
between dispersed particles
A shallow minirum an the potential energy curve is generally
present a2t particle separations of the order of several times 10"6 Cil}
this 15 called the “'secondary'minirun to distinguiesh it fron the prirary

minimum of the potential energy where the distance between the particles
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15 of atomic dinensions. The depth and position of the secondary
minimum are deter ined by the types of forces operating between the
particles. The attract:on, deternined by the depth of this maininun,
results 1n reversible agsregetion where particles in an aggregate
are still separated by a thain layer of the continuous phase, and c¢an
clearly affect thc viscosaty of the dispersion.

2.2.7 Coalescence, aggregation and flocculation in emulsions

Although enulsions are inhevently therwodyanamically unstaoble
systenis they can be "'stabilised'.

The subject of erwlsion stabality has been reviewed by Becher (23),
Garrett (121) and Griffin (143) amongst others. Instability is
characterised by droplets coalescing into bigger droplets untal,
ultimately, the etulsion has separated completely into two phases with
a rininun interfacial area hetween them. During the coalescence process
two particles wuust come sufliciently close for thew to cohere, the two
interfacial filns aust rvpture and the two o1l droplets cotbine to fori:
a single entity, a process studied by Cockbain & ..cRoberts (67) and
H1ll & Knight (185). Brown ¢ Hanson (44) reviewed coalescence during
extraction procedures, znd drew attention to the formation of secondary
droplets during the coalescence process.

Particles rmey grow baigger by collision-induced coalescence but there
1s another growth »rocess by diffusaive aging. This was considered 1a
detail by Revdel ? Kreunev (341) and Higuchi (177, 178). The process 1s
obviously dependent upon the drffusion coefficient of the solute in the
continuous phase. In the case of insoluble non-polar materials such as
paraffin o1l it is clearly very low but for the volatile materials such
as benzene or dibutylnhthalate on vhich the theory has been tested the

diffusion coefficient 1s mucn haigher., This mechanisn is emphasised

because solid disperse phese erulsions cannot coalesce in the sare way
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as ligquid-liquid systems. The only way the particle size distribution
can chenge, therefore, is by a diffusion process which an the present
case must be very slow.

The differcnce between floceulation and aggregation must be
considered to be cne of degree, the former being at long interparticle
distances (secondary min:i mum) and the latter being due to van der Vaals
and London forces. Hence floccules are much wore readily broken up by
shear forces (344). It secems likely that flocculation as, in fact, the
inirtaal stage of “creaning', the particles being drawn together by
Brownian mowvement until they are more tightly packed into aggregates.
It could be argued that emlsion systems, especirally those showing
non-Newtonian flov behaviour, are already flocculated, the measureaent
of viscosity at low shear retes being an indirect measurement of the
strength of the links involved in the formation of floccules (487, 452).
axon (13} maintained thot the effect of the emulsifier was simply to
cause a differencc in the aggregated state of the globules. The i1dea
has been explored by Sherman (410), and investipgated an detarl for kaolwn
suspensions by Michzels & 3olger (280, 231).

Mima & Kitasori (282) reported that o1l droplets stabilised with
acacia were flocculated even in dilute concentrations. The phencmenon
was reversible and reached eguilibraum flec size distribution rapidly.
The flocculation deended on the drop concentration, the size
distribution of the pramary dronlets ond the amovnt of salts present.
is mignht be antacipated from the above consideration, a relationship
was found between floc--size ond the erulsion stability.

2.2.8 Solid~licuid dispersions

Mention of sclid-liquid daspersions has been made previcusly. It

15 the tern preferred by Phipps (324) to distinguish them from true

erulsions, or liquid-liquid dispersions. Ihscussing emulsions stabilised
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by solids, Verwey (484) pointed out that emulsions stabilised by surface
active agents tend to become more stable as the interfacial proeperties
of the dispersed droplet approach those of a solid. liany emulsions in
modern formularies and pharmacopocias are, strictly speaking, solid-liquid
dispersicns. The formulae often contain high melting point fats eund
waxes such as the long-chain fatty alcohols or paraffin waxes which
solidify the cil phase, thereby preventing the droplets from coalescing.
Such preparations may still flocculatz, aggregate and “cream" but these
properties are reversablce wnd may be slowed by increansing the vascosity
of the continuous phase or adding suitable surface active agents.
Hewever, the fundamental studies of such systeis are rclatively few at
rresent. Phipvs (loc. cit.) studied the supercooling of solid-liquid
dispersion systeus such zs glycerades and haigher paraffins and later
(325) reportcd the nocleation behoviour of such systens. The only
strictly fundamentol study has been thnt of Hollingshead, Johnson & Pethica
(133) who 1nvestigated the electrophoretic mobility of octadecanol
dispersions in water as a function of pH, salt concentration and
temperature. van den Tempel (477) published a theoretical account of the
mechanical properties of triglyceride particles dispersed in vegetable
oils but this is outside the scope of the present enquiry. Vol'fenzon
(492) investigated o w/o system 1n vhich the o1l phase was solidificd
with high melting point waxes but this too is not strictly relevant.
Griffin (143) sives an account of the practical aspects of solid-liquid
dispersions but 1s mainly erpirical in has approach.

However, other solid-liquird dispersions are also considered as
emulsions in practice. Bitumens (464), rubber latex (251, 474), wax

polishes (383) and polymer ermlsions (157, 449) have all received attention.
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2.3 The rheology of emulsions and methods of measurement

2+3.1 HNewtonian and non-Hewtonian flow

Viscosity is defined as the tangentaal shearing force per unit area

that will produce a vnit velocity gradient, 1.e.,
ér

where "]?15 the shoare stress (dynes/cma) and &X.the rate of shear in

-1 r
sec. 3 the »roportionzlity constant 7 15 the ecefficzent of vascosity

in polses (dirensions LL_lT"l)

. A plot of stress vs strain (rate of
shear) for a ilewtonian material is therefore linear, passing through
¢che origin, with slope = 7 » @5 shown 1n Fig, 2.3 (a). Concentrated
dispersions do not obey this simple Hewtonian relationship. Characteristae

forms of the stress-strain curve are showm 1n Fig. 2.3 (a) as follows:-

(a2) Banchom flow (Plastic flow)

The flow curve 1s linear but does not pass through the orrgin,
the 1ntercept on the stress axis being known as the yield pownt. Thas
1s considered (265) to result mainly from a network of floccules wiich
requires a definite shearing stress before 1t can begin to move, Such
materials are rarec.

(b) Pseudoplastic flow

Unlike Binghan bodies the flov diagrams of pseudoplastic materials
show no yield value but pass through the origin. The curve 1s non-
linear and the viseosity 1s not constant at different rates of shear.
liaterials characterised by this type of flov are cormon and it is generally
considered to be due to alignment of particles resulting in continuocus
vhase being squeezed out at high shear so that the systewns are sometires

ealled ''shear (rate) thainning" (265).
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Fig 2.3 (b) FORMS OF HYSTERESIS LOOP OBSERVED

a. Dilatant material

b. Bingham body

c. Upcurve loop shown by 12% agueous bentonite

d. Loop and spur shown by 2% aqueous carboxymethylcellulose
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(¢c) Dilatant flow

Dilatant nrterzals exhibat an increase in resaistance to flow with
inercasing shear rate, 1.e., 'shear thickening'. It i1s demonstrat.d an
concentrated suspensions, especially with large numbers cof very fine
narticles which "re deflocculated but tightly packed. It 1s probably
due to the inatial cxpansion of a tightly packed bed which rmst first
take place before novemcnt under stress ¢on occur. Becher (23)
observed that this behaviour i1s apparently rare in erulsions.

2.3.,2 Thixotropy

Green (141) described the hysteresis loop occasionally observed in
the flow dragrom of non-Newioninn naterials as thixotropy. Thus the
curve of strain ¥g stress cbtained by prozressively zncreasing the stress
does not coincade when the stress is gradually decreased, as shown in
Fig. 2.3 (b). The hysteresis loop results from a progressive breakdoun
of a gel-like structure under stress and 1s sometires described as a
reversible 1sotheriial sol-gel transformation. It is a dynamic process
and there seens little doubt that the viscosity relationships for
thixotropic natcrials chould be plotted on a three dimensional axis with
ordinates of stress, strain and time. Green (loc. cit.) discusses
various means of giving a quantitative expression to thixotropy, the
mest favoured of which 1s the arca of the hysteresis loop (332, 333).
dowever in 1947 Carver & wan ‘'azer (S4) described o concentric cylinder
visconeter which could be made to suddenly rotate at a censtant speed.
The photograghic traces of tirme vs force for an aluminium soap solution
in petroleun produced a characteristic maximum Just after rotation was
commenceds From these traces 1t was deduced that the material had
A ¢ross bended structure which was partrally destroyed under shear.
van Wazer et al. (481), 1in a textbook discussed this phenorenon in a

qualitative fashicn. The following diagram is taken from their bock to
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show the type of rewresentation which it is felt is more realistic,

if a method of measurewment could be found:-

Rate of shear — -

a .
“s

Shearing stress ——-

Fig 2.4 A complete flow curve for a rheopectic pseudoplastic
liguid at a given temperature and hydrosﬁ@c pressure (481)

Cheng (58, 59) investigated the phenomenologcal characterisation
of the rheological behaviour and presented a mathematical defanition of
thixetropy,

2,3.3 Iquations for the characterisation of non-Newtonian Fflow

In order to treat and investigate non-Newtonian flow 1t is desircble
to be able to reduce the flow curves to nathematical terms.

It is likely that a concentrated emulsiocn system can be regarded as
completely flocculated at rest., As shear forces increase the system is
progressively broken down ainto smaller and smaller floccules until
ultimately, at an infaimite rate of shear, the praimary particles of the
gystem arc behaving as indivaduzl entities. it each point on the up-
curve the floccule size, the number of particles constituting the
fleoccules and the roporticn of continuous phase locked away in the centre
of the floccule must vary. .The down-curve is drawn after the floccule size
has becn reduced to a minimm end should be amenable to mathematical
treatment simce many of the variables have been overcome, the systenm

behaving as 1f it 1s constituted of individual particles,

The viscosity at infinite shear ratcs is relevant to direct
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particle-particle inter-etions and will be influenced by the particle
size distributlion, It 1s difficult to define infinite shear rates and
attenpts 2t direct measurcment might also involve breakage of the
primary particles. The vaiscosity at infinite shear rates rcquires to
be calculated by ertrapoletion of data obtained at lower shear rates
using the dowm-crrve as o representitive pseudoplastic curve.

4 nurd r of eugprrical eguatioans and several with a theoretical

basis hive been proposcd to describe non-Newtonisn flow, Shangraw (398)
oxamincd the anplicability »f these to several sets of shear-stress daia

and concluded thet the 'tillirnscon ecustion (510) provided the best fit ol

experirental and theorctiecal drta. This equation in linear form is

written os:-~

P=f+Mr+ N 8- sF/S (1)
(M

vhere ? o tae slope of the tangent, f the infercept on the stresc

o
w18, I is the fotal shesring stress, S the rate of shear and s is a
constant which determnncs the degree of curviture. The constants in
this equztion, f, s ond 9 hove physical meaning. Despitce the

o

cxecellence of fit of the Yillianson equation Sheth (416) noted th-t
there were sonc objections, aainly that the asyrptote to the curve
appeared to be too far reiaoved from the curve when compared with actuaxl

flow curves. Shangr-w, Jraa & Hattocks (399) nodified Yilliamson's

equation and proposed the so-called Structure Bouation:-
F=f+5=-b g (2)

vhere b =
v

1
iy

coefficient of viscoelastic resistance and a is a constant

to which the arbrtrory value of 0.001 was assigned in order that valucs
~as X

of € should have a useful rmagnitude. Thas relationship was derived

fron a eonsideration of dota obtained with a suspension of solid
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materials in agueous metiylccllulose; its wider applicability does not
appear to have been cxplored further than Sheth's investigaticn

(loc. eat.) anto corn o1l emulsions in the sare vehicle. It will
therefore be necessary in this present investigation to determine the
applicability of both these equations,

2.3.4 Theories of cmulsion structure

Discussing a new nethod of measuring thixotropy Goodeve & Whitfield
(121) advenced the concent of friable links existing between particles
of a thixotropic syster; links which broke under shcar and reformed in
the steady state. Thas theory was developed more fully by Goodeve (129,
non-Hewtonian viscosity behaviour being considered to consist of two
parts, one Newtonian and the other attributed to interference betwecn
particles and the formation of links. The particles were considered
to be in layers so that when links were stretched and broken a series
of iwpulses (a transfer of momentum) occurred between stationary and
rnobrle layers. The amount of each pulse was shown to be inversely
proportional to the rate of shear and the nunber of impulses (per
second) proportional to the rate of shear. The product, the total force
due to the links, 1s therefore independent of the shear rate. There were
obvious diffaiculties with this picture, assuning flow te occur an
layers being one, and 1t trkes no aceount of the heterogenacity of
particle size. Goodeve visualised the presence of links of different
length and strength but, agiin, no account of the time factor was
attempted.

Williamson (510) anticirated some of the features of Goodeve's
theory and his paper nakes the first mention of flocculation as a
contributory factor. As noted previocusly, Carver & van wWazer (54) found
that they had 1n pert a means of neasuring the breakage rate of the

particles. van Wazer et al. (481) proposed an egquation for pseudoplastic
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Tlow based on these considerations nd Cross (81) modified this equation
cn the assumption that pseudoplastic flow is assoclated with the

formation and runture of siructural linkages. This wis also an

empirical equotaon but resembles the theoreticcl one derived by

Cldroyd (313). Gallespie (124, 125) re-cxamaned Goodeve's thcory by
calculating fron xinetic considerations the number of elenentary

particles 1n o representativcaggregate ab a given concentration and found
the concept useful. Cne other useful concept, duec to Gillespie (126},
which requires mention is that the ermlsifier layer rust enter into the
interaction. Since the distance of separation is small even with spherical
particles there rmust be a definite crea of contact, not the point contocts
visualiscd by Goodeve (log. cit.).

Rebander (1954) eonsidercd thixotropic structur s and
distznguished between irrcversible condensation structures and those which
sre perfectly reversible to form a thixotropic network.

Takano (1963) hes olso used a network model in whach particles arc
linked at randon by thernal and mechanical lanks. These were distinguished
into two types 1n the stationary state: the primary links which are
celongated without the scprration of neighbouring particles in an instant,
and the secondary links, which are broken and roforred reversibly in -n
instant. He took 1nto consideration particle size and the mean free energy
of activation for breaking links to calculate the number of interparticle
links. The theory, appliczble for only very low shear rates ( <ilO sec#l),
was explored by Takane & Kambe (1963) for suspensions of bariun sulphate
in o1ls . The value of this otherwise interesting approach w:s diminished
by a failure tc define particle size or distribution of size.

Various qualitative expressions of the same theory have becn
published 1n recent years. Ford (114), Williams (508, 509), Moore (287),

Matsumoto (275 ~ 278), Vol'feazon (492) and Bujake (47) nave all
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interpreted flow curves on crulsions and suspensions in terms of a
network structure with reversible time dependent bonds.

2.3,5 The measurement of flow properties

In recont ve-rs the methods aviilzble for the ne-~surenment of
viscesity and rel~ted flow properties have becn reviewed extensively
(265, 300, 412, 4B81).

(a) Types of viscometer

McKennell (431) classified viscometers according to the type of
physicil measurement enployed, the commonest typec being as follows:-

I HMeasurement of the rate of flow in z capillory or tube

{Cstwald)

IT The rcte of motion of = solid through the sample fluid
(Hoeppler)

IIT Rotationzl viscometers

(1) Measurcment of the torsional couple on a suspended selid
element due to the viscous force transmitted through the subject medaiun
by a second elcient in wotion {e.g., coaxanl cylinder of Couette type).

(11) Heasurencnt of the rotational velocity of = cylinder or
similar elerent imaersed in the fluad (e.g., Stormer viscometer).

(iii)} YXeasurerent of the reacticn torque duc to viscous traction
cn 2 s0lid elerment rototing at a knoun rate ain the fluid. The
Ferranti-Shirley and ''eissenberg conc-plate viscomcters operate on this
»rinciple, the rotating element being 1 disc with a slishtly ceonical face.

IV heosurenent of the denping of a vibrating element irmersed in
the fluad.

The Bendix Ultraviscoson neasures the decrement of free vibrations
of a reed oscill~ting at ultrasonic frequency in the longitudinal mode.

(b) Selection of a viscometer for emulsion systems

4s discussed 1n Scctions 2.3.1 and 2.3.2, enulsion systenms,
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especially when concentrated, demonstrate comvlex or non-Newtonian

flow behaviour. The choice of viscometer 1s thus limited by thas
consideration alone since rnny types such as the falling-sphere and
ultrasonic reed vasconcters ace not suitable for demonstrating
pseudoplasticity or thixotropy. Cr the other types only the cone-plate
viscometer vwrovidee unifern shesring conditions throughout the sample.
.5 noted by Sherrnoa (412), the principal practic:l disadvantage of
ezpillar instrumncnts is their unsuitability for studying the effect

of tirme of shear on viscosiiy at any given rate of shear, ind hysteresis
effects, since the sample an the capillary 1s changing all the tine.
These critacisms, therselves sufficient to discount use of capillary
instrurients, arc to some extent off-set by the fact thnt end-effects do
not oceur; there 1s no Weissenberg effect (due to normal components of
stress) and there are no tcuperature fluctuaticons or structure changes
brought 2bout by shearing. Shernan's investigations (401 - 411) were,
1mtially at lerst, carried out on capillary visconcters, nainly because
higher shcar rates cw be achicved than with coaxizl instruments, thus
extendang application to a wider ranme of flow behaviour.

The measurement of viscosity in a coaxial cylinder instrument results
in a torque being trans.ntted through the test sample to an inner or
outer cylinder. The rate of shear thercfore varies from a maximum at the
rotating cylinder surface to a minimum ot the surface of the other
cylinder. The rave of shear gradient cin be minimiscd by a suit-ble
design in which the thickness of the sarple layer is small. The
gifficulties have becn described by McKennell (481) who also discussed

the influence of shear induccd heating brought about by shear in the

swunple fluid. These considerations resulted 1in the develepment of

cone~plate instruments, typified by the Ferranti-Shirley visconcter and the

Ueissenberg rheogenzorieter.




The essential elenents of the cone-plate viscometer are shown

in the followany ~° —-—-
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Fig. 2.5 XIle wents of the cone-plate viscometer (431)

The cone, 2, 15 & slightly conical disc, the apex of which just
touches the surface of the flat plate, b. The sample is contained an the
narrow gap betwecn the corne and plate (the angle yp being exaggzerated
for clarity). The cone 1s ariven at a known speed and, in the case of
the Ferranti-Shirley instrument, the torgue on the cone is rieasured by
rmeans of a dynamometer. Cone angles down to 0.30 have been used, the
smaller angles being preferable since end 'effects (akin to end effects
an the coaxial cylander viscoieter) are reduced to negligible proportions.
In addition, shear induced heat is rapidly dissipated and the volume of
sariple 1s extreuely srall, as little as 0.1 ml being requared.

(¢} Hethods of rotating cone-plate viscometers

The eans by which the cone 1s rotated 1s important when considering
the application of a cone-plate viscometer, in particular the meaning of
the results obtained from it,

Green (140) was the farst to point out that investigations upon tire
dependent flow properties such as thixotropy reguired viscosity reasure-
ments at snoothly increasing rates of shear. Green noted that the

necessity of a gear change whilst increasang the rate of shear could
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produce anomalous results for a thixotrepic systen. He therefore
designed a concentric viscometer which McKennel (298) criticised but
acknowledged that the drave of the Ferranti-Shirley instrument was
designed wath Green's comments in mind.

In two current coumercial instruments of the cone-plate type
(‘leissenberg rheogonicneter, Haske Rotaviske) the cone is driven throuzh
gears by a riotor whereas on the Ferranti instrunment the drive 1s by an
electronically controlled motor, providing continucusly variable cone
speeds up to 1000 r.p.n. Vith this instrument there is a flat load-
torque/speed characteristic; that is, the cone speed is substantially
independent <f load changes due to variations in viscosity of the sample
under shear. Therc is therefore no necessity to stop the rotation of
the cone whilst chanming speed and the speed of rotation can be accurately
determined from a potentioneter. OCn the Yeissenberz instrument there arc
snall but fanite stefs in the speed réngé whilst cﬁénélng gear and 1n
the Hezake viscometer the steps are somewhat greater,

To summarase, from the foregowing considerstions the optimum type of
design for the investigation of concentrated emulsicns would appear to be
a shallow cone-plate viscometer, preferably one in which the cone speed
1s 1ncreased by a continuously variable speed drive withcout the steps
associated with the use of 3 gear box. The only comrercial instrument at
present available which fats these criteria is the Ferranti-Shirley cone-
plate viscoueter. This instrument, craitically reviewed by Slettery (437)
and by van “Jazer et al. (481} although not 1deal (176) appears to be
better suited for measuring flow properties than other instruments

prreviously employed in this type of investigation.
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2.4 The meaning of particle size, and nicthods of measurement

2.4,1 Particle size distributions

In practice 1t is rarely found that all the particles i1n a systen
under examination have the same size parameter. Accordingly, size
measurements on polydisperse particle systems indicate the probabilaty
that a given particle picked at random has a specified size., Thus the
particle sizes reported for any material are associated with their
frequency of occurrance; being the number of particles, or the weight
greater or smaller than a stated size, or range of sizes. The purpose
oef a particle size i.casurerment technique is to discover the true frequency
distribution of particle size, erther as a nurber distribution or a
weight distraibution.

2.4.2 The forn of size distribution for ermlsion systenms

Jellinek (193) suggested that 1t was unlikely that emulsions
prepared by different methods and with different ‘materials would have
similar mathematical forms of distribution. Nevertheless, Herdan (172)
noted that many systems appearcd to obey some standard forms of dis-
tribution function such as arithmetical or logarithmic forms of normal
(Gaussian) distribution, or exponential distributions of the Boltzmann
Law type.

The earliest attempt to derave a statistical funetion of this tyme
was by Rossi (1933) who considered the mechanism of subdivision zs a
random process. Rossi's model had certain deficicncies which Dobrowsky
(94), van den Tempel (474) and Lederer (240) attempted to overcone,
Jellinek (193), however, found that Rossi's equation fitted experimental
data for homogenised bituren except for the largest particles present,

Troesch (466) applied statistical theory to the brealidown of droplets
under turbulent flow conditions, and deduced that the droplet size

frequency followed a normal Gaussian distribution. Brodnyan (42),
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consicering ermulsion polymecrisaticn nrocesses, found that in some cases
radii were distrabuted normally although in other exarples a log normal
distribution occurred.

However, a Gaussian distribution i1s absurd i1n many ways since 1t
inplies that a fraction of the particles, even though a small one, has
to be expressed a2s having negative diameters (449)., Cooper (70, 71)
found that the Rossi equation (vide supra) appeared to apply only to the
main drops in the emulsion. The presence of small daughter droplets
always means that the size daistribution i1s skewed and this also applies
to a Gaussian plot. However, empirically, cne method of removing this
skewness (that 1s, make the distribution more evenly spaced out) is to
rlot it as a function of the logarithm of the particle size. Kottler
(222), 1n 1952 reviewed the use of a logarithmico-normal dastribution
and cites exanples back to 1924%. Although Kottler's analysis of the
statistical sspect of the log ncrmal distribution was confined to
rhetographic ermulsions, he deronsirated that 1f a distribution was not
linear when plotted on log-probability paper 1t was an indicaticn that
the sample contained at least two different populations.

Mugele & Evans (291) critically compared Rossin-Rammler and
Nukiyama-Tanasawa distributions with log-probability plots and showed
that the first two were largely unsatisfactory. They found that the
log-probability equation predicted the general dastribution trend
correctly for moct date and gave geod results for the rean diameter
calculations, These authors showed that the emulsion data of Harkins &
Beeman (15.) and of Cocper (;gg. cit.) fitted this presentation satis-
factorily despite the cxtrenmely small size of the emulsion particles.

Gwyn, Crosby & Marshall (154) considered bias in particle size
analyses resulting frou the use of a log normal distribution. liany

analyses indicate the existence of maximum size classes but the log normal
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distribution is in fact infinite in extent. Thus the results tend to be
biased, an occurrence implicitly recognised by Mugele & Evans. Gwyn et al.
assumed that the sample was tsken frem a population with a true log
nornal distribution and adjusted the data for bias. Relevant to the
results in this present investigation was the suggestion that the
analysis could be carried out in two parts, a few particles being first
counted to establish the central portion of the distrabution, and a
larger number of particles falling above, say, 5% of the total distrib-
ution based on the ceniral portion., As nosed by Gwyn et al., 1f a single
distribution applies over the entire range of sizes the curve for the
upper range will exactly, or very nearly, coincide with the extension
of the curve for the central portion of the distribution.

Rajagopal (33 derived a rigorous proof of the log normal
distrabution by considering the randomness due to violent brealup of
the interface during cavitation, the formasion of daughter droplets, the
disruption due to collisions and coalescence due to the same c¢ause. The
process was considered as a ilarkoff chain and the empirical applicabilaty
of a log-probability law to emulsicn particle size distribution was
placed on a firm theoretical basis,

Schwarz (393) introduced a so-called universal distribution law
and this was later amplified and confirmed in two papers by- Schwarz &
Begemer (25, 394), However, this eguation, derived on statistical
grounds, 1s also a variation upon the log normal distribution. From the
data supplied by these authors the equation appears to be less universal
in application than their claims suggest, and the law does not appear to
have been applied by other workers.,

There ar¢ a nuaher of advantages 1n utilising a distribution law of
the log normal type to describe a particle size distribution, as

discussed by 8mith % Jorden (440). Thus, on a number basis a particle
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size distributicn i1s defined uniquely by two parameters, M, the
geometric mean particle diameter, and Chg, the geometric standard
deviation., Both these parameters can be readily obtained by plotting
the size dastribution data a5 a cumlative undersize curve on log-
probability paper, a point also brought out by Koller (223). 1In
establishing line of best fat Kottler pornted out that preference should
be given to those points lying closest to the mad-value of 50 cumulative
ver cent. Due to the distortion of the probability axis the distance

by which points are disploced from a straight line becones increasingly

significant as one considers points progressively closer to the 500 mark.
For this reason some investisators such as Drinker & Hatch (96) fit the |
best line to those points withan the 207 to 80, limits, ignoring points
ocutside these marks.
Lgpenscheid et al. (104) craiticised the use of log normal das-
tribution functions obtained from light scatteraing data. They suggested
that this wes a neuv distributicn function with different parameters and
physical properties, and coined the term =zeroth-order logarithmic
distribution. However, Honig (189) wornted out that the suggested
distribution function was readily reduced to the usual log-normal
distribution fuanction and thas vas the only cne which could be determined
experimentally.
One other ap-roach deserved menticn since the method of presenting
the size analysis 1s unique. 3Broadbent % Callcott (39) suggested that a
s1ze analysis could be presented in the form of a matrax, leading to
the derivation of a single garameter, the breakage function, (71r), which
was defined as the proportion of particles that =re broken during a
grinding process. This ap»roach, developed 1n a series of papers (40,
51, 46) 1n the contert of coal grinding 1s interesting although 1t does

assume that the chance of breskage is the same irrespective of the particle
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size, Furthermore, ia 1ts suggested form 1t could not be applied to
emulsion systems since no account 1s taken of coalescence, a necessary
feature of emulsification processes. Nevertheless, the concept of
vresenting the size analysis as a matraix is an attractive mathematical
model since 1t is not necessary to assume any "law' controlling the
emulsification process and 1t might be possible to derive a single
paraneter to describe any one distribution. .rbiter & Harris (7)
extended the concept to include a time relationship in grandang but
the approach does not appear to have been used ain the context of
ermulsions and tmight he a fruitful approach for a future investigation.

To summarise, there 1s considerable agreement that a size distra-
bution follows a logarithnic-normal distribution, being characterised by
the mean size and the slope, or standard devaation. Thas distribution
can be plotted on log-yrobability paper and, although a relatively
insensitive method of presentang results, it must be regarded as
satisfactory when considering such factors as sampling error and
repeatability of a particular size analytical method.

2.4.3 Methods of particle size analysis

The Society for Analytical Chemistry published in 1963 a
classification of wmethods for determining particle size (376). This,
supplemented by the standard textbooks on the subject by Herdan (172),

Crr & Dallavalle (315), Rose (367) and Cadle (51) and review articles such
as that by Scarlett (381) are sufficient background. It is not therefore
proposed to discuss the methods i1n general but rather select certain
aspects for comment and deal with two methods, the Coulter Counter and

the centrifugal photosedimentometer, in detail.

(a) llicroscope measurement of ermulsion particles

Most of the work carried ocut on correlation of properties of

emulsions to the particle size of the disperse phase has relied upon
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optical microscopy for the particle size measurement (Table 2.2).
The microscope has the advantapge that 1t is direct and 1nexpensive but
the measurements in themselves mey he extremely lengthy and tedious.

Hounting technicues for emulsions have been discussed and described
by Simnonite (423). The erulsion under examination must first be
diluted before mounting znd various dilution media have been proposed
including aqueous fselatin, acacia solution and diluted polyecls such as
glycerol or propylene glycol (243). Various technigues have been
described for examinaing the particles and classifying anto size groups.
The samplest form utilising a micrometer eyepiece or calibrated graticule
has been widely ermloyed (115), Harkins & Beeman (158) used a nrojection
mierosecpe, thereby reducing eye strain and imwroving the accuracy of the
method.  Smith ¢ Grinling (439) iniroduced a counting teghnique using a
haemocytemeter slade =nd Coeckton & Wynn (68) improved this by using a
shallow Helber counting chamber. Ievius & Drommond (243) eritrcised
the previocus pajers and sugnested a canera lucida method which they
found to be an immrovenent over the counting teehniques, Fhotographic
methods were emnloyed by, for example, Cooper {70) who measured the
particle size fron »rints. FPhotomierography of emulsions is difficult
since particles in the micron range exhibit Brownian movement, necessi-
tating very short exposure tines with subsequent loss of econtrast.

The necessity of sizing larre numbers of particles to obtain
meaningful resulis has received sonie attention, the most serious attempt
being probably that of Fischer 2 Harkins (113) who counted 50,000 particles
in each of their systens. However, as discussed by Becher (23),
statastieally significant counts can be obtained with only 300 partieles.
- count of 300 particles will result in a cunuiative distribution in

which the error at any volue w2ll be less than 8% (P = 0.95) and to

lower this to 5% would require a count of 2960 particles. Kaye (205)
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also discussed this point and showed that errors arising from sampling
were such that a tenfold increasc in count only produced a slight
increase of accuracy.

Cooper {70, 71) carried out the classical critical evaluation
of microscope sizing methods for emulsions. He pointed out that
photographic methods were lamited by the depth of focus since no lens
is availablc whick can gve a clear imape of particles of 1 p or less
and yet have a depth of focus of 20 y, the thickness of a haemocytometer
cell. Direct visual counting, in whach the focus of the microscope can
be eontinually varied, wes found always to show a higher value for the
number of particles in the smallest size range, eonfirmed by van Kreveld
(480)., as the partiele approaches the wavelength of the incident light
the resultant halo makes estimation of the aetual particle diameter
extrerely difficult so that sizaing of particles below, say, 2 p cannot
be sarried out with 100 effacrencv, a point also confirmed by
Sayior (380}, Lucas (251) noting that rubber lattices eontained
particles well below C.5 p, attempted to improve the light mieroscope
. by reducing the vavelength of the radiation to the ultraviolet range
(A =2573 8). The technique was extremely difficult since the source
was not stable. van den Tempel (474) showed from Lucas's data that
there was a considerzble number of particles present in his system below
the visibilaty laimat of 0.12 P rrobably ~ore than 607 being below the
limit. wvan den Tempel considered the use of the light microscope for
such small particles to be aweaningless and favoured the ultramicroscope
vhich can be used to detect and count particles down to 0.02 p diameter
but is unable to differentiate particle sizes.

although Cooper showed that microscope measurement of particles

below 2 R wa2s of limited value the method has continued to be used up to

the present, King (213) implied thab misleading results were occasionally
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obtiined when correlating emulsion stability with particle sizes of

0.5 - 1 P diameter. Kncechel (219) and Knoechel 2 Jurster (220),
investigating o/w ecaulsion stability, discussed the inability of the
microscope to take into account sub-micron particles, concluding:-

"The experimentsl evidence indicatcs that the presence of sub-visual
particles could lead to uareliable velues for various diameters and
interfacial areas during the period in which minute globules coalesce

to a visible size." This conclusion was echoed by Sherman (411, 412)
and he proposcd that the only way out of this dilemma was to allow all
the minute particles to coclesce until they could be neasured macro-
scopically. The value of this suggestion for wnstable systems may be
doubted but the idea clearly cannot be applied to those which are stable
or 1n which the particles do not coalesce. Sherman pointed out in the
discussion to a paper (415) that subriicroscopic particles are ‘'cancelled
out" when determining a mean size. He made a tentative proposal for
utilising a reciprocal nean diameter, thereby bringing out the importance
of submicron particles in : system. The method of measurement was not
mentioned although a microscope method has been employed in all this
author's previous work,

Thus, even if one accepts Becher's definition of an emulsion
{Section 2.1.1), and his arbitrary linitation to particles exceeding
C.1 P dianeter, thc accuracy of .ieasurerent of the smaller particles and
the assessment of the significance of the results rust at least remaln
suspect when using a uicroscopical measuring technique.

(b) The Electron Microscope

The early development of electron mcroscopy and :ts application to
the investigation of naterials below the linits of laght nicroscope
discrimination was reviewed by Anderson (6). Ualten (502) and Vatson (503)

reviewed the application of the instrument to particle size measurement
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and described sone of the lamitations of the technique., The methed
has some advantages compared with light scattering, sedimentation and
other methods. In marticular the exact size distribution can be
determined and any peculiarxztics in shape observed directly (482),

s noted by Jalton (loc. cit.), major difficulties are saipling and the
effects of drying under vecuun. Local heataing in the electron beam are
often important when examining soft materials such as emulsion particles.
Cravath et al. (80) improved the samplang of suspensions by depositing
stall droplets of the suspension from a aist (aerosol) onto a

speciren film trecated to promote wetting. The entire residue left

by a sangle droplet could then be exanined. Nixon & Fisher (312) used
an Aerograph gun to produce droplets znd dispersed their material in
bovine serurt alburnn which dried out to yield a transparent matrix
supporting the particles. The basic technique of Nixon & Fisher was
later improved by Craik wvho used a more concentrated albumin solution
and stained the nrotein with osmium to amprove conilrast at the edges

of the particles where the matrix was thickest (Chapter Three).

Other methods of supporting suspensions for exarmination have been
reported (8, 384). BSoft polymeric materials which distort in vacuum
have been hardened before exauination by bromination (385), or cross-
linking with hard polymers using high energy irradiation (34, 482).
However, in general these hardening technigques have not been applied to
the electron wwicroscopy of liquid-liguad emulsion systems. Indeed,
studies of erulsions by this wethod appear to have been confined to
wax digpersions simrlar to those of the present investigation (383).

Particle size anclysis using the electron microscope requares the
measurevent of a large nuuber (at least 3C00) of particles by a

rhotographic wethod since the image 1s often not sufficiently stable

for more than a few minutes. The problems associated with this aspect
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of the method were described by Crowl (82) who proposed a mechanical
method for sizang fron photographic plates. The alternatave approach
of image-shearang proposed by Rippon (361) may also offer a solution
{or future develcoprent.

However, the use of electron microscopy for measuring the particle
size of emulsion particles below about 1 p diameter would appear to be
the only direct wethed at present available.

(¢) Ultramicroscope and light scattering methods

Recent work on ultraricroscope metheds has been devoted to either
counting particles in 2 flow cell (319) or using a flow nethod to
separate particles cut according to their size and counting an a flow
ultramicroscepe (89, 90, 512).

Particle sizzs can also be measured an principle by cptical methods
depending on the wmeasureuwent of the reduction of light directly
transmitted through o dispersion (turbidimetric or nephelometric mcthods)
or by light scattered at some definite angle {usually 900) fron the
light path.

Krishnan (228) appears to have been one of the first workers to
investigate the li-ht scetterding in dilute ermlsion systers znd
Sing (432) showed that for small particles secondary scattering could
no longer be neglected. Tuis author utilised liie theory and the approach
was investigated theoretically by van der Hulst (472). Two regions
can be distinguaisned: for garticles below ahout 100 My (Rayleagh
scattering) and for varticles in the wicron range (Mie scattering)

(165, 197). The relationship between obscuration of a beam of light
and the concentration of perticles i1s by no means sample, especially
as the particles approach the vavelength of the incadent lipght. The
extinction coefficient K 1s defined as the ratio of light obscured by

a2 particle to the light which zt would have obscured 1f the laws of
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zeometric optics vere valad for the system under consideration. If,

for a given system, the ratic of the particle diameter 'd' to the
incident wavelength,)&, 15 greater than 100, the value of K 1s constant
and can be taken as unity. For smaller ratios K becomes a complex
function of d/)\, the relative refractive index wrth respect to that

of the supporting mediwn and the shape of the particle (472). Gumprecht
¢ Sliepcevich (152) considered the problem and proposed a quantitative
relationship between lLie theory and K which enabled tnen to obtain a
size frequency distribution. The approach was over-simpliafied and

docs not appear to have pained wide acceptance.,

Lothian & Chapnel (250) discussed the fractionzl loss of intensity
of a beam of light passing through a layer of emulsion and showed that
the optical density of a dilute suspension of spheres was a function
of their particle size.

Goulden (133) used scattering cocfficient data calculated by
van der Hulst (lo¢. cit.) to apply this equation to determining the
particle size of emulsions and extended the method to controlling the
particle size of houaogenised milks (134 - 138). However, the method
can only yireld 2 mean particle size and although useful for control
purposes cannot ke enployed for any other than a mono-disperse systen.

After strong criticisms of turbidimetric methods by Skinner &
Boas-Traube (435) an improved instrument was described by Branson &
Dunning (35). 7his device was devcloped by Rose (367) who narrowed
the angle of acceptance to reduce forward scattering, and other
rnvestigations were carried out by Kaye (205) and Hodkinson (186).

The latter found that Iie theory was not applicable to irregular
particles and the value of thc extinction coefficient (K) was found to

rise slowly from O - 2, an effect confirmed experimentally with a

number of materials. Xaye, and later Kaye ¢ Allen (206), investigated
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the optical scattering cross-sections of small particles. Using white
light and a wade angle of acccptance they showed that the fluctuations
of K were much reduced under thesc conditions and for many purposes it
was sufficient to take 1t s unity. Without the benefit of these
investig:tions Bolton & Marshall (28) claimed that a simple turbimeter
could be used to neasure wex Darticles down to 0.06 P This claim

must be viewad with cauticn, It is not clear 1f the authors used white
light but they found values for K as low as 0.04 for their smallest
narticles.

Trice % Rodger (465) measured interfacial arc:s using a light
transmission nethod siialar to that used earlier by Langlois et al. (2363
for coarse, unstable enulsions.,

Reflectance rclationshins for emulsions are, if anything, more
complex. This was noted by ILloyd (248) who ancorporated a red dye in
the oil phase »nd found that *the reflectance ot wavelengths at which
the colourcd interval phase partially absorbed the incident light was
inversely proportional to a power of the surface area particle diameter.
Thas relatronship wes clainced to be independent of the particle size
distribution. Schulman & Fraend (384) and van der Waarden (479) both
used the Rayleigh fermula to calculate the mean size of very small
droplcts (up to 4C0 2 diameter). TIa ler (234) investigated monodisperse
aerosols ucing the higher order Tynd.ll spectra method. Heller ¢t al.
(166) verified experimentally that lize theory was applicable to light
scattering nethodc and tabulated the data required to transform light
scattering measurenents intc particle size distributaons (451, 499, 500).
«1though 1nitially confined to relatively monodisperse polymer latices,
Jallach (499) clained that the method was applicable to the study of

size distributions of daimcthylnaphthalene water emulsions.

Glednill (127), Wales (496) and Weber (504) have all described




- 48

rethods for measuring particle size distributions by neasurenent of
turbidity spectra using similar methods to Heller, Ia ler & Plesner
(235) described a rapid method of sizing a monodisperse suspension by
measuring the light scattering as a function of the angle between the
incident bean and scattered licht and the method was extended by
De¥elic & Kratonvil (91, 92). Kratohvil & Yallace (226) re-exanined
the claims nade by Heller & Tabibian (169) and by Wales (loc. cit.),
and found them unreliable.

To sumnarise, there is general agreerient that light scattering and
turbidity methods can gve a zeasure of the rean particle size present
in a systen although there is some diszgreement on the neans by which
the size distribution can be determined. Simplafied techriques, naking
a nurber of assumtions, have been applied to deternining particle size
distributions by a coabination of sedinentation methods and turbidity
measurenents.

2.4,% The Centrifugal Photosedinentometer

(a) Centrifugal sizing techninues

uost exasting sediventation technigues for particle size analysis
have severe shortcoriings for particles below about 10 p. Below this size
particles sediment too slowly for practical purposes, In addition,
convection and displacenent currents as well as Brownian uoverent all
tend to disturb the sedinentation process. One cbvious way to increase
the settling r-te 1s to centrafuge the suspension. Orr & Dallavalle
(315) described a nurber of centrifugsl sedimentation techniques and other
devices have been developed in recent years.

The fairst atte.pt to use a centrifuge to obtain a size distributicn
was that of Dumonskii, Zabotinskii & Evseyev (98). Using an ordinary
centrifuge they deteriizned the amount sedirmented by ultramicrosccpe

counts before and after centrifuging but obtained poor agreement with
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the ultrarmicroscope method. Svedberg & Pederson (453) suggested that

this was probably due to convection currents caused by serrous deviation
from 1deal sedimentation condations. 4s described in this book,

Svedberg hinself vas intimately involved ain the initial develcpnent of

the ultracentrifuge, With Nichols he developed a centrifugal densitometer,
a two-arii centrifuge in which the boundary of particles was cbserved by
taking photographs at dafferent stages of the -mnalysis. Nichols & Liebe
(310) used a ruch improved version of this early instrument which

rotated at 20,000 r.p..:.. 2nd had better balancing and freedom fron
vibration. The obscuring power, related to the cross-sectional surface

diameter of the particles, was measured for six colloidal lithopone

sarples by measuring the optical density fron light absorption measurcnents.

The method was described 1n detail later by Bailey, Nichols & Kraemer (16)
and by Bailey (15), the former group showing how 1t could be arplied to
the rarticle sizc of emulsions. ilichols & Bailey (309) gave a worked
exarple of how to calculate a size distribution of an emulsion using the
so=called '"low-speed Svedberg ultracentrifuge’.

Nichols & Laebe (loc. cit.) equated the viscous force due to
Stokes' Law with centrifugal force, ignoring the Coriolis force
or accelerating force which is zlso present. Robison & Martin (362)
werc able to deronstrate that this assumption would not lead to any
significant error. Cheng ¢ Schachnan (61), after an intensive investi-
gation of the ultracentrifugel sedimentation behaviour of polymer latices,
concluded that Stokes' Law was valid under these conditions.

llarshall (259 - 261) suggested a two-layer technique in which
particles are considered to start from substantially the sare position.
This technique has a superficial attraction but 1s fraught with many
difficulties, znclud.ing that of irregular sedirentation, a peint noted by

2]

Keen & Schofield as early as 1920 (210). Thas technique and methods for
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overconing the problems have been discusesd (17, 201, 741, 282) and the
strearming preble: for particulate solads subjected to a two-layer
sedinentation technique has been effectively overcone. However, the
approach is only annlicable to nmaterials which are denser than the
sedirentation liquid, 1.e., the particles are thrown to the outer
periphery of the sedimenting vessel. Since erulsion particles are
usually less dense than water and soluble in organic liquids which have

a lower demsity, the use of a centrifugal sedimentaticn method is

confined to a houwogeneous technique. Thus emulsion particles riove
inwards frorn the outer periphery tovards the centre of the sediuentation
vessel. It is therefore necessary to consider in more detail homogenesous
centrifugation technigues and methods for their solution.

(b) Homogeneous centrifugal techniques

The early techniques as noted above used centraifugal tubes, Martin
(267), and later Robison & Martin (362), reviewed beaker-type centrifugal
sedirentation ond concluded that it had advantages, not the least being
that collisions between the particles and the walls of the vessel are
rmininised. Robison & Martin developed the theoretical approach and
described the avplication of a ecdified beaker or sector shaped
centrifuge cell fron which saaples were withdrawn at the end of a
variable time at a fixed depth (363). Brodnyan (42) used a sirilar rethod
for polymer latices but vith cn ultracentrifuge. ¥Kamack (203) improved
the theoretical riclhod and described a similar sector-shaped cell to which
was attached a sauapling device that removed a sample at a fixed depth
whilst the centrifuge vas still running, thereby removing the danger of
stirring the suspension during the slowing down phase. Kamack had to use
concentrated suspensions of the order of 1° and only one point on the
distribution curve could be obtained from cach run. Owing to hindered

settling (198, 207) the method was also probably inaccurate. Nevertheless
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the method of calculating the experaimental results was retained when
Donoghue & Bostock {95) introduced the complete dasc centraifuge. This
particular instrument resulted in the introduction of a centrifugal
analogue of the Andreasen -ipette by Slater & Cohen (436}, the Siricar
Centrifuge. Gupta (153) also described a version of a centrifugal
indreasen pipette technique.

Moger 2 Scmumndt (290) described a centrifugal photosedimentometer
usang a shallow cylandricsl tank or disc rotating in the horizontal
plane. The optical dcnsity of tlie suspension was followed as a function
of time by paszing a thin beam of light through a fixced point on the
tank onto a photoelectric cell. The authors used a noroegraph to rclate
the recorder curve to the percentage of particles of a given size
calculated from Stokes' Low and stress was laid on the fact that an
instrunent of this type rust first be calibrated by some other method
owing to variable factor: such as particle shape and opacity. Iloser
{private comrmnication) stated that the instrunent was a prototype
which wvas ncot developed further.

Later Kaye patented a photosedirnentometer which was essentially
sinilar to that of lioser £ Sch-udt (204). The new instrument used a
servo-systen which coimared the attenuated laght beanm with the unattenuated
bean, using the difference signal to rotate an optical wedge to cancel
the differencc., A potentioneter attached to the optical wedge was usaed
to control the recorder so the instrument plotted out the optical density
of the suspension. The instrument was descrabed in nore detail (205)
by Kaye and eveluated with Burt (48, 49). A simplificd instrunent,
orntting the servo unit, was descrabed and evaluated by Groves, Kaye &
Scarlett (149}, The light beaa wis allowed to fall onto an unbalanccd
rhotocell after passing through the centrifugal disc, The instrument was

used with the two-layer tcchnique and wes insufficiently sensitive
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to detect the streaning later investigated by Rippon (361). Nevertheless
these results were sufficiently interesting to result in the production of
the cormercial prototyre utilised in this current work (17, 116, 117).

Cther disc centrifuges have also been described. ilartain, Browvn &
de Bruyn (265} used a hollov alurinium disc centrifuge similar to Kayc's
design to size analyse subuicron powders contsining elements of high
atoric density such as lead glass, an X-ray beam passing through i1t and
onto a proportional counter,

H1ldreth (163, 184) described a simple photo-extinction type of disc
sedimentometer, similar in principle to that described by Groves, Kaye %
Scarlett (loc. 2&E°)' an 1nitially honoseneous suspension was used on the
variable time systenm (Eigg ggizg), the transmission versus time curve beinn
related to transiission uveight curve by obscuration factors. As noted by
Rippen (2%£1), this is an over-simplification of the theory and 1s not a
tenable method.

itherton, Cooper & Fox {9}, Atherton & Toush (10) and Jones (201)
described 2 small diameter disc centrifuge in which the two-layer technigue
is used in conjunction wath a rotating nrobe sampling device, Thus, ligquad
and suspended contents are removed for subsequent analysis after pre-
determined centrifugation fimes 2t a known radius while the centrifuge is
still rotating.

(¢) The theory of hoiozeneous susnension metheds

’hen the material to be anxlysed is disyersed in the sedimentation
liquid to produce a houozcneous dispersion, three main modes of operation
are possible as noted by lurley (293):-

(1) The inner redius of the liquad surface and the outer

radius of collection are kept constant, samples being

¢ollected after varying running tuces of the centrifuge.




- 53 -

(2) The running time of the centrifuge i1s kept constant, as
15 the imner radius of liquid and the outer collection
radius 1s varied.

(3) The running tame of the centrafuge i1s kept constant as
before, but the outer collection radius is kept censtant
for successive measurements, while the inner liquid surface
radius is varied.

In all cases the centrifuge specd 1s kept constant. Donoghue &
Bostock (95) gave solutions for solvirng methods (2} and (3), to whach
1urley added another proof. However, Donoghue & Bostock also stated that
no analytical preof exasts for the derivation of the particle size
distraibution of a sample when time is varied, unfortunately the precise
situation relevant to the centrifugal photosedimentometer. INMurley agreed
that this was correct but pointed ocut that iterative methods could now
be developed for calculating the required results using modern computer
techniques 2t relatively low cost. The variable time mcde of operation
offers a nurber of important cxperimental advantages and as a result many
attempts have been made to find a solution, or the best approxamation.

Although the position of a particle relative to its anitial positzon
can be described mathematically, it still remains difficult for a das-
tribution function to be deraved from the experimentzal information. This
1s complicated by the fact that, from the anitizlly homogeneously dispersed
particulate system, particles are accelerated proportionally to their
position from the axis of rotation. At any given reference or sampling
zone, after a certain time 't' it can be said that all particles greater
than a certain size 'dt' w1ll have passed, where ‘dt' is the Stokes!
drameter of the particle which started from the free surface and in time

t had transversed to the sampling zcne. Subsequently the theory was




4 -

|
‘1

developed for a disc centrifuge which is an ideal form of a sector-shaped
cell since wall collisaons are rceduced to a minimum., The size distribution
185 considered to be continuocus, containing in an infinitesimal range of
diameters a fraction of F(y)dy.

Referring to the scetor of the disc centrafuge, the dastance fron
the axas to thc free surface is 'S'; that to the sampling zone, 'R'.

Hence a particle of diameter 'd!' is defined as that particle which
wi1ll just travel from the surface at 8§ to R during the centraifuging.

From a consideration of the centrifugal forces:-

3%

1R . R-a)e
S 13
]

where 4y = angular velocaty, Q= density of particle, o~= density of

(1)

sedimentation liguid and 7 = the vaiscosity of the liquad.

Thus

1<:d2t , where k = (1 “;')wa (2)

These particles, of diameter 'd' and all larger particles will

It

R
ng

have been sedimented as well as a fraction of the particles smaller
than 'd' (2.e., those which were nearcr to the samplang zone than those
at the surface) in tire 't!,

If 'p' is the total fraction of material deposited, then 'p! is

given by the equation

he 2 2
p= [ iy(ay) + | == |1-e"K 5y gy (3)
(R%-5%)
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Differentiating eguation (3) with respect to time gives:-

&\ 2
2 -2ky“t
3D _ —R P
3t = (R2_32 2ky e Fy.dy (4)
O

This equation 1s not capable of analytical solution although Romvalter
& Vendl (366) obtained equation (3) and invalidated their solution by an
error. This error was detected by Brown (451) who obtained equation (3)
but solved 1t by making (R-8) variable. Robison & Martin (362) used an
iterative method to produce a set of apnroximate solutions which were
claimed to give better accuracy than that due to normal experimental
errors. Kamack (203) improved the 1terative technique to gave an approximate

general solutaon to equation (%) 1n recursive form:-

1 =1
S5 1 S+8 1,4
= 1 -1, - -1,
Fi=2 (85, 00 + S s 5 <5 1 ©
3+ 1 Il Ja2 -1,1
J = —
121,2...-...1’1
where F = F(D) = fraction by weight of rarticles smaller than diameter D,

C

concentration of suspended solids, as a fraction of the

concentration of uniform suspension prior to settling, and

0

Others have attempted to obtain a solution of the variable time
equation. Nichols & Liebe (310) published a result which would not however
give a weight dastribution function. Parkinson (321) overcame the variation
due to the centrifugal field by the simple process of ignoring it. DlMore
rractically, Jacobsen & Sullzvan (192) employed a very low value of R/S

(1.05) but this was experimentally difficult since only small volumes of

material were avarlable for analysis. Dana (83) employed a pipette method
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using an inclined-tube centrifuge for which mathematical analysis was
found to be inapplicable, Other attempts were critically reviewed by
Robison & liartin (362). It must be concluded that an exact solution of
the theory for deriving a2 distrabutzon function from an initially
homogeneous dispersion centrifuged for various time intervals is not
possible. As noted by Murley (loc. cit.) approximate methods of an order
of accuracy better than that due to experimental techniques are, however,
available.

(d) Light scattering as applied to centrifugal technicques

The use of a beam of radiation to measure the concentration of
particles in a centrifugel cell has many attractions, especially as it
is not necessary to disturb the sedimenting system in order to obtain
an apalysis wfich can be made contanuous. The pioneer investagations of
Svedberg & Nichols, Nichols & Iaebe, and Nichols & .Bailey have been
mentioned. However, it 15 usual to employ Schlieren techniques to
follow boundary changes in analytical uldracentrifugation, the boundary
being detected by changes of refractive index between solvent and sus-
rension. This method was used by Hermans & Rike (174) to determine the
particle size of colloidal silica particles. Biermann et al. (26) used
the technique to measure the particle size dastributions of chylemicrons,
the submicren lipoprotein particles found in plasma after meaks of fat,
and found that the turbidity of their suspensions sometimes interfered
with observation of the boundary. licCormick (296) noted that by 1ncreasing
the intensity of the light beam with a mercury arc lamp the Schlieren
patterns could still be obtained for concentrations up to 0.05% poly-
styrene latex particles with diameters of 2500 2. He was therefore able
to adapt conventional analytical ultra~centrafugal techniques for the size
analysis of a number of polymeric emulsions. Averink et al., (12)

criticised ifcCormick's method since the turbidity forced him to use such
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low concentrations that the Schlieren peaks were very small, leadang to
poor accuracy. Averink et al. showed that the applicability of Schlieren
optics was restricted to a range of particle diameters ranging from
200 ~ 2Loo &, They concluded that waith absorption optics the range could
be greatly extended and described a method for achieving this. A
graphical method vas used to relate optical density to concentrataon in
order to calculate the size distribution. Using monochromatic laight
this method would appear to be the most satisfactory currently available.
Using a simple beanm of light of mixed wavelengths Groves, Kaye &
Scarlett (149) emphasised that their method (loc. cit.) could not be
absolute for particles whose diameter approximates to the wavelength of
the incident laght but was useful for the detection of differences between

ol

samples. Kaye & Jackson (209) applied a modified centrifuge developed

from the earlier models to the size analysis of polymer emulsions of narrov

size range, and were able to deduce that these materials had a wider range
than that claimed by the manufacturers, a conclusion adequately supported
by other workers at the same meeting (226).

Thus, although the technique 1s relatively unsophisticated 1t may
have some use where the particles are still big enough to cause inter-
ference with a light beam £>>0.01P) since these particles are separated
according to Stokes' Law. The quantitative expression of the actual
marticle concentration may not be exact and may result in an overemphasis
of the fines. The relationship between this effect and errors due to,
for example, inadequate dispersion of the fine particles remains to be

established.

(e) OCther centrifugal techniques for sizing emulsion particles

The ultrcecentrifuge has been used to determine emulsion stability,
measuring the free o1l and compacted emulsion boundaries as a function

of tame (120, 343, 488 - 491). By analogy with gravity sedimentation
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methods this technique could be applied to particle size determinations.
Pinter & Zilversmit (327) and Zilversmit (523) described a density gradient
method for the ultraceantrifugal size measurement of chylomicrons. This
technique 15 used an studies on living materials (317) and the approach
might well be applicable to other emulsion systems.

2.4.5 The Coulter Counter

Coulter described his instrument in 1956 (75) and the device

has come to be widely accepted as a convenient and valid method of size
analysis. The Coulter Counter (Ljungberg, Toa and Sansar are alternative
makes of instrument utilising a similar prlncnﬂﬁ) determines the number and
size of particles suspended in an electrically conductive liquad, This
15 done by forcing the suspension to flow through a small aperture having
an immersed electrode on either side. As a particle passes through the
aperture, it changes the resistance between the electrecdes. This produces
a voltase pulse of short duration having a magnitude proportionnl to the
volume of electrolyte displaced, and hence to the particle volume (size).
The series of pulses 1s then electronically scaled and counted. Detailed
descraptions of the apparatus and its operation have appeared in the
literature (21, 24, 53, 75, 76, 320, 231, 308, 377, 455, 468, 495) and it
is not proposed to repeat them here.

Critical evalustions such as those by Cooper & Parfitt (72), Samyn
& McGee (378), 'lales & Wilson (497, 498), Kubitschek (232) and illen (3)
have to some extent been answered by Princen (329), Edmundson (100),
Barnes et al. (19) and lercer (279)., To date, however, no fundamental
flow in the prainciple or mode of operation has been detected and 1t 1s
generally agreed that the instrument serves a useful functaon. Coulter's
Laboratory Hanual (1966) claims that, with a 20 p nominal diameter orifice,
the instrunent will detect particles of 0.4 p equivalent sphere diameter,

Kubitschek (230) claimed to reach a size of 0.2 B with a resolution of
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0.0k - 0.06 PB' This must be viewed with considerable cautron although
Princen (private communication) has confirned the claim and suggests
that it may be due to instrument idiosyncracy. It is widely believed
(Coulter, private commmnication) that the instrument is useful down to
diameters of 1.0 [ and will detect particles down to 0.5 B diameter.
However, in this range the instrument background caused by electrical
effects, especially electrical 'heating' within the orifice, and
cavitation by the passage of naterial through the small orifices which
are required for these sizes uake actual detection of submicron particles
less certain. Praectical difficulties 1n cbtainang electrolyte free fron
rarticulate contamination are also consaderable. The instrument 1s
therefore limited to approximately the same size range as optaical
ricroscope methods and i1t does require dispersion of the naterial in
electrolyte, itself a source of trouble due to flocculation effects
(147, 434}, Nevertheless, the instrurent has an overwhelming advantage
in that a vastly greater nurber of particles 1s actually counted for any
one size distribution, thereby greatly increasing the accuracy and the
speed of a size analysis.

The use of the Coulter Counter for sizing emulsion systers

Wachtel (495) employed the Counter to size o/w emulsion systems,
using the nethed to exarmine the degree of dispersion achieved by the
use of the Sinclair aercsol jenerator for making 'monodisperse' emulsions.
Higuchi (179, 180) investigated factors influencing the aggregation of
ermlsions, followed by Lemberger & iourad (241) and Swift & Friedlander
(455).  Rowe (370) and Mima & Katamori (282) investigated emulsion
stability parameters as reflected in changes in particle size distribution.
Singleton & Brown (434) used the device whilst investigating the formulation
of intravenous fat ermulsions. Frincen, Kudeck & Stolp (331) investigated

the factors controlling the erulsion of linseed oil and Marehall ¢ Taylor
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(264) described the use of the Coulter for following changes produced in

an emulsion during the evaluation of different homogenisers.

Schrenzel

(38¢, 387) discussed the use of the Coulter Counter for the size analysis

of pharmaceutical erulsions.

considerable attention an this application.

The instrument has therefore received

2.5 The influence of particle size on the vaiscosaty of erulsions

and suspensions

2.5.1 Introduction

Since the scope of this enquiry has been broadened to include emulsion

behaviour with that of suspensions, it is of interest to compare the

properties which are c¢loimed to influence their respective flow behaviour.

Table 2,1 Properties claimed to influence the flow of ermulsicns and

suspensions

Friulsions (405)

Suspenszons (119)

1. Viscosity of the external
rhase ('70 )

2. Volume coneentration of the
disperse rhose (CF)

3. Viscosity of the internal
phase ( )

and the interfoecial filn
forred at the 1interface

5. BElectroviscous cffect

6. Particle size and size
distribution

[
4, Nature of the ewsulsifying agent

(a)
(b}
(c)
o
(£)
(g)

Relative volume fraction of
particles

Internal flexability and ease
of deformaticn of particles
Thermodynanic condition of
system {lowered by the presence
of surface active agents)
Presence of electrical charges
Shape, size and nass of
suspended particles

S1ze dastribution of the
particles

Concentration of the system

There are obvious similarities between the two although it is strange

that Frisch & Siusha (113) d1d not consider the viscosity of the continuous

phase to be important.

In addition, the factors (a) and (g) must obviously

be closely interrelated, reoferring to the presence or otherwise of an
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adsorbed layer on the particles. In a later review Sherman elaborated
on the above scheme but retained its essential elements (412).

2.5.2 Viscosity relationshivs for suspensions of spherical particlcs

It is clear that the presence of a st of rigid spherical particles
in a Newtonian liquid will raise the vascosity of the liquid to a value
? which 1s higher than the viscosity pL of the liquid itself. The
dimens .onless ratio 7/GL , the relative viscosity (?r ), 1s likely to be
a function of thc total volume fraction (2 ) of the suspension.

The rost widely ltmown expression for 7 was derived by Binstein (103):-
'-

?I‘: '7/'70 =1+q0.‘(p ssreanan (1)

where O, = a constant; for spheres = 5/2

This requires that there 1s no interaction between the particles, and
their distance of separation greatly exceeds their diameter,
48 discussed by Hawab & liason (305), this 1s, in fact, a power

gseries in the form:-

?r :|+0(0({:> +0‘l(’]{32+0{25{')3........ (2)

Porter (328) showed that a sample power law was inadequate to
represent the change of‘? over all possible rates of shear. A large
nurmber of theoretical and empirical attempts have been made to stretch
the equation to fit the properties of more concentrated systems (294).
Rutgers (374) reviewed 97 of these attempts (up to 1962) and 1t 1s
interesting to note that not one of them contains 2 term to describe mean
particle size or particle size daistributicn. Despite this, Rutgers mentioned
as a fact that viscosity increased with smaller particle sizes, and that

absolute particle size was irmportant. Sherman (412) reviewed the same

field as Rutgers, vath roferonse *
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’ o ted emulsions. He pointed
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out that I7 inereased with increased L‘P and when 7)> 0.4 = 0.5 the
ermlsions became pseudoplastic in flow properties, in some cases plastac
with a definite y2eld value, At this point small increases in CP can
preoduce profound increases in ?, , and above a critical value, often,
but not always, in the region of C.74 the emulsion will crack.

Richardson (346) calculated a compressibility factor for an emulsion
when c? is increased by é(fb . Broughton & Squires (43) empairically
aniended his eguaticn which Simpson (430) found to hold for nitrocellulose
lacquers. Sherman (40l) was unable to confirm the proposed relationship
for concentrated (C%E}tD.S) erulsions.

Hatschek (163) proposed an equation for flow behaviour and noted that
it required correction for an adsorbed layer. Sibree (424, 425) made
allowance feor an increase {(h) i1n the effective volune due to hydration
of the ermulsifier layer arcund the particles. However Broughton %
Squires (43) and Toms (463) found considerable variation in values of h.
Brankman (38), Gillespie (125) and Eilers (101, 102) all considered the
flow behaviour in a simalar manner and introduced other forms of
correction for the increase of volume of® particle. Saunders (379) also
found that the reasured volune fraction rejuired ecorrection and noted
that there was an increased interaction as the particle diameter decreased.
Sweeney & Geckler (454) came to a similar conclusion but the importance
of the effect of particle size on flow remained on this semi-qualitative
level until recently.

2.5:3 The influence cf particle size and size distribution on viscosity

From packing considerations Traxler (464) reasoned that particle
s1ze distraibution must influence viscosity. Lyttleton & Traxler (252)
separated bituminous emulsions into fractions of graded size and showed
that different viscosities were obtained which could only be accounted

for on the basis of a changed size distribution. Orr & Blocker (314) and




- 63 -

Hermans (173) went so far as to deny that particle size mattered, con-
sidering the particle size distribution as measured by the standard
deviation to be important. However, Sherman (412) noted that the bulk of
the published literature contained little or no reference to the state of
dispersion other than generalised statements such as "fine' emulsions
gave higher viscosities than "coarse' emulsions of the same constitution.
The papers of Leviton & Leighton (242), Richardson (348, 349) and of
Rajagopal (339) made limited attempts to investigate the relationship.
Richardson's work, devoted to a consideration of concentrated (qan,o.75)
o/w emulsions that showed non-lewtonian flow, is in fact the only investi-
gation up to that ftine relevant to the present enquiry. Empirically he
found that Vc{) vas proportional to the reciproeal of Dm’ the mean
rarticle diameter, and the product, 1%1700 y was constant if the spread of
s1ze around Dm was narrow, a conelusion supported by Lawrence &
Rothwell (238),

Since particles in a suspension at high rates of shear are equi-
distant from each other and provided they behave as rigid svheres the

rean distance of separation (am) 1s given by

ﬁ
k3

max -1 (1

Sherman (407) showed that vhen a_ fell below a eritleal value
(~ 0.5 p) the ratio Zx)/tyo increased very rapidly when D does not
exceed 2 - 3 p. The physical meaning of the eritical value of a, Tremains
obscure at present but rust be related to the hydrodynamiec faetors, the
thickness of the surface film and the distance of the secondary nlinimul
from the particle surface. As he pointed out in this paper, the cal-
culated values of . do not allow for an increase in qﬂ due to adsorption

of emulsifying agent at the interface or to solvation effects. Consequently
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the true values of a, would be greater than those calculated. For very
low values of &, the discrepancies rust be very large.

Sherman (414) extended this idea and, by drawing regression lines
between published dota for the viscosity and values of an derived the

following sez-emwnirical ecuatron:-
Log. 89 e = C(l/am) + X (2)

where C and X are constants.

He suzgested that the form of this equatzon may vary with the degree
of inhomogeneaty of the system, the dependence of C cn Dm de¢rezsing as
the particle size becomes broader and concluded that a study is required
of well defined dispersions of solid spheres in vhich the inhomogenexrty
can be adjusted to any desired level.

Other workers are also active in this field. Johnson & Kelsey (200),
noting thai the viscosity of a latex eould be changed by ehanging the partiele
size, found there vas a relationship between the rass of large and snall
particles preseat. In a later paper (211) they analysed the sifuation and

propesed the following formula (retaining the previous notation).

(r, +)~)2
k (37
(aw1 - 2'?\)2 -+t)

o T o)
2
3 >
Z nr)

S:n

and :\\: a factor added for the adsorbed layer, here presumed to be the

5
7

where k = a constant, r, = volume mean radius =

length of a soap rolecule or ion (the oleate 1on being taken as 27,5 ¢
long), Kelsey & Johnson considered the effeet of adding mixtures of
known particle size to each other in known ratios. Unfomtunately only
two different monosize components were econsidered. Mooney (285) and

Hilliams (509) have also proposed equations. Cogill (69) reported an
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iterataive method for fitting the viscosity of a system to 1ts disperse

volume, essentially in the fornm

(iD & (¢ + log.? ) )

The quantity C, determined by iteration, was shown to be about 1 - 6
for narrcw size range mwaterial but, waith an "anionic ermlsion™ (no
details) having a size range of 1 - 10 P C rose to a value of 20,

This was thought to be because only some of the particles an the system
tock any part in resisting the applied shear stress. Cogill supposed
these to be the large particles, small ones rierely occupying the
interstices.

Thormas (462) also nade a critical analysis of the experimental
data on the relative viscosity of suspensions of uniforn spherical
particles based on the packing cell concept of Simha (426). He deli-
berately atterpted to dirinish eflects duc to non-Newtonian behaviour or
non-homogeneity of size distrabution. Simha & Somcynsky (427) accepted
this appreach which, from the provicus discussion, would appear to be too
restricted to be of use.

To surarise, there is general agreenent that the particle size or
distribution of size 1s important when considering the flow behaviour of
suspensions of spherical particles. There appesrs to be a lack of
agreement on the forn of thas relationship although many authors agree
that 2t 1s necessary to correct for a hydrodynamic interaction due to an
adsorbed layer on the particle anterface.

The theories discussed on this section should be compared with
theories of emulsion structure (2.3.4). It will be noted that one group
of workers consaider enulsions (and suspensions) asinert spheres so that

their properties are controlled mainly by particle mechanics. Ca the




Table 2.2

Authors who have examined the relationship between
emulsion and suspension properties and particle size,
showing the method of varticle size analysis (papers
net necessarily discussed in the text)
Authors Reference Particle size
. analysis method
Axon 14 microscope
Bredee & de Booys 26, 37 microscope
Cheesman % Kaing 57 microscope
Filers 101 rMeroscope
Eveson 105 -~ 107 microscope
M1croscops .
Gillespie 125 ~ 125 {électronmicroscope
Johnson & Kelsey 200 electrconmicroscope
Kelsey & Johnson 211 electronmicroscope
Knoechel 219 microscope
Knoechel & Hurster 220 microscope
Lavurence & Rothwell 238 ricroscope
Leviton & Leizhton 2h2 microscope
Iyttleton & Traxler 252 microscope
Manley & l.ason 257 microscope
Yatsumoto 275 - 278 sedimentation
liima & Kitamora 282 Coulter Counter
fdawab & Mason 304 rmicroscope
Crr & Blocker 314 nmicroscope
Rajagopal 33G ricroscoepe
Richardson 348, 349 ricroscope
Rowe 370 Coulter Counter
Saunders 379 electronmicroscope
Sherman 4ol - 415 mlcroscope
Sheth 416 rnicroscope
Sheth, ricVean ¢ lattocks 417 rmicroscope
Shotton & "hite 4oy microscope
Sibree 4ol hos rnicroscope
Simpson ] ricroscope
Srivastava L4he microscope
Sweeney @ Geckler 4sh ricroscope
Takano & Kambe 457 electronmicroscope
Taylor 461 riicroscope
Traxler Lok MLCroscope
Vand 471 microscope
van den Tempel 477, 478 Microscope
Wachtel & La ler bos Coulter Counter
i114 microscope
illiams 508, 509 {centrlfuge
Wilseon & Parke 511 microscope
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other hand, the other group consider surfaces and the formation of
interactions or links betwgen the surfaces. They are therefore able to
consider effects svch as thixotrony but tend to take less account of
particle size; a possible cowbination of certain features of both
theories may be adventageous,

Finally, a1t wvas noted during the reading of the papers discussed
in this section that the najority of the workers employed nicroscope
size anzlysis methodsy the situation is surmarised in Table 2.2.
2.6 Conclusions
1. An ermlsion 1s defined as a heterogenous systen, consisting of
at least one irmiscible liguid intimately dispersed in another in
the form of droplets. - 2.1.1
2. Emulsification involves shearing the heterogenocus systenm
to reduce the droplet size. - 2,1.2
3. Erulsion droplets may be non-spherical, sspecially in con-
centrated systens. - 2.2.4

4. Enulsion droplets have an interfacial filn with properties

different fron either of the two immiscible liquids. 2.2.1,2
5. The properties of interfacial films are influenced by the

presence of inpurities. Emulsions prepared with raterials of

corrmercial guality would be =nticipated to differ from those rade

with purified naterials. - 2.2.3
6. There is likely to be a spread of droplet sizmes around a mean

value and the particle size distribution will tend to obey a
logarithmico-probability law, - 2.4.2
7. The 1light microscope has been employed by many workers for

neasuring the particle size distribution of erulsion systems. - Table 2.2

8. Light microscope nethods of particle size measurement are not

reliable for particles smaller than 2 e - 2.5,3(9)
i
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9. Sub-nicron particles can be detected in ermulsicns by light
scattering mcothods. At vresent thers is no reliable method for
measuring particle size distraibutions by this reans. - 2.4.3(e)
10. Centrifugal sedimentation methods may be used for the measurement
of sub-micron particles, and for the deteruinaticn of the particle
size distribution. - 2.4.%
11. The Coulter Counter i1s a more accurate rnethod than the light
nicroscope for the measurement of particles larger than 1 I - 2.4.5
12. The flow properties of congentrated erulsions are non-Newtonian.
2.3.1,2
13. A nuwber of factors anfluence emulsion flow behaviocur including
rarticle size and particle size distribution. - Tahle 2.1
14, There 1s only gualitative zgreement on the nature of the
relatzonshio hetween particle size and ermlsion behaviour. - 2.5.3
15. Two theories which atteapt to explain the conplex flow behavicur
of emulsions rnay be dastinguished, based on consideration of:-
(a) links formed between particle surfaccs. - 2.3.4
(b) mechanical interactions of spherical particles, - 2.5.2
16, The measurement of complex flow behaviour is difficult. The
Ferranti-Shirley viscometer has a number of desirable featurcs. - 2.3.5

2.7 Lines of enquiry followed 1n this study

In broad teras this investigation is concerned waith the relationship
between the particle size of the disperse phase of solid-ligquid dis-
persions or emulsions of a type corrion in the pharmaceutical and cosmetic
industries, and their flow behaviour under stress. Following con-
siderations discussed in this Chapter the investigation was carried
out in stages.

(1) Using a simple nodel systen a comparative exarmnation of some

available pariicle sizing nethods was carrized out in order to determine
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the best method, or combination of methods, for assessing the size
distribution.

(2) Other model systeiis were then prepared to enable particle
size (and distribution of size) and flow behaviour to be varied over
the widest practicable Jinits. This was achieved by varying:-

(a) erulsion concentration

(b) type and concentration of emulsifier
(¢} method of emulsification

(d) comstaitution of the disperse phase

Some cother properties of the disperse phase which could affect the
flow properties were also considered, including the particle shape and
the presence of an interfreial filn.

(3) The particle sizes of the preparations were rieasured using a
combination of Coulter Counter and centrifugal photosedinientometer.

(4) The flow curves of the preparations werc measured using a
Ferranti-Sharley cone-plate visccmeter.

(5) Fron a consideration of the experimental data an attempt was

nade to relate ermulsion flow behaviour to the size of the disperse phase

particles.,
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CHAPTER Tl

Muli0)s OF PARTICLE oIl ANALYSTS

3,1 Introduction

3.2 Preliminary experiments

3.% The Coulter Counter

Z.4 The centrifusal photosedarentometer
5.5 Dascusszon and conclusions

3.0 Swuwery

Fel Eptroducthg

lueh of vhe prevaious work on the correlation between
paysicel propertics aad particle size or size distribution hes
been carried out on materials whosc particles have beca icasured
usxng, light wicroscopy. Th1s camnnot odequately daifferentiate
betreen warticles of less than 2 p, yet 1t 1s well Lnown that
suh-nicron particles <o cxast an nony coulsaions. Hence the
as.esonent of the siraificance of the results nust remaan a

suspect feoture of carlier zanvestigations.

H.2 Preliminary experiricals

2

The 1odel ciulsion was a single 500 5 batch of a system
sirnilar to CTA3/B/120 (Table %.1).

An olcctiron photeuierosranh of this nreparation is chown
in Faig 3.1, fThe meterial was exaiined by 11, 1T nicroscopy,
Coulter Couater, centrifasal photosedinentonctier and electron
1LCrOSCOPY » Detarls and results have been described cleewhere
(116, 117, 151), but the resulis ore surmarized 1n Fig 3.2, As
noted (151), extrapolation technigues suggsested by Rajagopal

(336), and others (99, 161, 182, 2335) yicld a .,arcd underesti-

mate of toe sune of the snellest particle prescent in the S5ysTC




Fig 3.1 RElectronphotomicrograph of CTAB/B/IZO mounted using
Craik's technique. x 20,000
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when usine light racroscopy and the Coulter Counnter. It vas
concluded lhat « conbination of the centrifugal photosedinento-
meter and the Coulter Counter together offered the best means
at present avarlable for carrying out any adequate Jeasurencent
of the relatively wide sizc daistraibution that can exast 1n souc
emulsion systens., These two nmethods were therefore enployed

in subsequent investarations of other models.

3.% The Coulwver Counter

3,%.,1 Instrumentaticn

All particle counts were nade on a Coulter Counter Iliodel
4 (Industrial) fitted wath cither a 30 p or a 70 u orrfice tube.
The wnstrunment 'ras calibrated using a monosize polyslyrene latex
of 1.205 p twcen diamcter, o polyvanyltoluenc latex of 2.00 u
diameter (botk supplicd by courtesy of the Bow Cheuwical Conpany,
Mzdland, lizchiran, U.5.A.) and a nulberry vollen (1%.59 n dizreter)
obtained frou Coulter sSlectronics Lanitced. The ainstrument cali-
bratlon was checked for draft at monthly intervals using at

least two nmonosize materials.

%.3,2 Daspersion nedia

Any sanple for particle sizco analysis by this method has
first to be diluted with elecirolyte. Preliaiaery investigations
shoved that dilutions of the system an a2 wide range of concen-
trations ané type of clectrolyte shoved considerable flocculavion.
The rate of flocculation appearcd to be rclated Lo the concen-
tration of clectrolyte present, Table L.l. The addition of
cetruaide to 0.154 M sodiun chlomide (physiologieal salinc )

mave the least flocculatcd dzlutzen but as the investigatzron

progressed 1t became clear that, under seorie coad1iions,
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Table 2.1 Tuc effeet of clectrolyle on dilute
dispersions o. CTL3/3/120

Llcctrolyce + Conceniration i Tlocculation
[ % ou/v ! (+ aorked)
, (- mnonc )
Cetrinide ! .02 ‘ - |
1 J——
. ! !
Sodaun acid phoophate 2.0 ++
Sodiumt citrate 2.0 ++
et —s ———— o o— e
I Sodiun «<cad citrate 2.0 ! ++
Sodiun chlorace c.0 + #
Sociua chiloraide and Q.9 + (+)
cetrinide 0.005
Socaun chlorzide aad , 0.9 + ' (-)
cetrinide [ 0,01 |
e - . T |
Sod1vw chloride and : 0.9 + -
cetraimide 0,02

therefore, neccessary to anvestigale thesc coaditions itore fully
in order to eaable the Counter to be applied to this and olher
systems usced 1n fhe study. Most of this work has ocen carricd
out on cetrimide cralsificd foraulatzons but i1t was later showa
that the sanc cffect cculd be demonstrated 1n systens contarnang

othcr cumulsaifiers.

{(a) Cavironic systens

Since dalutaon nwedia For use with the Counter reguire to
be substantizlly free of oxtrancous porizceculate contamaination
1t wao convealenl to enploy & coruiercielly-available, physio-
logical salane solution for injection (Polyfusor, Bools - 149,
146, 143). A 10.3% w/v solution of cetrimade in 0.9 w/v sodaina

chloride was passcd rcepeatedly throush a C.22 n [alliporc

sierbrane filter until the bachiground count was closc to that
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of the diluent salainc (145). Quantatative dailuticons were
prepared and stored in polypropylenc-stopoercd slass containers
(BE~i121) until requared.

As noted by Higuchi et al (179) and Rwue(370) 1t 1s
necessary to reduce the »nartaicle concentration of an emulsion
to a suitable level for counting by dilutang in at least two
stages. The critacal micelle concentration (EQQ) of cetrimade
1n 0.154 11 sodiwa chloride was shown to be approxaimately 0.003 1
(1%7).  Accordingly 1 : 1000 dilutions of the systen under
exantiaation were prepared in saline containing cither 0.05 1 or

0.0003 M cetrimide. These praimary dilutions were zept an plastic

stoppercd tubes on a slowly rockins table &t ambiunt roow tenp-
crature (249 to 28°) wunizl reguaired for analysas., This technique
ves found to be sufficicnt to prevent creaning of a diluted
preparation wvithout undue acraticn.

Secondary dilvticns werce preparcd and stirred with a
constant opeed stirrer rotating ot 1875r.p.m. for a ltncwn time
before countang.

Jhen the primary dilution was uade 1n C.3 1 cetrimide-
saline the sizc analysis obtained wos 1n reasonable agrecuent
with that obtained rfron other .icthods (3.2); the concentration
of cetrinide in the sccondary dilution apparently having little
effect on the state of dispersion.

Horever, experanentally zt was found that aggregation
occurred in sccondary dilutions prepared from 0.0003 M cetrimide-
saline, 1.¢., below the CMC. A series of size analyses was
obtaincd undei closely controlled condirtions of taime, tempera-
ture and stirring rale to investigate the i1nfluence of cetrimide
concentralion on the apparent size of the aggregates, Fig 3.3

On a logerithmic scale there 1s a lincar correlation between
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the apparent ncan "particle" (or aggregate) size and ceirinade
concentracion over threce crders of nagnitude Tig J.h. The
inflerion point corresponds to the concentration of the prinary
dilution, there being no evidence of aa inflexion at the CMC
(0,003 11).
Sinece this lechaizue required about 30 manutes for cowpletion

1t as not suited to a study of the apgregation rate. Accord-

ingly, the proccdure was aboreviated by countans at wider
threshold 1atervals to caecblc an onalysis to be rnade 1n & to 5
minutes. The rcsults of thas cxperaument arc shown in I'xz 3.5.
This procedvre vas aconted for the subscquent investigations

of flocculation efficcts in other crulsion systenms.

This pert of the anvestigation has been reported an Jetail
elsewhere (147) but 1t can be concluded thot a valad cstimate of
the size distrabution of cetraimide cnulsion systems can be
ovtained if the primary dilulaion 1s wode in soline containing
the ermulsifiecr above 1ts critaicel micelle conccontrotion (180, 131),
Cetrimide wos also found to be suitable for daspersang the cetyl-

pyridianiun chlorade and benzallzoniun chlocice systems.

(b) Anionaic systens
¥

The cnionic syslem 1avesticated (Table Y,1) contained both
dicctyl sedium salphosuccinave (D0SS) and sodaunm lauryl sulphete
(SL3 )} as crmuleaficrs, Dispersion of thas systen an 0,9% w/v
sodiun chloride solutien along proved dalliacult and the addition
of enulsaifaicrs was agoin cxanmined,

Usaing the same experimental technique as that used to obtaian
the data shovm an Fa: 3.5, daspersions of DOSS/A/O wiere nade 1in
saline containing the ¢ mlsifiers at, (a), the sane concentraciong
and (), one tenith cad {c), one hundredth of the 1aiztiel

concentration. The chanze of .1can size is showa as a function
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of time an Fig 3.5, curves A, 3 and C. It 211 be seen that
there 18 an g parent initial inecrecse in size Hut all the
diswersions ultunetely pove the sane fainal iean size. For thas
reason 1t was consadcred thal tac coadations wvepe laliely to be
lcss critacal. Me daspersion mediws wras itherefore stondard-
1zed as 0.9% sodiug chlorade coalalalag ihe erwlsafiers at the
sarie conceniraiion os 1a the original preoparations.

A practiczal poaint of 1aterest concerns Filirstion of the
daispersion nediun, Clarzfication of the solution using alli-
pore (cellulose acctate) menbrance filters proved inpossible,
background counts incrcasing after cach passage through the
filter until eventually the solution appearcd to be turbad,

To eifect oz tic mewnbrane could be detected althoush 2t 1s
possible that ihis solution is capoble of cJetoching small
particles fron the back of tae cellulose acetate pad, a possi-
bilily confairned by Millaiporc Inc. {nersonal corrunication).
Horever, clarzaficotion wes acliieved using a Dacteria-preof

Seitz pcd and solutions were cventuclly obtained ath background
particle counis conporable to those of other acterials passcd

throuzh nveabrane falters.,

{(c) Tlonionic svsiens

'he effect of electrolyte would apuocar to be general since
1t wos also noted for the cetonacrogol 1000 preperations.
Accordingly the addition of cetortacrogol 1000 to sodaium chloride
solution was again investigated. The sausc experimeatal
technique w5 cuployed, the smnpge of nmean size being followed
as a functzon of tinc. The results of this experaiment are
showa 1a Fag 5.0, curves D, E. F znd G. The results clearly

1adicete that there 1s an effect duc to the concentraticn of
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c.-ulsiricr. he docrcase zn sean sisce aie the feect thel
dispessrons containins Q.18 oad 1.08 ceronaccogol 1000 jave

substanticlly tae sane result after about [four hours suggested

that above 0.1 dispersaant the systen vas no loager aggregated.
This concentration agas taerefore sclceted as the dasnersion ocru:

for Coulter Counser sizc analyses of the CEN series (Table 4.1).

De343 Standard tecnnigue with the Coulter Counter

(a) Tanitzzl Visnerszicon

il

Microscopic mxaiiination confirumed that trituration with
enhydrous glycerol ias a satisfactory reans of daispersing all

the semasoliads znvestisated ia this worlk,

7

A 50 1 saiple res talen from the nateraial vsing a probe
ant. accurately reaghed on a wokch ploss. The sanple vas wlowly
teaturated vith 100 .17 glycerol msaing a canel hair ovrush or
flat blaced gpatula and the daispersinl-solince added before
pokang upto a 50 ul volule., The dalution s shalken and
subjected to a 15 scc. burst of ultrasonic radration before
‘ plocins the plastic sioppered tube on a slorsly roclang table.
Repeat cnalyses shored that for coatzauous porieds of upte 10
Jainutes the ulirasoaic treatneat had no detectable cffect on
the size distraibution of the sanple and any effcclt therealter
was only slaght. The restraiction of the ultrasonic dispersion
irradiation to 15 occonds oaly was felt to be unlakely to
affect the casured size distraibutien and appearcd to be useful
in thet 1t dispersed snall, visible, cggrepates wihich were
gccasionally noticed.
The priuacy ¢ilutron was maintained on the rockang toble

L

C 60 - ~ e
at ambient roow Scuperature (24 to 237) for at least tarce

dayve hefoare nannlysis.
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(b) Secondary dilution

This was prepared by slowly pivettan; the prainary
dijuticn inte 100 ml of the dispersant in a beaker on the
Counter orifice stand. The dispersion was added untal the
count approached the instruwent coinrcidence level at the lowest
threshold (~1.5 p daam.). The secondary dilution was kept
starred vith a constant speed stirrer rotating at 187.5 r.p.n.
for 30 minutes (cationic and anionic systems) or 1 hour for the
noen-ionic system,

After this stabilisation period the dilutzon was counted,
startans at the highest instruricnt threshold and reducing this
by 0.5 p intervals untal the complete size range had been
covered, Dackground counts were taken using the same procedurc.

All counts were taken on volumes of 0.05 ml, xn renlicates
of four. The results were convertcd to a cumulative weight
size dastribution by lhe nethod descraibed in the Coulter

handbook.

3.4 The centrifural photoscdimentorieter

3.4.1 Descriptaon

Phe anstrument as shoun an Firs 3.7, a and b, and as a
diagranmatic section in Fig. 3.0. It consists of a hollow
rotating perspex disc containing a dilute suspension of the
emulsion. The disperse phase particles, being less dense
than the continuous phase, mowe radially inwards according to
Stokes' Law. The concentration of particles is measured at
a fixed depth by neasuring the atteauation of a beam of
parallel light.

The disc has an internal radius of 11.0 cm and a depth of

1.6 cm uith a total laquid capacity of 650 ml. It 1s attached
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Fig 3.7 The centrifugal photosedimentometer

(a) with 1lid up showing disc
(b) in opereting condition
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directly to a £ h.p. synchronous motor wired for three smeeds,
750, 1500 and 3000 I'ePeils Siace znstabhilities in lhe tani
laquad w:rc prons to develop at 750 r.p.nt. and nochanical
failures dzd not allow the wotor to operate ot 3000 r.p.t,
the use of this instruiont was confiwwed to 1500 r.p.t. Siroo-
oscoplc cxeaination shoued that at this setting the tenlt spced
wes cxtrerrcly steady.

The beann of jarallel whitve laight (fron a 12 v 24 w axaal
filament car bulb) 1s chopred at a {requency of 50 cycles/scc.
to cachle 2t to awpange oato o cadmiuws sulphide photo-cloetreilc
cell after »essage taroupn lhe tank or through a hand adjusted
ontical “icdnc. The »nhoto-cloctric cell 1s connceted, via an

anwlifizse, to a scevo sotor wanich draves a gsccond optical

wedpe (Hy) oa the tanl sade of e light circuat. Thus,0acc

)

N

the systen i1s 1a balance there 16 ano caanje of resisveace of

the cell ance the wedge H, renmaias stotionar,. Hoiever, 1f

2
the syste.. 1s unbalanced oy chscuratzon of the laght beaa (by
naterizl 1n tac rotating tenk) the resisteace chaages and the
Lervo-controlled wodge doves to ocd.at nore light to reotore the
balance. Love icat of thas wedge 15 waenitored by a poteatio-
meter on 1le <¥1s vhicl 14 tura 1is coaaccted to 2 chart wea
recorder. The recorder, a Vitatron 10 mv full scale desleoctaon

;Th variansl: caart speeds, lhos a resnoanse tuie of 0.5 sccs.

The ehert 15 therefore a dirscct record of the chanse in

fixzed noiat

5

optical dencity of the sedinenting systen at

jsi

rrrthaa the tank vath resnect to laine.

3.4.2 TFallaing, tochaique

Prelianocy cxnerincats failed to revecl o practicable

of & th1ia l-over of o falnted evwlsiom at

for an
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the perirvhory ol ihe tonlk, Accordingly, 1t becatie neccessery
£o utilise an honogeaous suspension technigue although the
theoretical trectocat of results 15 sore daffaicule. Two 'webhods
of fillan< the ewpty fank wilh ¢di1luted suspoasion wcere therefore
consadcered. Stroboscopic cxawraation (vath aa Bai.I. Model 6,
Xeaon flash unrt) shorsed that ihe tanl reguired sorie 30 to L5
seconds to zccelerate to specd fronm a stationary positiocn, and
liquid inside the tanlk coatinued to swirl for aprroximaicly 10
to 15 scconds thercafter. The vaisual obscrvation of swirling
vvas confirned by placan, thian white rayon fibres im the cenire
lumcn of the taali, both clesc to thc surface of the tanls and
susended aadway betaewn e tio surfaces. Jhrlst swurriiag
wos taXang place ilhe faibres vere beat aliost parallel to the
inner rieniscus of the tonk liguid. The transition to a non-
suirling; state wos narlizd by o rapid rovement to a radial
position, norwel lo the .icaiscus.

On the othor hand, pourans 650 nl of liguad fron a beaker
into the tank rotatins 2t 1500 r.n.i. occupied approxinately b
scconds and there was only a slight, alrnest inperccptible,
chan~e 1n the spocd during that tawc. lepcated obscrvations
shored ihat the tine botucen coancncencat of pouraing aad tae
moverient of the suspended fibres to a radial position covered
a range of &6 to 12 scconds. This tcchnique had the advantage
that commenceient of strecamlane flow centrifuging coaciiaons
;a6 defined nore preciscly than with the staticnary-start acthod.
The greoater speed witn vhich the liquad can be accelerated oo
the same radial velocaty of the tanlit was probably duc to the
fact that the fallinp streal of liquad was brolien anto Qrops
1a the centre bowl of the tank, These drops Jere then throva

to the poriphery at a tangent fron the bowl gaining ronentun
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in the desirced darection of movenent.

There was also circumstantial evidence for the suggested
initial lag of O to 12 scconds from the start of filling the
rotating tank. The optical density/time trace of an added
suspensicn showed, characterastically, an incrcascd optical
density ammediately after the start of f1lling. There followad
a rapid period of declane, after which the decline becane sloucr.
The change from the rapad to a slow decline of optical densaty
uas narked and, once again, occurrcd between 6 to 12 seconds
after starting te 1211 the tank. A typical trace is sheown 1n
Fig 3.9. The upsurge in optical densaity oy well be due to
swirling in the tank and displaceuwcnt of azr bubbles, However,
1t scemed rceosonable to conclude that the transition point on
the trace coiancided wath the onset of streamlince centrifuging
condrtions, Thas was thercfore regarded as the zero time in
all subsequeai calculations.

The irregular sedamcatation patterns ('strcaming'),
discusscd by Rippon (361) and by Jones (201) for two-layer
scdimentation systems, are less likely to occur with the homo-
gencous technique. llevertheless, they have been observed
(Jones, personal cosmunication) and this obscrvation was
confirmed with the present instrument. Howvever, they were
shown to occur only occasionally at concentrations of diluted
erulsions 100-fold higher than the dilution which produced the
naxinmun responsc of the optacal wedge. Repeated observation
of nore usable dilutions failed to produce any evidence of
arregularaty an the sedinentatizon pattern, This may well fat
in with thc suggestion by Burt (48), Burt & Kaye (49) and
Kaye & Jackson (209) that a craitical congentration exists,
below which thas for.i of handered or irregular scttlang 1s

unlikely to occur.
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3443 Lanecarity of the servo-assisted ontical wedpc

This wedge was lmown to be 2 circular disc with a maxz.iul
oplical deasaty of 0,1, wroduating to coaplete elaraity (Coulter
Elcctronics Lic¢., personcl coiriunication). Although the
useble portion of the wedrne was warked 1a Cegrecs of rotataion

o O e 5 <
(07 to 2707) 1t was not clear af the wedpe incrceascd in deusity
in a regular foshion. Accordangly this was checked by nalkaing
gquantitative daluticas of o siandard preparotion, 1tsclfi an
accucate érlution of the cuulsion CTAZ/3Z/0 1a aqueous cetrimidc.
A volune of 450 .l of cach ¢ilution was poured into the c¢lean
tank rotatinsg ot 1500 r.p.a. 2ad the opticel densaity-taine

relationshaip follovyed for o few mainutes after commwencencnt of

3

fillang. The opiticol densaty, cupressed as the praduation

at the edse of tac optieal wedge at the transition peint noted
above, 15 ghoua o5 a function of coacentration in Fig. 3.10.
Ite lincceraity of the ysedge would apocer to be secoeisfactory

aad aovaiicnt of the wedge expresscd 1n degrees 15 a dirccet
function of cencentration. The lineerity betiecen concentration
and recorded opticzl density 1s also partacl confaraatzon that
nessuroaent of zero tine {roa the transition poaint hetwcen

ranid and slor chonges oa the chart hes so.aie real acaning.

3o Standord techailgue vith the centr:fusal photosedinento-
neter

(a) Dasnersents

o systenatic exanination of dispersants or conccatrations
vas undertaken as for the Coulter Counter since tlis appearced
to be unnccessary. Houwcver, dispersions wvere prepared 1in

agueous solutions of the sawve e wmlsifier and at the same concen-

tration as the proeperation under cionin-taon.
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Tac diswersioa technique was similar to that descrabed
for the Counter.
(b) licthod

Sance the optical -redge wes throun out of balance by
dispersions with an excessive opticol deasaty 1t ras accessary
to dalvte caca diswersion uatzl 1t ked an optinua optical
density. Thie tas achicved by metching a dilution wath a
standard usiag a Hilger Baiochen Absorpticncter. Tho inctru-

1

rent woo adjusted to o reading of 60F% transmission waith a
standord suspension containing 0.1 15 kaolin (Speswhate, V o
H rrade) per nl in 1.0% sodiw: polyrietaphosphate (Calgon 8)
solvtion, Dilutions of the neotericls under cxarination were
odjusted to give 82 to G085 tramsmissioa on Liae Absorptioneter.
Tae centvraifuse servo icchanis:: required i lecst 10
mnutes' ruanang {ron the cold before respondins. Accordangly,
the tank ves cleancd and filled wath daztiiled wvater. Jath
the tank runnaing at 1300 r.pe.. the pon recorder was adjusted
so that, with the sensaitavity control at 1/32né sensitavity,
movenent of tho wedgze froan 500 and 2500 Jas o full seale
deflcctaion. Rase lanes ab the daffereant scasitivities were
estoblished end the recorfer celibrated by ~sanual novenent of
the balancans opticcl wedge. Tuc tank wgas then stopazd,
captied and re-rvn with tae cervo nechanisn ‘active! for at
least 10 mainutes. In the uecantine 450 nl of the dilation ias
nrepared ond poured into the enpty tank. Sinultancously lhe
chart was slarted at 1ts naxiaun speed and the 1/32nd sensi-
tavity sctting. 45 diceussed earlier, timang of tiae run Ul
cormenced at the cad of the i1nitial upsurge »hase (Poiat 3,

Fig 3.9) aad centaaucd untal the bese line wes rego1acd;

scnsitivaty settriazs and chart speeds Jeroe chonged as reoguircd.




Table %.2 A tymical set of results, obtoined Curang the
centraifusal photescecdinmentation size cnalysis
of CTL3/3/60

From Stokes' Low

-

—

Particle dzareter = D = 13.778 % 1011 xil_. 105;lO 2 nicron
L - )
(5 - ) R

Jhere = 0.3545 x lO—2 poises, 1 = 1300 rm, Rl = 12.35 cia,

0.9270, t 1n scconds.

1

- a s - ~ aann "
R2 = 10.50 ¢, /1 0.0843, /‘2
. 2
.« DT o= 728L.94
t
A celaibration curve of wedse value vs chart readang was

obtaincd oy novans the rcdge ! hl (Fis 32.2).

liaxanun carrt reading (point 3, Fig 3.9) at 1/32ud sensitavaty
__}_{,-r‘- L o =
= 43,5 = 1497 oa wcdge.,

1 L0
NMax1ima (zoro) at ~/8th sensitavaty = 45 = 73° on wedge.

1m

Yence total noveneat = 149° - 73° = 76°
Readanrs fron charstuere nonverted Lo aoverncat of the optical

redpe o8 follous:

[Bquav. Time liccorder Cho ot dodze! lodne hoveoent of
perlaele oeasitiv-' dead-|value ;wovc—,wcdgc as
ldroneter Lty ) o1ag Lrent | of total ‘
boa hr/ian/sccso . ‘ l ' !
11,32 \ 6.l 1/52 0 k2 14 3 96.2 '
' 8.00 12,5 1/32 ) 41 ‘ias.s 70,50 93.0 0
5.66 b5 152 | ko 181 6 89.5 !
h,co ] Lo, v 1/32 i 39 1133.5) 65.5 56.2 i
2.83 | 1 33 . 1/32 ) 33 1136 | 63 2.9 |
v 2.00 3 16 , o2 36 1130.57 57.5 75.6 !
i 1.h1 6 33 1/%2 34 125 52 685.5 .
{ 1.00 13 5 1/32 31 (117 @ A4 57.9 |
L 0.707 26 10 i 1/52 26 110k 31 40.38 |
| 0.500 52 20 | 1/32 2k 199 1 26 34,2 l
L o.35h 1 44 Lo I 1/32 19 86 . 13 17.1 |
' 0.250 3 2920 1 1/32 17 183 , 10 13.15 .
L 04177 6 53 40§ 1/6 59 | 30 7 9.2
'l.125 H13 57 20 1/8 51 77 ke : 5.27
00,0334 : 27 5k 4o 1/8 Ly 73 0 ! 0 .
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Fig 3.12 Size distributions of CTAB/B/60
O Coulter Counter
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Mmen the run was corgleted the optaical densities were
read off at tiie intervals corressoadin, o Jﬁ'lncrcmcnts of
porticle Steokes!' Cizacter. Thewe were plotted oa log. probab-
111ty paper aad o groothed curve auod to preoscat results for
coaputer treacacat according to Xe nacli's nethod (204). A
typical sct of results 1s saved 1n Toble 3.2 and Figs 5.11 and

3.12.

J¢%  Piscugsion ond ccaclusions

o one partacle sizaing technique ain 1solation is adeguate

to cover the wide roenge of nacticle sizes which can oceur 1n
emulsron systcins. I+ ras suprestzd (151) thot a conbinabron
of the Coulier Covnter cad the ceantrifujel photosecdzuentoucter
had adventancs. The former Lasciruviicnt covergs the Sare ronge
of sizes as the light aicroscopz but tho ceuntaar, rate 1s cveh

2

that the scnplia-, crrors assoczated with —ncroscopy <re largely

ovorco.ae., 1Inc photoscdiumentoneter was appnlicanle to caulsien
systecis ool vas cajanle of detectiang nost of the sup-nicrod
particles wresent 1a the .aedel.

As roulc be anticapated, 1t was a seacral expericace thet
the tvo aetho’s rave poarallel Jasiérabutions, Follewuin; the
dotalled cowparison of roplicabed sainles of the saue wmeterial
showm 1n Apoeadzz Two 1t appearecd reasoanasle to aornalise the
tiro results 13 order to defiane os closely as possivle the .zd-
portion of tac log-probasilaty ¢astributioa lyiny detween 20 an
3% srobability (25). This procedurc yrelded coasistent
results in all osut tine DOSS sceries. In thisz systenn as the

~

er1cd of ultrasonic irradintion s incrsascd the Coulter

results @1 not chan-e signifacontly whecc.o lhe centritupe

results indicated a propressive reduction in partiele size
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ancd distrabution, The size Castribution of the two extreme
mewbers of thiseserics are shown in Fac 3.13. Lig;ht microscoony
confirmed thal the centrifupe results were valid, no particles
> 1 p being visible in DO3S/A/120. Jith hindsaght, 1t would
appear that the dispersion systen in elecirolyte descrabed for
thas series wos not suffiacient fo prevent apggregation. As
shoun zn Fig 5.0, the diluiizons all yield the same mcan size
which 1n fact 1s larger thon the inatial values and it sccus

likely that tnis 1s a manafestation of aggresation behaviocur.

3.6 Sumnary
1. A cdetarled comparative size analysis of a nmodel 32
systeil confirnied lhat sub-micron particles were
present.,
2. No one .ncthod of size analysis aprneorcd to be 3.2
adequatc to cover the wide ranpe of narticle size
that ceon exast in an ewulszon systen.

3. Extrapolation techniques yicld scerious undercstimates 3.2

(151)
of sub-micron particles,

L, A combination of Coulter Counter and ceatrifugal 3.2
photosedimenteoueter offer the best necans at prescent
available for sizaing crmulsion systcens,

5. The necessary prescace of electrolyte causcd floc- 3.3.2

culation and agpregation effects to influence results
obtained from the Coulter Counter.

G. These could Dbe overcone by the addition of enulsifaer H4342
but condaitions wvere shoun to be craitacal.

7. The centrafumal photosedimentouecter could only be Zole2

enployed using o homogenceuws suspension technique.




Table 3.3 The noriicle size distraiduiiocans of all the
C15I2002008 aained 1a L1is anvese 3at10ﬂ,
fron noraclisec log-proososlity plowvs ou
Lhc cunalative weagal Cactraibutions obtoined
by Coultcr Couater and certrilu-c
zhotosedientonietor. (Farndiﬁt%gps Tanla Hﬁlpqij
Code Dispersion It.an s1ze Stcadera S,eccafac
(n) devantion| sucfage arca
dlS)S?SébphﬁuQ
CTAL L LS ve 50 2.00 0.2350
_ép__“ ,.,2°QO 235 0.5979
CTAS 3 L3 3.40 2,45 C.4519
0 5.00 1.04 0.24186
5 1.0 2457 C.7h78
10 1.90 2.53% 0.738%9
15 1.30 245 Cc.3625
20 3.00 2.40 C.h5Ch
25 1.90 2.90 0.5976
30 4.00 2,5 C.30353
45 2.50 24,10 C.5212
60 2.20 S EPYi L.0237
120 1,15 B2l 15074
CcTas C LS 5.0 RS 07597
D L 5430 2.27 0.4169
E LS 5.20 2.27 0.6279
¥ Lo 3.20 2 e 0. 4EL3
N Lis 2.20 RS C.h582
il LS .00 2.7 0.30601
I L5 h,0o 2.51 C.3357
J LB 2.10 2.19 0.6472
£ LS 3.00 2.20 0.4552
L Ls 5.90 2.13 03305
I. Lo L,Lo 2.10 0.3300
i) LS 3.00 2.20 0.h532
O L3 350 2.1 0.3755
i P L3 2.00 1.90 0.2919
CTL3 L/L LS 2.90 2 .07 0.4395
/L LS k.80 2.9 0.2990
J/L LS 2.70 2.2 C.5901
C/L L3 3.30 2.12 | 0.3009
CPC & LS 5.80 2.0 | 040535
UPC ) O 540 1.92, 0.22.,0
1 5.30 2.75 0.5123
20 3.00 2.40 04317
25 2.20 2.32 0.7034
20 2.00 3.0C G.9527
by 1.75 2.51 0.8562
50 1.70 2.33% 0.9520
120 1,05 2.55 0.9595
cro C 3 2,10 2.00 G.obh
D LS 2.00 1.90 0, 5345
RIS A L3 2.560 Z.23 05515

{cont over)




Tohle el

(coat.)

Code Daspersron | leen size Sloncdord Snecifz
coeviailion surfoce arca
() ()
| dismneree phose)
1C_ 1 A LS 2.50 2.0k 0,248
| 0 1.75 2.115 0.7296
! 15 3.0 2333 0.6692
' 30 1.90C 2.32 0.7L73
X 60 1.75 D.00 1.0016
R 120 2.10 2.%8 0.6760
DGLS i L3 1.50 2.C0 0.0155
0 2.20 2.28 0.5940
15 5.00 D427 0.06L3
30 0.50 2.069 2.0432
50 0,50 1.60 2.1645
120 0.31 1.29 %,3758
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4,1 Introduction

k,2 Materials employed

L,3, Formulations

L, The density of the disperse phase

4,5 The densaity and viscosity of the continuous phases

4,6 IMethoos of emulsification

4,7 The anpeacance of the erulsions

1,3 The relationship between concentration and partzcle shape
4,9 The theoretical and experiasental emulszon densities

4,10 Discussion

4,11 Surmary

4,1 Introductien

iio5t of the sermasolid enmulsions used as vehicles 1a the
pharmaceutical and cosumetic industries are of waxy materials
in aqueous solutions of surface active zgeats. Any study of
relevance to the industraal applzcation and preparation of these
systems shoulcd of necessity be confined to materials of commer-
c1al origin siace these arc used in practice. As noted (2.2.1)
sorte highly purxzfied naterials nay give different experimental
results froit the commerical variety.

A survey of books of recipes and formulae available over
recent years showed that high qualaty paraffin oils constitute
the cormonest oil phases enployed in pharmaceutical erulsions.
This 1s mainly because they are 1nexpensive, inert, stable and
readily avaxrlable. A variety of waxy materials zre used but
one of the wost frequently used 18 a mixture of solid aliphatzic

alcohols knoun 1n cormerce as cetostearyl alcohol. A mixture
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of paraffain oil =nd cetostearyl alcohol was thorefore a sinple
and appropricte model system upon vhich to work.

The chozce of surface active agent as enulsifier is
hovever extrenely wide, It became clear that similar enulsion
systems could be prepared witl the same disperse phase but
using a wide variety of different types of surface active
agent. Representative materials were therefore selected fron

each of the three wain groups (39L, 5%2).

L,2 8pecifications of materarals e.iployed

All materials vere obhtained froem the warehouses of Boots
Pure Drug Co. Ltd., Hottanghaa.

LIQUID PARAFFIH B.P, (Batch D11) (3urmah Ol Co.)}

Kinenatic vascosily (5?.80) 30.6 centaistokes, weisht per

ml (20°) 0.890.

Coriplacd with Pharnmaceopoeral limits for carbonisable
substances, solid paraffins and sulphur cormpoulds.

LIGHT LIQUID PARAFFIH B.P.C. (Batch 37L69M) (Purofinol Lté.)

Krnermatic viocosaty (37.80) 11 ceatistokes, wexight per
ml (20°) 0.855.

Corplred with lamat tests for carbonisable substances

and sulphur corpounds.

CETOSTEARYL ALCOHOL B.P. {(Batch 3010131) (Prices (Bronbor-

ouzh) Ltd.)
Acetyl value 181, Iodine value 0.2, Saponification value
0.8, Solidifying point 49.8°C.
A tyvical analysis by gas-laiquad chromatography
(D. A. Elvadge, personal coruunication): approximately Losh
cetyl slcchol, 45% stearyl alcohol, 3% myristyl alcohdl, 2%

iauryl alconol and 1% of five, uaidentified, ninor corponents.
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CETRLIIVT B.P. (Batch 54040Y) (I.C.I. Ltd.)

Loss on Crying (105°) 0.9%, Assay (dried aaterial) 100.5%.
Complied vich limits on sulphoted ash and claraty of
solution. When exarined by gas-liquad chronatography using
the wethod of Laycock { tiulley (239) the szuple was found to
contaila tue folloring honologues: 0(12)21.3 0(14)69.Q
0(16)9'0’ 0(18)0'5 % w/w (P, Henry, personal comiunication).

CZTYLPYRIDINIM CHLORIDE B.P. (Batch 46103 8) (F. J. Derk

Ltd).

Assay 99.1%, Chlorade content 9.99%, Melting peint 82,6°,
Loss of weicht 1n vacuun 0.435%, Bulphzted ash C.05%,

pH of 1.5 solutron = 5,0,

BENZALKONTIUIL CALORIDE B,P.C.

a sanple of Onyx S04 Selution U.S.P., grade received fron
Orgenon Leboratories Litc,

SODIWi LAURYL SULPHATE 2.P. (Batch 64125 G) (Marchen

Products Ltd.)

Assay 90.1}5, Total alchols 59.9%, Sodium chloride 07355,
Sodiumi svlphate 3.17%, Unsulphoanated alcohols 099,
Complzied wvith larat on free alkalzr.

DICCTYL 30uTUlI SULPHOSUCCTIATL (Bateh 64196 G) (1003

naterial, shredded, Harduen oad Holdea Lid., as llanoxol
o7 (10065)).
Lssay OL.9%

CHTOLACROGOL 1000 B.P.C. (Betch (3312 G) (Glovers Ltd.,

as Texofor AIP)
o
Hydroxyl value 47.5, Acid value 0.1, Meltang point 40.37,

Refractive index (600) 1.452, sapoarfication value 0.5,

"'Iater 0050
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o

TATOIERSAL B.P. (3atch 57558 W 64961) (Hopkin an

Williars Ltd).
Glycerol was of Pharmacopoeizl grade and water was freshly

prepared distilled water.

L.,3 Torrmlations

Bach forrulation was prepared in 200 g quantities and
stored in cleor glass wide routh jars will netzl screw caps
and waxzed card liners. A11 preparations .erc stored 1in a roon
where there was no direct znlet of light or heat anéd the ambient
terperature was penerally in the region 20 to 250. Forau-
lations are tcbulated za Table 4,1, together with the codes by
which they are identafaici. The farst group of letters adentai-
fy. the emulsafier, the second the specific forrulation and
the final faigurcs or lectters the nethod of preparation, Since
the preparaticns were alloued to age for threec to six months
before investigation thiomersal wvas added as a preservative to
the preparations which did not contcin guaternary ammonium
comaounds, This was selected since 1t 1s soluble 1n cold
water, 1s not velatile and does not react with the stainless

steel vessel used 1n the preparstion of some of the emulsions.

L,4, The density of ilhe dispcrse phase

Since a knowledge of the density of the dasperse phase of
eachh emulsion was roquired for the centrifupgal photosedinento-
neter saze analyses this was mecasurcd at }Oo using a pyknoreter
technique. The pyknomcter was partially filled with the molten
mixture of liguad paraffin and cetostearyl alcohol, takinp carc

to avoid bubbles. After allowang the uixturce to set the

bottle waos weaghed and then f1lled with water, reweiphing
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Table 4,1 The formulations and cocing of all the preparations
investigated.
Pornulae are by verght and are adjusted to 100 parts
by weight uith wvater,
; :
 QIULSIFILR ' i :
" and other .Concen~ ; Ligquid Cetostearyl CODE i
coastirtuents ltration . paraffin alcohol LLTT=RG
f +
Cetrinaide C.1 10 10 CTADR/A
; 0.5 i 10 i 10 CtAB/3 ¢
; 1.0 | 10 | 10 cras/c |
| } 5.0 | 10 10 CRAB/D
| 10.0 | 10 10 CTAB/E
. 1.0 i 5 ; 5 CTAB/F
1.0 15 15 CTAB/G .
z 1.0 20 20 CTAB/H !
1.0 25 25 CTAB/I
! 1.0 5 15 CTAB/J .
1.0 5 25 CTAB/K |
! ! 1.0 15 5 CTAB/L
: toao o 25 | 5 CTAB/I1
L 0.5 50 5 | cTAB/N
| 1.0 50 5 CTAB/O
f 10.0 50 5 CTAB/P
\ 1.0 5* ' 15 CTAB/J/Lf
! 1.0 25* 5 CTAB/M/L
: ! 1.0 15% ‘ 5 CTAB/L/L
L : 1.0 10* : 10 CTAB/C/L
| ' : !
' Cetylpyridanium 0.1 10 | 10 CPC/A ;
chloraide . 0.5 o 10 CPC/B |
b 1.0 10 : 10 CPC/C
| 10.0 10 ; 10 CPC/D
| Benzalkoniun f 1.0 10 10 'ponz/a
. chloride i ' ‘
. I H i
i Dioctyl soliun 2.0 10 : 10 | DOSS/A
sulphosuccinate ' : :
. ! i
Sodzvm lauryl 0.5 | ? ’
" sulphate ’ : f :
| Clycerol | 5.0 : E
[ Tazonersal 0,02 ! ¢ j
T I | v
! Cetomacrogol 1000| 2.0 10 I 10 L COii/A
Thicnersal f0.02 ,

Notes

..
lan W e W W

it
R N N

Laght li1quid paraffin

Cotriuide Cresonn 3. Jet, C, 1953

Cetrimide Croaw 3.P.C., 1963

based on for.ulaticn in 'nite, (506)
bascd on Hydrocortisone Creeow 3,P.C. 1963

(L)

(5)

(%)
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Fig 4.1 The change of density of an equal mixture
of ligquid paraffin and cetostearyl aleohol
with temperature
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Fig 4.2 The change of density of aqueous solutions of tvlovridini
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~ A0 .
after ecquidabration at 307, Results are shoua in Table 4.2,

Tasle 4.2 Whe deasaties of the eaulsion disperse
vhases at 300°

Disporse phese for cuulsions i Densaty
T —
A, B, C, D, &, F, G, H, I . 0.8848
J | 0.8633
L i 0.87380
{ C.84038
! 0.8750
M, 0, P 0.3772
| C/L 0.8533
' J/L 0.8505
/1 0.8023
| L/L 0.8576

L loteor Beeconz apmaront thet the cheoare an deasaxty with
teperature wes sigailrecnt, Accordingly, this was reasurcd
1n detarl for the eqaal aaxtuce of the tuo conpoacnis over

r-o O b 1 R ]
tue range 75 ©o 20,5 cad the resultc are prescaded an g
4.1, Tae discontinuity betveen solad and lagquad phases is

o o
sho'm o5 occurriap betireen 407 and 457, Tais sceued the most
likely amelting point roage of tais mimture bul an independent
Z o 7!0 e

ieasurelenc gave valucs of between 30 aad 35 (150). The
results obtarned wath these . terials are dependenc upon the

rate of hoo lain; and zee by ao neans sherply defaned.

L.> The densaty and vascosily of tne agucous phascs

(a) Deasilacs
The densities of 2ll the aqueous phascs used in lhe
~ . A =0 o+ o
preparation of the Cispersions .ore Newsured ot 25 (= 0.17)
usin;, & pyknoncter. The results for the cetrimade and celyl-
pyridiaiun chloricde wvece nlottel (Fig L,2) aud values for indi-

ridnsl nrener. tioas oblained by intermol:tion.  Agucous

solutions of other suriecce octaive ageats were preparcd
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Fig 4.3 The change of viscositiy of aqueous solutions of

i cetrimide and cetylpyridinium chlorids with concentration
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equivalent to tne concentration prescnt in tihe forrmulation,
ignoring adsorpiron effects (Table 4.3).
{(b) Viscositics

Viscozsitics of all the above solutions were licasurced using

a ) A 1
a susgcended level vaiscoucter (33/IP/3L MM 14).  The method of

£

British Standarc B.S. 188:1957 was followed. Mcasurcnents twecce

0.1°. The viscosity of fresnly distailled water

vas tasen as 8.949 x lO-j poises (Internstronal Crmticel Tableos).

Cc +

Results erc showa an Fig 4.3 and Table L.35.

Table 4.3. The dersity and viscosity of sgue of the
agucous phases at 25.0
Surfleacc active egent Concentratzon Donsaty Viscosaity
N % W/ po1scs x 1077

Bencallzoniam chloride 1.25 0.9966 9 .64
Cetomacrozol 1000 2.5 0.3986 10.72
Dioctylsodzun 2.5

sulph?succ1nate 1.0171 12 .45
3odiurn louryl sulphete 0.625

L.6 letaocds of emulsifaicaticn

A prelainanery investipgation was sufficient to deronstirate
that the scelected surface zctive agents were powerful emulsifaers
requaring speclalised technigues to produce chanses in the particle
size daistribution of a syster.

In @11 cases a samplo gentle stircing by hand with a spatula
was sufficicat to produce an emulsion after addation of the
melted o1l zand cctostearyl alcohol tTo a warm aqucous soluiicn of
the surface cctive ageat. Slow starriag was coatinucd until the
caulsion hed solidiired ang p.cparations nade in thes fashaon

N aam T AR o + [,
- A e L L N WAL A A LA N e - ~
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Fig 4.4 (a) The ultrasonic cleaning bath used for the
preparation of emulsions.

Fi (v) Photomicro

glycerol,

aph of CTAB/B/120 mounted in
625 (approx.)
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was lumted to the laboratory bench, cenventional horogenisers
were notv coansidered, A means of broadening the spread of the
narticle zize cdistrabution os sousht in order to allows edequate
evaluation of the anfluence of narticle size on the properties

of a gyste:nr 1n which all other paramefers were closely controlled.
slectrostatac enulsiizcalion nrocedures wvere exauned but
conclusions draJn by S:aft & Fricdleonder (455) could only be
confirmed and this opproach was not coatinued.

From the litersture 1t appeared thut vltrasosic arradio-
tzon had so.te poteatial since particles are wade to shear ss soll
as Lo coalecce (2.1.5). After inaiticl experairentation, the
cevice sho.m an Foo L.%.a was found to have a dejrec of success
1n 1his directzon. 3Basically 2t consists of an ultrasonic
cleaning bath fatted with & constant specd sate stirrer., The
ultrasoaic bath co<cists of a 35 w Hullard wltrasonic amnlifier
(Type L237) driving o 1 litre ultresonic cleaner (Trpe L613) at
22 c/s. Ualake tae azpcvatus used by Sinsiser & Beel (433)
the iransducer cenented to the base of the stainless steel
beaker was ol the magnetostrictive tyve. Vaen the bealior was

1

hoif filled -rath lagquad the arca o

Y

rnaxirmuan cavitation cculd bde

H

seen to be lamated to the centre portioa. 45 noted by Singiser
& 3cal frece o1l was pronc to separate at tne top of the bath
and for this recsoa a glass stircer ;ate, shown clevated an

¥ig 4.b4.a, was used to reiax the t.oo phases, and pass all the
naterial throush the zoae of cavitation. Iz ras found to be
sufficzeat to star al a fixed specd of 107.5 r.p.n. Proloaged
periods of irracdiation proved possible because the bath

, o
terperature did not fall belos 45 uatxl the traansducer ves

fised procedure was thercfore

switched off. A& siancar
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cdeveloped for all preparctions made an thas foshion, as follows:
The aqueous phase containang the surfoce active apgent and

other ingredicnts was acated te 650-700 and pleced 1in the

stainless steel beaker. The weigied o1l phase was warned to

-0 ) b 3
o0 and added to the agueous phase when this had cooled to the

sane teuperatuore. Immeciately the transducer was switched on
and stirring cowsencerd. Irradietion was coatirued for a lknown
tire, after which the tronsducer .agas swibched off. Starria;

wvas continved at the same speed until the »reparavion had cooled

te about 300 and was neginning to set to a sculcolad consistency.
Preperations nade 2a this fashion gerve coded according to

the nwiber of manutes of arradiation, e,g. -/0 1ndicaled that

tiue preparatien yas nade in tae ultrasonic bath which was not

switehed ca, -/15 indicates icradiaizon for 15 manutes, etc.

L,7 The zpuvearance of the ciulsions

ffatherto 2t lhias been an 1ioplicit essuuption that the
dasperse phase pasticles of an ewulsion zre spherical drozlets.
However,, nicroscoplc exaniration of sore of the sreparations
descrabed 1n the 1lrst scction revealed che occasional preseance
of 1rregularly-shaped »erticles, irany with straight sides. A
typical fieléd saorins the occasioazl non-snierical sarticle caa
be seen 1n Fag. L.4.b. The possibality that these pactieles
vere an ertifoct lessened when pacticles on electron-microgranhs
were found to have the sa.ae aprnearance, Fig 3.2. Axon (14)
sugested that particles in an aged system containiag cetyl
alcohol, liguad poraffin and sodiun lauryl sulphate tended to
heve a crystalliine appearance 1f the ratio of a2lcohol to o1l

I

ras preater than 6 @ 5, An examination of thizs fype of

preparation showed that the particles had an acicvlar appearance,
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guite different from the polyhedra visible in Faigs. 4.4.b and
3.2 Preparations coataining dafferent ratios of oxl and
alcohecl 1n a 0.54 cetrimide enulszon rere . ade aud stored for
s1x .ionths. The aporoxivate nurbers of airregular particles
at the veganning and end of this period were samilar and Axon's
explanation 15 not applicable.

Accordingly, after coasideraticn of altccactive thecories
(Sectien 2.2.4) the hyoothesis was advanced that the phenomenon

as due to localased close cacxkang (150).

L, The relationschip belueen coacentration and particle shape

The systenm i1n which polynedra were fairst noted to any

degree was tact of CTAR/3/120 1a whach the disperse phase ratio
(o nass) was 0.2, or at 2500, 0.225 oy volume. Thus, although
lienegold (255) had previously pointed out that the theoretical
limataas value for the close pacliang of spheres cof equal diameter
was ¢ volune = 0.74, 1t wes clear that the systernt as a whole
could not be close packed. Nevertheless, ainhorogeneitzes could
ex1st “'here localised close pacliing occurred, especially ac tae
systen had a vxde range of partacle sizes, Such areas are
clearly visible 1n Fig. 3.2 wiere inadequate dispersion of the
sanple has left flat-saded particles adjacent to each other.

If thas were a valid nrciure cof the whole increasing the
disperse phose ratio of a stanfardised systen should produce an
increasc 1a tcthe nuwber of polyhedra 1a the systen. As noted

in Chapter Tuo, 1t 15 ualikely that a standardised method of
emulsification exasts. A procedure was adonted in which os
many neraleters as possible were controlled in order to nake

a ranre of ciulsions of an equal 'uxture by .Jeight of ceto-

stearyl alcohol and liquid naraffisz in a 0.5% w/7 solution of
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Fig 4.5 The progressive change in the particle size and
particle shape with increasing disperse phase ratio
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cetrimide. Both phases -rare heated and naixed at 750. A
Si1lversen laboratory honopeanarser vas used to stir the cowulsaion
at »aximurnl speed vntzl 21t had cooled to 500 waen the homoreniser
vas sairtened off and the cooling allowed to proceed undistarved.
This procedure se2s enployed to prepare 100 ¢ samples of a

nurtovr of preparalions of differeni disperse phawe ratio vecying
from 0.0l to 0.55 oy rexisht., It cs of intzrest to note that

zreparations coataininT a diswvesse phasse ratio ) jd = 0,55 tended

to be unstavle as :anifested oy syneresis of ¢ clear peraffan

layer, 1.¢., trese c.ulsizns hod uadergeone iaversion as desceibd
by ilanesold (loc. cit).

fiie pacticle shape vas eveluated fro.. photomicrographs,
lassifyang spherical (2ad rounded) porticles and polyhedral
particles separctely. Samnles were dispersed in glyccrol and
paotomicrographs tailen ia green laght atv a megnification of x
40O uvsing a Leitz Ortnolux nmicroscope Tatted wath a Wotsoa cye-
picce carera. The actual nagnification vas deter:ined by
photographiap a 20 p srad on a Thona hasmocytorcter slide uncor
the sanc coaditions. Four nhotowicrosraphs of each sanple uvgre
taxen, eunabliarg at least 1000 particles vo bo classafied,

A selected arco of a photeouwicropgrana freon cach sanplc 13
saown 1n fi; 4.5, The rost owviouws feature of tais Figsure is
tne progressive increase in both particle size and rcolatave
aurtber of polyacdral pasticles wit: 1ncresscd dispersc phase
rat1o. The relocive nunber of nolyhedra is plotted darcctly

as a functaion of daisverse phase ratio in Fag L4.5. and partacle

s1izec Jisirivutions acce showa in Taaslce k.h,
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Table 4.4 Promerties of the ernulsions prepared with
iicreasiag disperse phase ratio

¢ HNASS o voluie (Fac. 4,1) % nos. Particle size
--4 polyhedra| dastribution
-, 25° | 45 | 75° P50 95 Dos
(p) (n)
0.0L | 0.0112| 0.0117 | ¢.0118 o} 2.75 3.20 21
.05 { 0.056 | 0.033 | 0.059 1.93 3.0 2.03 13
| 0.10 | 0.112 | 0.117 | 0.113 Lh,o1 5.30 1.89 16
L 0.15 | 0.16& | 0.176 | 0.177 19.754 5.0 1.90 15
'0.20 | 0.225 1 0.235 | 0.236 37.11 ; 4.o5 1.87 17
0.30 1 0.337 | 0.352 | 0.354 S51.54 4,85 2.06 19.3
0,40 | 0 BEY | 0.459 | 0.473 70.30 8.30 1.92 21.5
I 0.50 ;] 0.561 | 0.586 | 0,590 84,20 8,5 2.00 22
L 0,95 0,617 | 0.845 | 0.650 ¢ 38.60 8.0 2.21 2k |

4,9 The thecoretical and experwmental c~ ulsion GCnsSLtics

It 18 generally agrced that the anterfacial layer bcrtwcen
the daispersed phasce and the continuous phasc has differcat
properties from cither of the tuo coxstituent phases (Chapter
Two). Martynov (270) noted tnet tihersiodynenically this resulted
1n & change an the volwic of the syster:, meaning that the densaty
of the intlerfacial layer is distinct fron the densitaes of the
two phascs., He showed how thas dafference could be used to
calculate the approxainate thaicknes. of the layer. The theoretical
density of an euulsion was calculated and comparced with the
experarental value.

The thcoretical deasity was calculated as follors:-

thecretzcal densgaty = vy = 100 (1)
&, (100 - 1)
o Cw

From Table 4.1 @ 25 the total mass of dispersced phasc in 100 g

of the foruumlataion, Eo 15 the demsity of the disperse phase

(Table &.2) and ¢, 18 the deassly ot the convinuous phase fro.
N

Fir 4.2 or Table 4.3.
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The experimental deasities were :lcasured by adding a
werghed amount (8 to 9 g) an a dry tered, graduated centrifugeioss
of conical secction. This was centrafuged for one hour at
4000 r.p.ri. to rerove occluded air beforc equrlibratins in a
. o ,+ o) \
water bath at 25.0° (-~ 0.1 ) and ncasuraing the volume, The

apparent density of ecach preparaction was nmecasured four times.

Results are shown 1n Table 4.5.

4,120 Discussion

The properties of the solid-liquid crulsion systems under
investrration ar: of comsiderable interest. For cxanple, the fact
that 1t proved 1npossible to preperc a sysicem contalaing ouch
more than 555 by weight of a ~anture of liquad paraffin and
cetostecaryl alcohol susgested that this systen was close to the
¢lose pacliang li.at. However, cveon alloviag for cxpansion on
heating tois docs not approach the theorestical limat of 744 by
volume, asswaing that tho disperse phase particles were solicres
of equal dawvcnsions.

The prescence of pnolyhcdral particles has becen denonstrated
in a auwaber of the systens under znvestigation. The data presentod
in Fig 4.6 provides adequate confairnacioa of the original sugpest-
1on (150) that this 1s duc to localiscd closc pockias withain the
sysctems, probably at the point of changing from laquid droplets
to solad pariticles. The aincreasc in the relative nurmber of polr-
hedra above a dispersc phase ratio of § = 0.1 and the lancaratly
of the relationship is straking, providing adequate confirmazion
that the phenomenon 1s not due to crystallisation (14). The
change ia viscosity from Newitonian to nen-llewtonian bchaviour
also occurs for systems of daispersce phase ratio o = 0.1

(Fig 5.1). This confirms the suzgestion that particle-poarticle
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anteractrons occur <t concentrations well helow the theorctacol
lamit of ¥ = O.74.
Tac dafferencas noted boitvucen the theoretical and wetual

deasities of the omuloions indacates thot ilenyrov'!s supgges.ion

3

that the 1aterfocial layer heos a daffercnt censity from tue tin
constitucat pnascs nay have some suoslaace. 3onc additional

coaclusions ond speoculetiens arce discussed in Chexnter 3ax.

L.11  Sunacry
l. The forrulatzcons of cuulsrons cxauaznced 2n this Teble 4.1
1avestairozion ar: saven.,
2. The thysical prowvccot.os of the coactitucal shzscs  +.4.5
are detor. 1aed,.
3. Lwrelods of e.ulsifaccoctzon are describad. L6
. Some of thc cimlsion systonns coatain nen~snhnerical L&.7
narticles,

5. The relative aunber of aon-spherical particles b 8

increases 1n one systern as tae dispersce phasc

-+

6. The avparcat deasity of z2ll tac c.mlsion srsters L.,9

18 s;alles thea the lheoretaical deasitr, Tabic 4.5
o
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The tacorebtical cad assareat feusitaics of

tae formalations shoun in Taslo [

C0oL L. T Ticorctacal 42322T00T Len32TY
CTas AL 0.0725 0.0527
L/GO 0.972°C 0.9505
s B/L5 0.07h2 T 769521
0 0.9742 0.9171
5 0.97L2 0.942C
10 GG 2 C.9406
1. 0.9742 0.9521
2¢ 0.9742 2.94L51
25 0.9742 c.oh’ 6
50 C.Q7h2 0.943%0
L 0.G742 0.947%
60 0.9742 0.9473
120 0.9742 0.9416 _
O C/LS 0.9747 0.95:60
L/L3 0.9755 0.9475
/15 0.97C0 0.9503
F/LS 0.9354 0.9500
G/LS 0.90632 G.9'00
1/Ls 0.9523 0.92¢75
/L5 0.941¢ 0.9105
J/L3 0.90691 0.9514
K/L:s 0.6519 0.9h47
/15 0.5728 0.9359
1./Tus 0.9599 0.9255
/Lo 0.9505 0.8924L
C/Lus 0.93006 0.9019
D/ L3 N.9350 0.¢911
Cr.3 LL/L:; 0.9679 C.9.32
HL/L. C.7548 0.9254
JL/Lo> 0.9656 0.9530
CL/Li 0.9E65 0.9460
CPU A/L3 0.9740 0.9464k
Cel 3/ 0 0.9738 0.9504
15 0.9738 0.9439
20 0.9730 0.0416
25 0.9755 0.CL1L
50 0.0735 0.0439
Ly 0.¢738 0.9%10
GO 0.9753 0.9379
120 0.9733 0.9275
CrC e/15 0.9735 0.9453
D/LS 0.969E 0.9536
o A/Lo 0.9759 0,9411L -
Tl &/Ts 0.9759 0.9576
0 0.3759 0.0hkY
15 0.9759 0.9501
%0 C.2759 0.9434
S0 0.0755 0.0l
120 0.9759 0.5347




Table 4,5 containued
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Copo Lin Lol Theoretical Apnarent den51tyi
DOLS A/LS 0.9513 0.9563
0 .91 02457
15 0.9813 0.94535
20 0.9413 0.9556
50 0.9313 0.9478
120 0.981, 0.9435
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CHAPTUR FIVS

Ty MoASUREB L O Tl ZULSIO FLO. CIARACISRISTICS

5.1 Iatroductien

5.2 Descripiron of tic viscoreter

545 tielnod for flous charscterastic ricasurcients
5.4 Tyosical resvlts
5.5 npplicetron of Lhe 1lliansoa cgaation
5.6 Discussica 2ad coaclviions
5.7 Swuary
5.1 Introcuctaon
a1 vlsioas of Tuoe types under investigotion exhionit co.nlex
flor patteras, Unseophiuticoted oethods of floos meosurencat

ace not svitable fer thio anveslisgatio: since they are unable
to pive .caniagful resolts for Lhe asaranelers associcted with
non-uwcwtoazaan flos such 23 yield value, hysteiceszs and viscosity
at 1afainite sheor rates. The clioice of ¢ suitable instruneont
wes ¢iscusscd 1a Clhapter Two zad cone-nlate vasconeters vere
preferred on a nwaber of grovnés. The Ferranti-Shirley visco-
neter oo scolecied siace end efiects are reduced to o minaimurl,
saear heat 15 rapiily diseapaced oad teupercivre coatrol cen he
nazntaraza vitiiza close livirtts. Tae .wcan advantage of thas
instrancat 1- t.al coae spceds arc coatainuously varrable with-
out the zecescxiy for stepwise chaares associated with tae use
of o gowr bhox,. The insiruaent 1o Tfaitted with a prorraiiung
device walcen enwales tae cone to he ncceleroted to a maximu
rotational swneed over a pericd of tiue zad tnmreduced to a
stancsiill over tae saine period. Mhie has the adévantage thatl

condirtions of recasuresenl can be standardized, enavlia; the




wnstrunent to plot out a flow curve, or rheosgran, characteris-
tic of the s iple under exarunation and couparable to those of
other sanples necasured uncder the saie conditions,

There 1s an iantuitave feelin; amonrst worlkers in this fzcld
that rotational viscoricters can act as homorenisers when anplied
to enulsion systeins, 1.c., they are capabdle of breakinpg Cown
particles by che applicacion of shear forces (141). Iattle
cvideace for ihis supposilion hes been preseated. Hovrever
Rostenbauder & llarlain (221) and lendersoa ot al (170) suggested
that phornaceutical enulsions and owxntuenis uculd be subjected

i ’ -1
to a shecr rale of up to aporoxanately 200 secs. on ejection
r -1 X 1
from a collepoable tabe, 120 secs. when ssread onto the siun
_l L] 1
or 150 secs. whea .anaipulated waih a spotulas Coadztions of
neasurerient were toercfore linated to o nexiiun rate of sheor

] ""l
of 18656 cecs. .

5.2 Descraprion oi the visconeler

The Ferranti-Shirley coane plate viscoueter (Ferranti Lrtc.,
lios comn, Monchester 10) wes Cescraibed 1n detarl by licKennsll (500).
Thas perbaculer instrunient was fitted with the automatic cone-
plate scttang unat teo maintcan the gop between the apex of the
cone and tac plote 2t a constant level., The signal frooa the
torque dynaio ieter 2a¢ the ovtenatic speed control ras .ionitored
by on X-7 recorder (Scicalific Iastruwieants Ltd., Cheshare,
Autoplotter Unit, liodel XY - IP), heviag a 0-10 av aoveuent
along ecch axis aad a mninimum frequency response time of 1 sec.
doter at 25.000 wes circulated froa o lorge Tovmson and llercer
circulating water bath. Tue teaperciuwre of the senple was
neasured by therrocouples setv in the plate zcad conaccted to &

Solarfron Digjital voltmeter, Model Lii 1420. The tewperaturc Jos

-




~ 100 ~

Q

- - 0 4
deant o8 o - GWL0PLT, one vorzed by Qo cove L. = 0017 'wona,

any oua~ run,
The insisuaent yos used uith o large cone, radius 5.50 cn
4 ~ ———
and. cone angle 19%'148" (= 0.00557392 radians). A swucen tane of
600 seconds was selected to reduce inerticl cffccls to a Jina-

nurd, vexng a sseed range of O to 10 rupai.

The naxiuwi shear rate 15 therefore riven by anpulor ve1001ty/

cone ongle (roadiaas)

= __ 10 x am uCCGo-l
C.C0%573592 GO
-1

The torque sprias consicnt (sunpiied vath the ainstrudent) is
2.55 5 ¢ /dav.

= 2
Shear stress = 3G = T dynes/cm

23’
there G = reonding oa the = 500 scole scettain

m
L=

Snear siress = T = 20.¢ = rexcaing oa x 500 scale,

The inctruacnt therefore umeasuced o naximun apnlied sheer
~ IS - 1 ~ _ 1 ~ 2
rete of luw secs, cad a stress of 13,400 dynes/en .

5.3 lictno. of tlcy ~h~rocbhrant_c s2i3urer oat

ATter ¢ creat deal of exyeriuentailion z% wasdemonstroted
that all sanples vere subjecl to shear-thi-aia- wizch wves
generally slowlv reversible. Accordangly, the nethed of
neasurenent . s 1nevitably a couprorise since the sanple st
aluays oc disturbed when wovias 1t from the original coatainer

to the za» betreen the cone and the plate.

Sanples of eoch foruulation were cenirifuged to reuove

occlucded air andé flow behoviour iicasured at chbout the sance tine

as lhe particle size dasteibutions. Sanples vere equilibrated

overnisiut in the some roonm s the instruneat. The cone and
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plate rere clecaned r1tlh ccetonz and tuz instrunent alloved to

warn us to the teouwverature of mecsure-ient. A1 to 2 g "blocl!
of the serisolid .o cerelfully cut frou the bulk contazner wizh
a 1» spatula and plcoced on the plote with the rminimu anouat of

¢isturbance., ine cone rototing at 30 r.».i. vas lowered oato

the sanple aad, wumieczately the gan settiag ves reached, the

4

rotavional speed redveed Lo zero aad tlic notor taken out of

ccar. nxce s-uple uas renoved fron arovnd Lhe ceoae cad

|§]
(9]

. \ o}
exactly 10 azinuliocs allosed for the saunle to woen up to 25.0
(only o fer minutes were requrred ) aad te 'recover'. The
insiru..cat wes thea set in necron to record tie strezs-strain

relatienship as the seoiiple wes sheared froa zero to 10 repaii.

ct

an’ back to zero over a totel time of 20 nanutes.

Replicate 1wasurciients over a period of .uecelis on the saue
rateraal treated za thic abeove faghaioa prodaced superzaposabhle
rheosrans provided the naterzal vos initially nore tian a reel
old. For this rersoa sanples agere generclly at lcast three
rnoatis old belore exominatisn. =Repeated siearing of the sene
sanple wvas sufficrent to denonstrate the slowv rete of recovery
{(Fi... 5.3 ). Shcaring the seme soarple at the naxinun speed of
the instruncat (100 r.p.i.) fer 20 .znutes procduced no
1neasuravle 1ncrecse 1in tenperatare 2a¢ 1t 1s Lresumed thal sacar-

heating ¢id not occur 1a the naterials under ainvesiigailon.

5.4 Typical results

Ls antacapated, the flow curve Cenoastraled conplex non-
e ytooran flow weheoviour. DMost of the »nreporaticns denon-

trated taarotropic hysteresis oo the types siailar to those

C:

.
aen 1n o, 2

- N -~ 7
- P ...—‘_JI ~

~ A
[ S emaden WL

9]

1 - K3 AL
L TEGQUCL. £11

interestins series of curves frow peeparations with increased
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concenlration of Cilioperse _hase 15 shom in Fig 5.1, Tallag

he DOSS serics the cifect of Hrogrezsively iacreased Herlods
of wltrasoaics i1s shown in Fio 5.2. So.1c celzelecd corves arc
shown an Fuag 5.2. 1o 1llustrate tiae folloriar, fectures. Faim A
(CTA3/5/120) shous a pronouncec yield noiat and coasaderadle
thzxocropic breeclkdoun betueen the un and down curves. Tl B 1s
the curve obtained “sfien 3ciaple A wes clloued vo rost for JTave
viautes cad iac .aeosvre lent repeated., The ultinate viscositics
are siightly differeat, onrobably owang to ainotruvent varization.
Fi_, 3 snous substantially tae sae features o35 A but on a nwuch
recuced scale indacating that the promwaralion has failed to
recover xa the resl meriod. Fam G (CTu3/2/2C) 15 o typically

|

nsewdonloscic Tlor curve,
The charccteristics of all the cnulsions exanined are slioun

in Table 5.1 aac adcditional results are shoua in Appendix Four

(pocket).

5.5 Anplicelaion of the .Jz1laanmson cquation

Tuo equatioas are clained o »mrovicde a firt ol pseudopla.iic
flo: curves (2.3.%); Jilliowrsoats (510) axd the structure
cquetion of Shangraw et al (399).

Tesls of the two curves rere thercefore cerried out oa cata
obtaincd 1n tiic iavesiization. Plouws ol L/F vs 1/8 or vs
~0.6018
€ should be liacar, Tie Jillionson plovs of represent-
ative flov curves are shown 1a Fig 5.4 and, s acted by Shengrav
(398), experiitental valves shou a tread away fron linesrity
in the vp-er <1l lower repaions of shear, da cver, structural
equation plocs (Far, 5.5) are noa-linccor over the iole raare of

shear.
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Fig 5.5 Down flow curves plotted according to
Shangraw et al (399) .
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Table 5.1 D.ota fron tac flow cvrves oleotted by lhe
Forrantai-Soarley visco,cter

CODZ | DIoRIASION| bHiwod AT ' Apporent ! Thizoiropic i
lou sees. | viscosily | index (arca of
STRALT ot yield %“fscgrealu) !
yncs/cg poxat |
(po1ses) |
=Tl Tomimnodes el i = ..I
CTAS A/LS 620 20.0 6.79 |
L/60 950 i 37.0 87.25 |
| S/L3 1550 50.0 D50
| 3/ 0 3000 113.5 12.20 s
| 3/ 5 2000 380 21.43 l
/LG 3300 115.0 14,95
3715 2710 hol5 15,07
3/20 3220 140.0 17.38
3/25 2160 220.0 56.79
3/30 430 153.0 75.11
! 3/L5 500 50.0 27.92 |
3/60 150 155, 95.50
3/126 160 171.0 93.05 B
CTa3 C/LG 51C0 150.0 25.26
D/Lis 1000 75,6 16.22
=/L3 1000 92,5 14,37
F/Li 520 12.5 5,88 ;
G/LS 1500 190.0 199.50
H/LS 5600 323.0 275.00
/L5 3760 7ha 0 530,20
J/1L3 930 160.0 14,10
/L3 32350 232.0 190.20
L/Li3 500 55.3 5.78 }
/LS sko LO.O 25 I
/L 1250 100.0 2.55
0/15 1c2¢ 62.5 3750 |
P/L3 17L0 L0.0 51.30 L
Cians | L/L/L3 630 L3505 3.46
1/L/TS 660 22.5 %,60
J/L/L3 1700 157.2 137.40
C/L/LS 2000 66.7 14,22
CPC L/Ls 20 ) 9.50
CPC 3710 | 2500 iL7.2 9.3k
3/15 3000 112.8 15.02
3/20 3800 5.5 1,006
2/25 3400 153.,0 18.30
3/50 1220 260.0 53.0k8
3/55 3560 13C.0 2%.13
3/60 320 192.0 09,60
B/120 2260 200.06 70.02
CPC C/LS 5950 122.7 34,02
/13 Lioo 05.1 16%.50
3ELZ AL 550 |7 Ts6.0T T[T SBZT T

contcd/ over




Table 5.1 coatinucd
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CODE | DISPARSTION | 5IRESS ATli Aomarcat Thixocropnic
1138 secs.” | visccosity | index (erea of
PRURLT at yicld hystcresis)
dynes/cul point
(ov1ses)
Clil A/L 1440 56.3 10.87
Af O 1,30 2547 5.00
A/1S 2450 111.4 25.57
A/30 000 10C.5 15.73
A/GO 3050 110.0 1%.30
Af120 4300 12C.0 4% ,1h
D0s8 A/Lo I5) 8.0 15.060
&/ C 630 2h .0 17.46
A/15 740G 5040 10.35
A/3O 500 38,3 17.540C
. A/ GO 1ico 53.% 20.40
CA/120 2L00 100.0 26,57
B zarie 0.0L 70 0 0
(La8)  0.05 105 0 0
0,10 k10 0 o
0.1 5ho 0 14932
0.20 2360 0 5.56
G.,0 4710 1C7.3 15.70
0.40 3370 105,35 56.50
G50 hi20 112.2 32.25
0.55 L4710 113.3 69,C0
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Accordansly, for the purpose of this present anvestigation
1t vas assuaed that the Willianson equatron has greater
applicabilicty to the cxperimental data.

Using atandard_technigues the Jilliamsca equation was
converted to linear foru and a conputer prosraime written to
derive the constants by the nethod of least squares. This
technique, due to Shangrav (398), was wiaproved by using Taylor's
expansion (-13) to continuc caleunlating uatil successive values
varied hy no uore than 1%, or uatil ten atternpts to fit the
curve hod been aade. Meesurenents of FandSvere taxea from
each dom curve and used to coumpate the values shoun in

Table 5.2. The .achine rejected results as invalid where:-

(1) Yoo wos negative,
{(z1) f, the i1ntercept oa the stress axwis, wos negatave
(izx) 5, the cucvative, ‘1os negotive, radicating dilotant
£low

or (av) the veriance increased as the calculacien prosressec.

5.6 Discussion and coaclusions
2

The Ferranti-Sharley viscoumcter was capable of neesuring
sone features of the flow bhehavaiour.

An experimeantal value for the yreld moint was obtained
althouzh 1t has been suggested (481) that the 1gnertaz of che
cone has a considerable influence on the result. ifevertheless,
the yield poi1t appears to be coasistent within aa cuulsion
systen (rfable 5.1) sungesting that 1t iay have a real as

opposed to appareat value. Since the instruwent wos run at 1ico

slouest pro,raamied 1acrezse of speed the inertial effccts are

lakely 1o he 2t o sunarun bui thore 2e no rmecns oL precent

————— o) [
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Tadle 5.2 Constents 2a the Jullaanson cousiion for .scudo-
nlcstic flor (erived by couaputer curve fatting
Dispcrsaion 3 5 | arionco 110+
Codg "(Tﬁ31Q 7o ! eEmene 1zv;11€ -
Cll  ALS | 2.5/ [18h.2 0.010 729.1 ) F
50§ 2.6k2 379,06 64552 1.054:10, +
ClLs 3 L3 | =6.0.1 (7131 385.0 1.42&:10%
0] 5.620 2671 bues? 2.2%23104 ¥
51 5.219 12145 3l 62 bool7:10, + -
10| 9..70 036 126.50 3,020510,, + -
12| 8.805 1296 31,560 2.5619:10, +
20 | w.210 {2056 2k, B0 5.050:107 +
251 9777 | 01047 0.3114 19578 . L +
50§ =0.070he 30,5 1.478 }.6?3x105 -
Ko i1, 8 1203 1402 1.71107:2103 +
69 1 =0.0312 | 185.0 -1.921 1.71.2:10; -
120 | -0.0265 1 255,35 -2.673 . 085x10, -
I3 IS 12,13 827 1555 1.010x10 n
D L3 1.94¢ | 539,1 11.64 956,1 +
S LS LJA33 | 765.6 10.89 2069 2
F Lo | 0.3007 1 %Cu.y %11.@7 10 358.38 - PR
C Ls | 2.047 -7.225x100-1.91x10 }.oalxlog
4 LS | 12455 20.00 A=0.01437 4, 3.505210 -
I L3 | bs.24 —5.120xldb 3.757210" " 9.052:108 -
J LS 2,420 237,35 -0.950% 1.017:107 -
18| 1,.k0 L3525 0.7527 2.571x10” -
L Ls{ 0,02880] Lol 22,43 1321 v
Lo 25 2923 50.G2 1051 + .
ULsl o 2.105 | 911.7 15,00 790.2 +
5 L, Gh5 hE,28 -5.476 (627 -
P LS| L.23h lohk2 3,249 7657 4 )
¢33 L/L L3 | L1.L28 | 533.9 14,71 2504 +
11/L L3 | 1.129 | 511.9 25,50 7511 - +
J/L Lo | L.157 | 529.2 2.029 2.924x10; -
C/L I | D.uls 163 45,86 2.115:210° + '
CPo i LS| 2.401 | 309.7 7.500 1552 r
CPu 3 0 2,007 21LS 25475 635 L 2
15| 0,276 5ol 75,30 L L5710, -
201 0.033 hanz P h.002:10, +
251 ~0.1062 1 1.427x10307.8 1.263:107 -
301 L.827 p2b4e 31,31 903.2 | 1
45t 1,.01 ‘1300 21.95 3.258x10° +
GO 0,03220 2906,5 2.765 {134 4
120 10,42 24,0 -5,149 7955 -
Cog C L3| -1.708 177306 195.5 2.12.:10) -
D Lul 6.550 3018 9,200 2.,39Lx10 +
207 A Lo | 5.7°0 | 107.2 1.020 9bLo -
[ A L5 | D.C47 7004 7554 1947 +
0] 2.550 | 5%90.0 7015 616.9 4 -
15| 1.105 12h50 21.12 2240 v
30! 2.011 iasao 20,39 hoeko -
ol -5.253 h1hd o151 l.?lbxlOé -
12C¢ 24,02 1.?\_! .L m0. 1412 | 5 .7’45..’.10 - .'

coitianzd over




Table 5.2 coatiaucd
Dicpers Code v } - variailce valzl +
31013 : /C’D ! ‘F > L1:1'1:'.]_1'_ ~i
! H
i )
LUSS A Ld! 33.90 | \2.579::1013 -5.063x1§7 1.527x15’ -
0} Js.2201 =5.620 ~2b b 5404 -
13§ 2.272 1 353.5 34,31 593.6 +
50 2.50@3 411.7 20.00 893,2 +
Lo 2,317 " 65204 29..2 Lgs.,5 -
120t 5,207 2007 29,45 Ls16 ]
gserics 0.0 0.204d 2L12 1.289 15,08 v
(4.8) 0.0 G377 33.350 0.05249 54.50 +
0.10f 0.870% 2%50.0 9.71% 305.8 +
0.151 0.9563 394.5 16.93 Le3.5 +
0,20} =1.,02¢ | 3551 75434 6903 , -
0,50112,20 27745 32425 5.,960x10 +
Okl 7,198 | 2572 49,502 5.0L2 +
0.50{12.006 12323 435,58 72452 +
0.55] 9.150 | 3332 51.77 16578 ¥ ,

- - s e Py ey s o e~ e
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availanle for estinating the .iagnitude of thise effects. The
cxtrapolatved valucs obtained by curve-fittin: to the dom
curve nave real necniw, but as alrcady noted some of the
experincatal curves did not show typical pseudoplastic flow
propert:es, suwmilarly, tae viscosities at iafinite sheor rates
calculated by curve fittiang as opposcd to direct Leasurement
are likely to have nore real neaning where the data is auwenable
to this iccat ient.

The rinstruaent in the for.a erploycd wes only capable of
aravaing a twvo-dimensioanal plot of sircss vs strain. as noted
in Chapter Two (2.3.2) thixotropy is a itie dependent phenoil-
enon requadring tiue os an additioannl axais. Aa anitial anvesta-
gation sugrested that one way of investigataing thixotropy wes to
consider 1t as a aasc-action phenomenon, wucasuring a aalf-life.
1als requires aan instruaent fatted with a tire-axis recorder
which tus aot avazlable. dowvever, initsl results usin- a
stop watch were sufficiently encouraring to suggest that this
saght prove a frurtful line for a future investipation., The asc
of the arca of tne hysteressis loop as surgested by Pryce-Joncs
as an i1adex of thixotropy (3552, 333) 15 of less value but the
values obtained are presented in Table 5.1 for purposcs of

COoNpParison,

5.7 Swicary

l. A Ferranti-Sharley conc-plate visconeter was used 5.2

to necasure the flor curves, continuously recordiag

-

the stresses produced oy applied shear strains of

-1

ial
up to 103 secs.
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The instruiient prorvecd reproducible flov curves,
Tron -thich are recorded yicld poant, iaximun stress
and <oea of hystercsis.

Pscudo=-nlestie flow curve fittzias by the rethods

~

or Iillier son aad Shanzrou shosed taet the data vas
rnore closely fitted oy the forner.

Cons tonts deraived fron 01l the flor curves are

prescented.

23

Table
5.1

Ul
-
A
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CHAPTER STIX

DISCUSSION anD CCJACLUSIONS

v.l The accuracy and reprocducivilaty of the particle size
analysis methols

6,2 The effects produced by ultrasonic airradiation on che
bparticle size and particle size {istribution.

G.3 The 1nflucnce of forimlatzon factors on the narticle size
of tue disverse phese

Gub The anfluence of forrulation factors on e.ulsion
viscosity

¢.5 The »resence of an interfacial filnm.

640 A theory of pseucdoplastic flow

6.7 The influence of particle size upon thc floas behaviour
of ecimlsicns

Ll.U  Sumaary

uel The accuracy &id reproducibility of the warticle onalysis

rethods

The problews of ceter.iinin , accuracy and reproducibilaty
of partacle size analysis methods have beca discussed by
Bechier (25) and in 3ritish Standacd BS 3406, An estiunte of
the error ¢ue to instru.ent variation can be obtained by
repe tedly analysine the sene sample, o5 shown in Apjzeadix Two.

These results are suwimarised in Table 6.1.

Tasle 6,1 The stezndard error for the Coulter Counter and
centrafuge rethods. Jiecn value as a percentage
f the mecan weizht of nuteraal within given size

antervals (A 2.2.1) ~

Coulter Counter |Centrafural photo-
sedimentoneter

repeated sampling 14.09 3.94

repeated analysis
of the same sample

2.19 3.56
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Since errors are additive these values sugzgest that the

reprocducibilaty of the Coulter Counter is well within the 54
claimed by {the wernufacturers. Results from the ceniraifupal
photosedainentometer are only slishtly less reproducaiole and
samplang error is considcirably rcduced. One reoson for thas
nay lic 1in the dafrerences in principle of the two letaods,
The sauple size for tle centrafuse 25 much larger than that for
the Coulter, albeit tnot the latter instrunent ccounts a vastly
larger nu.ber of particles than those counted duraing o lypical
.l1croscope size onalysis.

An estinace of the absolute accuracy or .acaning of tne
particle size distribution obtazned by aay onc .lethod can only
be obtarned by compariag results ~#1th those frow other methods,
As showia an Appendix Tyo, a stetistical exaninacion of the
results obtained from the Coulter Counter and the centrifunal
photosedimentoneter over most of the ranjge comion to both
surzests that here ot lecst the results can be compared, Tae
varliance ratio indicates that the samples are derived froo the
ga.ie nopulation and the nornaliszne procedure used to extend
the rance of each method appears to be justified.

It 15 coubtful 1f errors, essocially those duc to saw.plang,
can be eliminated or reduced to levels saignaficantly lower than
those shown 1a Tadle 6.1

A lo;-probabilaty discrabution has been jresumed through-
ouc, altiougn 1t 1s admittedly an imprecise method of
gescrabaing a particle saze distrabution. Houever, until the
rarticle size dastrabuficen of an enulsion systernd can be
descrabed uiore accurately the assumption would appecr to be

a reasonable one, The birsrest part of the problem is to reduce
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sampling crror, The centrifugal photosedincatornieter 1s less
subject to thiws error than the Counter over thne range of 3 -
1Cn. viore worll 18 required to establish the aksclute accuracy
of tihc instruuent over the wiole of the size ranpge, esveciclly
for simes belo: a «icron (7.2)

6.2 The efrects produced by ultrasonic irradiation on the
narticle s1zc 2ac narticle size distribution

aooretory scale homogenisers faile? to produce any

sisnificant effect on the particle size or dastrabution of
size of a riocel systen, The sinole device shown in Fag h.h(a)
produced some alterataion an the e.ulsion propertics and 1t was
therefore used to enulsify aa equal mixtare of liquid pagafifin
and cetostearyl alcohol in varaous e.ulsificrs. The partiicle
size and the total surface arca (reflectiag the particle size
distribution) arc showa in Figs 6.1(a) zcad (b) as a frnetion
of tie ultresonic zrradiacicon tiuie for cach of thes: syslens.

Al the eumulsion syscews were unstable when naintained at
45° rithout stirring, iadicating thot coalesceace of the
{isperse Croplels ras cccurraing. As noted an Chapter Two
ultrasonic irrociution tay accelerate both breakage and
coalescence arocesses bui not nocessarily at an eguel rate.
The eficcts produced 1a lhese systerc are veraiable aad avn-car
to ve o furction of the enulsafier since all other faclors arc
cegual. For cxe ple, thne nean particle size of tac cetyl-
syricdinzum chloride (CPC) systeu falls wath the airradiatioa
tine bul the total surface area shows only a slaght increase
over the sane time. Ta1s sugmests thet as the larger pavticles

are broken the swaller ones coalesce so that the net surface

area ineresses only sloly, On the o
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anionic (U033 ) series are recuced in size and the surface area |
increases rapidly, susg-esting that the coalesceace rate of the
sumaller partacles 15 at least weh slover than the breakage
rate, Particle size aad surface area of the cetonacrogol
(CEM ) »~reparation renain alrost uncffected by the ultrasonic
irradiaticn. The particle size oi the cetrinide (CTAS)
systen: fluctuates inaticlly but after the first tharty ranutes
of 1irradiation the narticles tend to become s.aller and the
total surface area shows a coaparataively rapid rate of incrcasc.
1

This obsecrvation naght for:a the basis of o method of

rankang enulsifiers in order of efficiency since ca eifiacacat

cuulsaifier would be expected to produce a aaxanun disperse
phase surface nmore rapnidly than a less cfficzeat one. Fron
I ~
Fiz 6.1(b) for czarple the ciulsifiers would be ranked:
fod C?_" A . tY et PRENR A o~ el —at
0.1% Coinr Q.50 CPCF C.0% CTAS32 2.050 DOSS + 0.5% SLS

6.3 The anfluence oi for wlation factors on the sarticle size
of thic dispersc phase

It was evicent that the factors anfluencin, enulsioa flow
behavzour arc botl auwerous and coinplex:, Shermaa (412)
revieved the flo: wroperstics of emlsions and listed sone of

tne factors taat coatraibuted to the viscosity, Tahle 2.1,

Since tac syste.ns 1n tue present investaisalion have a
solid disperse snase ot roon tenperatvre the viscosaty of the
disperse vhase droplets can be ¢iscounted but 2l wvas of
interest to deteruine i1f other factors could anfluence the
particle size.

Sheruan (#06) examined the influence of e.mlsifier
conceatration on ermlsion viscosity and propesed an equaticn
an the foru

1n Yrel A C @ + B -(1
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where ?rel 15 the rclative wviscosaity, C cquals cnulsifaer
concentratron, @ the disperse nhase ratio and A and B are
constants. The relataionshin éid not anircar to be valaid for

the present data and aan alternative explanation may he obtained
by supposin;; taal an inc¢rease in erulsafier concentration can
produce an cfrect upon the particle szze. Although no
standardised wethod of ernulsification has been eumployed this
would seen from the data shown in Fig 6.2(a) to be a valid
generalisation, the total surface arca showing a tendency to

- incrcase as the emulsifier concentration is increased. The
cheuacal nature of ithe euulsifier may account for the marked
differences notved between them, shown by comparing the mean
sizes -{Table 6.2).

Table 6.2 The particle size of preparations containing
different emulsifiers,

Bnu151fler' code 'mean size (p) [total surface area(ha/lOOg)
Table 4.1
CTas 3/0 5.00 4.83
CrC B/0O 5.40 - 4,50
B A/LsS 2.60 ) 9.82
Cris A/O 1.75 14,60
DO33 i A/O 2.20 ! 11.88

The effect of ancressiag the disperse phase ratio aprears
to be one of aincreasing the .ican varticle size, shoun in
Fig 6.2(b). . This uway well be because at elevated temperature
(above the melting point), particle interactions and coales-
cence are likely to ve greater as the system becoues more
concenirated.

An cxaminataion of the results presented in Table 3.3

suggests that there 1s no cffect of disperse vhase consiitution
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on the narticle size. These systens arce suostantially the
scstz, dafferans only 1a the proportions or vascosity of
paraffin o1l, and if Shernans' craiterion of cheinincal coasti-

tution 1s correct, an influcance iould not be anticiscated,

6.4 The anfluence of for wlation iactocs on cuulsion viscosity

The Tlow behaviour of the sysicns excmined in tne »rescant
investisation wvas aluost envirely noa-uewtoazan. Anplicalion of
the Jallirenson cquation eacbled the systeuas to be davaded into
two catezories: those 1a wixrch the doum-Tlow curve Jes typicelly
pseuGoplastic and tnese rta dlich the systen cixhaated even .orc

complex och.viour. In genercl all systems nad typical exagrer-

ated yielc oxats and a denree of hystercesis wetween the up-
and doua-flow cucves.  Sheran (400,509, 411, 414) exc.iaed
the anflucace of foruaulaticn upon viscosity wad deduced thatl
the equations releting parlacle siz: to viscosity uere aot
valicd for aecterodisjperse systens or very coacciatrazed systeons

(ﬂ ~ 0.7). Horever, 1n .nany cases the #Williawson cquation was

L

not cven valid for systeas 1a vhich the disvneese phase rcotio ras

The

as lor as 0.2, aad otier factoers appear to be operating.
measurcnent of thaxotropy 1n terms of hystercesis alone 1s
unsatrslactory sziace the »nhenomenoa 13 tine-cdependent (54, 431).
Hojover, the arca of hysteresis (Table 5.1) 15 at lcast an
indication of the sstrenpgth of the forees holdanr the floccules
tosether and 2t yas of zaterest to correlate this with
foruaulatioa factors. The variable efiecct duc to the nature
of the erwmlsifier as shown in Table 6.3.

The efiecct due to increasrag the conceatiration of the

e+iulsxfrer 1s by no .cans silvle, as indicated an Fig 6.3(a)

DUt o genacral lacrease 1n tie hysteresis can oe seen for at
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Table 6.3 The arca of hysteresis of differeni emulsions

Tlsz{ier Coce (Tadble 4.1) lrea of hysteresis
UPA3 3/0 12.20
CPC 3/0 G.ok
LNZ A/L3 34,32
CEM A/C 5.66
DObS A/C 17.46

lcast the lowser concentraticas,

‘the predictable increase of thixotropy witi increegsed
coaceatr~ticn or disyersc phose ratio i1s showm in Fag 6.3(b),
incacatrag, also, the i1ncrease of thixotrony with increase of
concentration of c.ulsifier.

It would be anticipated that decreasing the narticle size
would also aifect the flocculation aad, hence, the thixotropy.
A nuwaber of other iuectors rust e Superinposed vpon this relation-

-Sship but thz effect 1s 1llustrated for the CPC serzes, Fi; 0.4,
bxaiiinetion of the results zn Tables 5.1 and 5.2 showed
that the computer did not alvays reject recsults from sysicus

with a larne thivotronic hysteresis. Tous uwlilst 1% 1s posszble

5
that all the flocculces were Jrclken com into prinary particles
at the maxioun shzor rate 1t xs also pessaiblce taat the down

curve was a .aeasursc of the flow properties of a saspeasion of

stable a;grepates. This ray account for soue anomalies but

there 1s 20 method ot present for distinguasining the two states.

G.5 The »rescace of an interfacizl faln

As noted ain Cheapter Two, there 1s a considerable body of

.evaidence 1O ouPppor it e v.lstewce ol aa energy basrier of

fanite thickness at the intcrface of cach crulsion Croplet,
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cech partacle behevias as 1f 1ts true volune was greater then
it should be fron c¢ircct neasurcments iade upon it., In the
present investigovion additional support for the existence of
thas anterfacaal £1lit has been obteoaned by consideratron of the
pertacle shape and the eiulsaien density.

The prescuce ol zolyhedral particles zn the type of
eriulsions uncer investigation has bheen denonstrated and the

dota showm 1a Ti- 4.6 fives adequate coafac.ation of the

s
original suspestion (150) thet this 1s due to localised close
pocitarn, nol cystallasation. The rheograns oi these systens

(Fis 5.1) shor tuat particle-particle interactioas occur ‘rell
belews tihe theorctic.l maxi mn for close peckins of spheres

(¢ = 0.74).  The rapid aincrease of nuibers of polyhedra nth
cisperse piaasce roties zn excess of 0.1 indicates the sance offcct,
Soue coaclustone .2y be drawa fron the available Jata. Lo

discussad by Laissant (247) zlobules under close packang

conditions daistort to dodeccahadra:

(a) If a polyhedral particle be regarced as a sphere under
consiraint so that 1t becones a dodecahedron, the narticle
voluiae 18 the sane but tle particle behaves as 1f ot has a
larger surfecce, cquivalent to that of the circunscrabing
sphere., Fron peonetrical considecations (14) a 5.42Hd1anetcr
dodecahedron, the size of the rean parficle in the systew

@ = 0.55 hes a circunscribing spherc of 3.5J m, L.c. there 1s
a layor 800 & taick mround 1t.

(b) Dzteading the sane argument, the particle size analyses
of the serics of CTA3 cuaulsions premared with incrcasing

disperse phase ratio (Table L4.4) were recalculated to take

-
Al b

it Fla T o avn viag a3 ~ |
the Imoun nuabor of nolyhedra wvathan

O
£
[¢]
¢
O
€
v
[
4




The actual surface arean, asswang the polyhedra to be regular
dodecahedra aand the surface area of spheres of equivaleat volune
woere calculated to yield, first, a .ican surface 2rea, 2a¢ then,

the radii:  tiae daffercnce in radii beilaz a neosarc of the

thickness of the loyer of 'sphere of anfluence!. Theso
colcalations are suu.arised 1a Table S.04, Jhailst they are

~

adrinttedly approryiate znd thers arc i1asufizcacnt values av the

=

ppers cnd of the raasne lhe volue for this daffergace raises te ©
limat of botucea 700 znd 900 H Jaca exttrapoleted to the linmafaing
¢isperse phase ratio.

(¢) Zzperxaentally 2t sae noted that ¢ wlsions coniciniag

&

disperse rotios f’p-,ﬂ> 0.55 teaded to fcroelt', or exhaibrl
P PN
syneresis, 1aciccoiang thel this rnapght approniaate to the

linatainsg Cacperse phase ratio, . volu1oir 0.7, Ixponsion of

thie disperse phasce oa hiiatang did not accouat for rals aloaw

su_nestzas t.ov the narticles nazht oe behavang as 1f they rrero

by
lorger thaan ansecred frow éirect weasuroucnt.
Thus, volu 2 (V) occupied by I particles of dzarcter &

o’
G

= W

-

If cach particle is swvrrounded by a layer of thickness A the
ectual volume occupled

(¢ + 2:&)3

Il
-
ey

cld

The aaxaium volure (C.78) cnd the octual volune .ay be cquated

such that
3 _ . A 3 - ] -~
d” = Vx b6 , (¢d+2A) = 0.74 x0
Liw ey
(& + 27)2/2” = 0.7h
i
- = 1 -
.. N o= o2 02750 T - 1 - (2
2 v v/ )

squation (2) 15 anclagous to Sherman's cquation for the ucan




Table 6.4 Dimensions of the particles in the series of emulsions prepared with 1increasing
disperse rhase ratio, taking into account the lkmown number of polyhedra present

(Fig. 4.6)
Q Mass | Mamber of particles Tg?qg;gggfaqg area A??alpq;hpg?t19£?_ Radius per particle | Difference
n 182 g of emulsion Theoretical | Actual Theoretlcalrﬂctual Theoreticall actual
x 10 9 9| 2 9 o > '
e x 107 fem™x %9__ R n M R n "
3]
Ao
0.05 34253 1,220 1.221 3.75 3.75 0.546 0.546 - !
0.10 4.639 2.135 2.136 4.60 4,60 0.605 0.605 -
0.15 4.492 2.776 2.790 6.18 6.21 0.700 0.703 0.003
0.20 3.883 3.145 3,166 8.10 8,15 0.804 0.806 0,002
0.30 5.382 4.041 4.112 11.95 12.16 0.975 0.982 Q.007
0.40 2.276 4.575 4.690 20.10 20.16 1.266 1.281 0.015
0.50 1.646 4,979 5.125 30.25 31.14 1.555 1.575 0.020
0.55 1.338 4,909 5.151 36,70 38,51 | 1.710 1.754 0,044
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distance of separotion (ap) Ciscussed in 2.3.3., page G3.

Teliang the data shovm in Table 6.4 wnd allowing for cxpansion

of the disperse phosce at 450 the likely lowest tenperaturce before
solicafacation conmences (Fug &.1), the 3.02n daoucter partacles
of tioe systen ¢ = Q.95 heve & laycr 720 2 arcuac them.

(d) As dascussed a1 Section 4,9 (p. 99) there 1s o nerihed
daifiercace betueen tac lheorelical and cxperaincental ciouwlsien
densities, tobuvlated in Toble 4.5 licrtynov (270) dascussed
thais cnonaly in detarl oad shored that, therce the radius of
curvature of the surface of separatien, or the thaicknesc of the
T1im of enc of the phases greatly cxceeds tie sphere of influcnce
of the molecvlar forces (e.r. an the cose of highly concentrated
e.mulsroas) the volwie of tihe systew (V) 1s given by:

v = Vo + N S ~(3

“there VO 15 the volwie of the syscer 1n the conplete abscnce of
a surfoce of scporation, 1.¢. 12 practical torms, ruen the
pheses have separated zato tio sacrolayers, A 1s the thickacess
and S 1s the surfoce arca. Since ihe .rasc is unchaaged,

contraurar, wath tac terninolony of cquation (1) pasge 99, uc

can urite

Ca = apparcant densaity = 100
@ + (100-0) + AS - {4
Lo Cur

(‘3']_- 1, .99 )
(¢ = taeorsticcl Cecasity = 100 -(5

2 + (100-9)
{o Lw

ee L -1 =As -(6
Qa Qt 100

(contd, 1. 128

g
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Table 6.5 Calculated values for mean distance of separation (a )
and thickness 8f interfacial film (A). =

Code Dispersion 8 (n) A (1)

CTAB A4 1S 3.155 0.1033
60 1.165 0.0330

CTAB B IS 1.650 0.0601

0 2.428 0.1093

5 0.920 0.0479

10 0.920 0,0518

15 0.872 0.0319

20 1.455 0.0680

25 0.920 0.0454

30 1.943 0.1010

45 1.214 0.0541

€0 1.069 0.0476

120 0.557 0.0304

CTAB C IS 17699 TU798

DI 1.600 0.0743

E IS 1.069 0.0679

F LS 2.780 0.0183

G LS 0.841 0.0355

H 1S 0.680 0. 0337

IIS 0.368 0.0317

J LS 0.987 0.0293

X IS 0.840 0,0115

L IS 1.870 0.1166

M IS 1.285 0.0698

N LS 0.174 0.0368

0 1S 0,203 0.0320
P IS 0.158 0.0269 |

CT.B L/L 1S 1.362 0.0803

/L 1S 1.365 0.0768

J/L 18 1.248 0.0267

¢/L.13 1.522 0.0538

CEC A 1S 1.650 0.0753

CPC B O 2.620 g.1014

15 1.600 0.0795

20 1.455 0.0784

25 1.135 0.0578

30 0.970 0.0400

45 0.847 0.0456

60 0.824 0.0496

120 0.800 0.0221

CEC ¢ IS 1.019 0, 0480

DIs 0.970 0,0257

BENZ A 1S I 1.260 0.0725

/contd. over
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Table 6.5 continued
Code Dispersion a, () A (p)
CEM 4 LS 1.212 0.0364
0 0.847 0.0445
15 1.455 0.0870
30 0.920 0.0413
60 0.847 0..0445
120 | _1.019 0.0705
0SS I3 0.726 0.0217
0 1.135 0.0277
15 1.455 0.0092
30 0,388 0.0163
60 0.242 0.0134
120 0.015 0.0095
The surfoee arca per 100 5 cuulsion = 6 @

o
AN =

. -2
¢. & - <§3_8° =z 1C (1Crons
G.

{t(a'

(7

EBguatzen{(?) v.s uscd co calculate velues of A fror the date of

Table 4.5 aad tncse are tabuloted in Tadle 6.5 Fro.a this tabvle

1t weos arnedaataly cloar that the value of N was unaffected by

the concentratica of the ernulsaifier, the disperse phese ratio or

the particle size of systoiws but there wos a norlked corrclocion

betucen systeos -riti sale surfoce actaive agent. A statasticel

conparison of tiis data 1s showm 1n Tablce 6.6,

Tanle 3.0 A coumarisoa of tuae veluves of A (Table 6.5)

Liulgaifrer ilcan value Hu.tber Faiducial lamits
systen of A (1) (P = 0.95)
CTAS 54%.7 31 98.45
cre 566.7 11 145,02
Cill 540.3 6 160.56
DOSS 163,0 6 45,82 i




- 129 -~

Test ol signifacance (Students 't' test)

CTald ys CPC not significantly different
CTAZ vs  CBu not sagnificantly dafferent
CT43 vs DOSS signifacantly daffercat (P €0.001)

It 15 caly possable to toke speculation a little further.
Sherman (406,410) discussced the work of Derjaguin and his
school on tiie viscosity of fluad filus of Lhe continuous
nedxrwn, very thia filns havang nuch hizher visccositics than
the bulll lagquad., Shernan svpnosed that chanqes in the
erulsificr concentrataon affected the thicluess of the layer
and henece the vascosity; thoe supposition is not suxn-ortod by
the datw an Table G.5 althovsn rorc Jorsk 1s roquired to
establish tuis more clewrly. Hevertheless, Sacerman must be
correcct 1n his assertion (410) that wrovious worl: usiag the
torn 70 (viscosity of the coatinuous phase) 1n ceguations

descrioin:, viscocity of crnulsions may reguirc revision. At

shear ratis large enouph to causc deflocculetion the lobules in

=]

concentrated crmulsions 711l be seperated by very thain faluas of
contanuous nediunr and the true viscosity of the contiauous
nediw1 721l net be represeanied by the bulk v180031ty;g. It a5
also suzgested thal a centributory factor in increcascd viscosity
of cimlszions vith increascd hoogenisation was due to the
prescace of . auch thanner film betircon the globules. Ilowever,
si1ace the thickness of the tiln doos not appcar to be aifected
by the partzele sine thas seews unlaikely,

liore recently Dejasuin (80) aad others (520) hove reporicd
oan tihia falas of water or adsorwved surfece active agents. Tre
relevance of tue observation in Table 6.0 that the interfucicl

loyer ajpears to be of approximately the sane thickncoss foo




- 130 -

a nuwber of daifferont enulsaificrs 1s not at nrescnt certain,
but the values obtaiacd arce close to those of some of the

bounéary layers neasured By thesce workers,

5.6 A theory of wnueudoplestic flow

As ¢discussed 1a Chapter Two (pps. G5 and 06) there is
peneral agrecencat that the partiacle size and dastribuvion of
particle sizc arc inportant vhen considering the flou behaviour
of suspensions of spherical particles. 1% 1s pointed out thoet
vorkers in this field con be classificd inte those who consider
the particle mechanacs only aad those who coasader only the
propertics of thc surfaces, a coubination of the two points of
view offering sonwe attraceaions.

The structurse of emulsions fron the considcration of surface
propatics s discussed in Scctaon 2.5.4. Recently Gaillespic
(525, 525} has shom how o consiceration of the nunber of
structural links an a disporse pliecse can be used to predact wath
soume precision the flor bghaviour of dilotant or fhizxotropic
suspensions. This work, derived frou the Gooleve theory of
structure (12) - 131), reguires a knoulalrne of the nunber of
links an unat volwie aad 1t scens clear thae this .aust be
wafluenced by the surfacc arca of the disperse paase. Accord-
ingly, a tentatave aporoach to this problen sas nade by uaking
sainmplifaicd assumptions avout the propertics of the linlis and
treating the process vasueclised by Goodeve as a Jooss~transfer
phenoicnon, The deravation of the followang equation 1s

described an Appendix Three.

Yo = P-X 1E(x).Cx -(d
{Xx =+ Kl)
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k]

4Lz descrabed, X and the 1ategral arc ecssentinlly the particle
s1ze¢ distraibution lransforncd and b. 1s a neasure of the banding
energy of the lanks. Usang the data of Tables 3.3 and 5.2
valucs of b. were calculated for the praterials for gaich the
Willaanison cquation wvas apparcatly valid, Tabvle 6.7 Inspection
of this tabklc shows that with some excentions there rs a broad
rieasurce of agreeucait, In view of the nuober of approxinations
made this Lust be considered reosonably satisfactory. It

dight prove nossible to anprove the opproach by, for exc.ple,
coasideriny the propertics of the links in the fashion suggesicd
by Talano (456) or by CGallespiac (loc.cat.). Houcver, one
obstacle which 1o likely to remzan 15 that of knouing for
cortain tiae viscocity at anfinate shear roles is due to prinary

N

particles wrt.an the systea and not to stable aggresates,
p.l22. This 2y be used to reject arbatrarely inconcistent
rcesults but rore work is required on this asnect. The wade
varaiatiea notced 12 the C,P.C., scries aay be due to thas cffect
since, as can be scen in Fapg 0.4, there 1s apoerently consad-
cerable 1nteraction as the surfuce arca of the systens lncreases.
This 1e shoua by the increcsed thixotropic hysteresisc which
apncars to be a manifestation of a floceculotzon or aggregatlion
rhicnomencn.,

A suggestion for additional work elong theoe lines coacerns
the forntaticn of liaks wilhin an cuulsion systen at rest. Many
authors have considercd the nunber of contact points betwecen
particles an a vacked systen (27,182, 311, 514456, 526) but the
problem has not yet been solved for o randog sizc diastrabution.
The aporoach outliaed by Debhas & Ruanf (326) way have provise

altheough thceoe auwlliors dad not, an fact, succeed in obtaining
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Table 6.7 Values of the lia brndins: eacrry (b) ontained

frow cquation (o)

Systea (Teole L,1) Link encrgy dynes/ca x 10
CTA3 A LS 1.09 x 10
- A 60 N o B R —
CTal3 3 0O 1.23 x 10
B 5 6.50
B 10 G.71
B 15 4,03
B 20 71,3
B 25 1.35
B 45 L 189
CrAs C IS 195
D IS 564
E 1S 5 Lk
Fis 25.5
L 13 117
11 L3 172
i 1S 9.9
R <1 - S R - 25 N
Clii IL 1S ; 72.8
ML L9 59.5
CL 1S e 259 I
CPZ 4 LS _ 7741 L —
CPC B O . 1,06 % 10
B 20 ! 9.8
B 30 | 0.22
3 45 | £.2% 5
_ B 60 : 5.67 x 107
¢PC O LS _ T T T.00 T
Cali A L3 ! 4,58
A0 | 10,35
A 15 | 0.15
A 30 . 3.42 .
DOSS A 15 ! 0.39 -
A 30 | 0.0k
A 60 i 0.40
e AL120 ) 0.20 L
3017 A LS ] i 3.76
0 0.05 I 0.3%
0.10 ! 0.87
0.15 ! 0.96
0.30 : 12,20
0.40 | 7.18
0.50 ! 12,10
0455 f 9,18
The rean of CTA3 results <103, except U series = 73.8 z 3%
(P=0.95) Variatioa in CPC serics 1s wace but reea 110

Mean Call =
Mean DO3S

L,53
= 0025

~J



...153..

a solution. However, 1t 1s probablc thrt there 15 o conncction
betueen the strength 2a¢ aurnber of lanlks (contact wmoints) aad
the yaelc value of an c.oulsion systoil. An enmzracal atteipt
to relate yicla valuce and surfeace arca wes not successful
using the present data aadé 1t is cleoar that a nore detailed
theoreticol ap-roach te the proble. 13 reguired.

6.7 Tune 1aflucnce of warticle size upon the flow behaviour of
guulsions

In order to surnu.arise the contribution nade by the prescat
investaigation 1t nay be useful to consider the conclusioss crawn
by carlicr werkers, cspecially Shernan wao has discusscc the
reolationship betieen perticle size and flow in o nunber of
papers.

Sheritan h-s righily drawn atteation to the influence tuct
particle sizo have unon the flow behaviour of euulsion systeils.
He clearly consaders the .ican daslance of separction, an, to be
of i1mportance anc this 15 dascussed 1n 2.543., page 03, For
the purposc of comparason the valucs of a, are tabulated 1n
Table 6.5 and no correlation could be ¢raum in the manner he
surpested., However, the value of 2, is essentizily o deravatave
of tng uecan particle size ca¢ fasporse phase ratzo af the nati-

nurl vacliang disperse p

+
£
e £

1zse ratio 1s a constaant, This latter

assu.1ption 1s net a good one although, as noted, there 1s come

reason to sudport at wa at leost the systens 1avestigated here.,
* 11 ho A o

(Unlike Sheruaas systens (409) there isjevadence of uultiple

erulsion foriwtion on iicroscopic cXaoiaation, c.f;. Figs 3.1,

b (b)) and 4.5). Hence although Sher wn Coes 2ot use the aeana

particle sizc drrectly he 1s usang a derivataive of a1t.

Unfortunately, his use as not coasastent siace he relates ﬂ“
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to 7r 1n two cquztion as follous:-

ln 7r

C (1) + X (403,414) -(9

H
Q2
!
P
o]

1n ?r (£10) -(10

The fora of cquation (9) nay vary wath the desree of inhoroen-
c1ty of the systen caince the constant € depended upon the 1czn
size (41h4).

Bquatzon (9) 15 consisteat witl Mis use of the uean diameter

(du) :-

vr = % + 3 (hog) -(11
1n

and 7r = X + C (4o7) -(12

d
11

Equataon (10) was claired (410) to have a highly sapnificant

-

tatistical correclotion with the data over all values of @ ztudiod,

4]

In & nore recent publication (414) date was compared fron carlicr
authors using equation (9) and gave satislfactory correlaticns.
This would appear to be an unwise peneral deduction saince theoe
autiaors usced in the nz2an disnersicns of solid spheres of narrou
si1ze ¢istrabutaons  Shernan also relied upon the particle size
distributions of erulsions aad oh vascosity ncasurcnents
obtained by earlier vorkers. As previously noted riuch of the
particl. size data nust be regarded as unreliable since 1c was
obt-ained by nicroscopg analysiz. Thic coumient also applies to
Shernean's own deta, Detailed analyses are given (407) where the
ainimum size 1s usually 0.95 p, andacating that subnicron
particles arc largely discounted alllcugh the naxinum sizes

¥igan~lar
rlsInoly

LB

guoted rndacate that the size dastraibutions ore cur
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narrov. Sheriwca later proposed (415) that a reeiprocal
dimicter be utilised in order to cniphacize the nunerical
contrabution iade by the s.aller porticles,

Heoace, although 1t rnust be concluded that Shernon's sencr-
alisations ¢o not apply to the systeous excnaned in the present
investigation this may well be due to the anherent propertics
ol these systernis or to the lacli of relaabilaty of his data. Tt
secas reasonable to conclude that his suzgescion lacks utilaty
since 1t 13 based upon a suspect ciipiracal anprooch and does
not take into account somc of the other factors whach, fromu
this present worlk, also appecar to affcect the flow behaviour of
erulsions. These factors are an z2ddatien to the condation of
the dispersc phese and includes-

(i) azpregation and flocculation hehaviour

(11) concentrotion and type of cuulsifier

(z21) daspersc phese rotio. ‘
As deseribed in the carlier sceections of this Chapter, there

|

appear to be sone inter-relationships betueca particle size
and distrabution of size and these three additional factors.
For cxonple, the larger the disperse phaese ratio the greater as
the anteraction betucon particles aand this also apparently rosults
i1 an 1ncrease of ..ccn particle size of the systen, p.120. The
concentration ond tywe of ciwlsificr .oy well have a dirccet
ecffect upon the condition of the disperse phase especinlly since
soriec eiiulsifiers ecppear to be wore cfficient than others. Using
the index of thixotropic hysteresis as a veosure of the
aggrepgation-flocculation beheviour the concentration and type

of ecrulsificr have well-defined effeccts. In the proposcd

equatien (U) the factor b. 1o cssentrally an indiarcct rieasure

of the forces ainvolved an the ermlsion structurc. The approach
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15 therefore a coubiaation of the two scheols of thousht on

the properties of cimulsions,., Whilst o great deal niore wor:
requires to be done i order to clarify aad inprove the
approach it would al leost cppear pronisang. Retter Cofination
of the particle size distrabutiosn of an cnulsien systen 15
cclled lor an this type of anvestimationa siace previous vorkors
have tended cither to daiscount the presence of narticloes below
the la.iat of vasibailaty of the .ixeroscopo or, like Sherncn,

ad iitted their presence but been unable to neasurc thet.

Sherien sunssested (414) that the znall particles nay cxert
consicdercble eficcts upon viscosity. From Fig 6.4 a1t 511l be
seen tinct o slacht ainercase in surface arca can result in o very
large ancreasc of hysteresis or aggregation behaviovr, This
sugpgests Lhat this type of behaviour nay result here the particles
cre no longer lLorge ensuph to resast Brownian notioa, cauweln
thei: fo coie togellier 1n aggrepotes or floccules. Since this

15 penercelly true for submicron particles 1t naght, at least in
part, accoual for the inilucnce that sueh 51211 particles can
have upon flou bchavaour, lecclianistic inteepretations .oy

also e invoked, such as the fallizng of voids between larger
porticles or forinag 'oradgest.

Finally, 1t L. concluded thet the solaid-liguid e mlsions of
the t7po inveasiapoted have cowuplex non-Newtonian flo7 beaaveioar
that 15 ainfluenced by the folloving peoraneters:-

(1) o derivative of the porticle size distribution

{(11) the coacentration and type of the enulsafacr

(111) the dasperse phase ratio.
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9.

Spulary

Tne accuracy aad reprocucibility of the particle saze 5.1
dethods are satisfactory.

Tuc effects produced by ultrasonic irradiction are 5.2

variable and aporceor to be a fuactica of the ewlsaficr.

The effecct of enmulsaificr concentrati:a oan cowulsien 6.3
vigsco3lty nay be due Lo an eoffect upon the disperse

phece partaiecle size.

The sarticle saze 1ncreases «rth the dasperse pliose 6.5
ratio.

Thazrxotropic hysteresas i1s coffccted by the disperse 6.b

plhcse ratio, the type and coaccntrotion of the

cralsifzer ol the

)

sertacle size of the dasnersce phasc.
I 2

t
The density anooaly noted, zn Chepter Four 1o consistent .0

waty tace prescace of an iaterfoacicl film.

The thickness of the faln ap.cars to be siaalar 1a the 0.0

orosence of tlhrce of the cuwmlsificers ciiployed.

Fro.. nass -transfer thcory a sanplafied relation botuesn 6.9

the viscosity at iafainite shecar rates, the particle (Appeadas
[ P
Throe)

size and size daistributien and a ncasure of the

binciag ecacrgy 15 deraved,

The influcnce of portaicle size upon the flou 647

behaviocur of cioulsions 15 discussel,
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CHAPTER SLVEI

SUGGESTICLS FOX FUTURS INVoSTIGATIONS

7.l Blcctrostatie enulsificataon

L considerable cxperinental advantage would be obtained
1f cuuloirons of linown nartxcle size could be preparcd,
preferably with narcow size distrabulions. The enly ucthod
with potential 1n thigs darcction anpears to be the cleectrostatac
process diseunssed 1n 2.1.4. It has o nunber of dasadvantages
since, although dreps of uniaform sizc can pe produced 1in an
acrosol, 2t 1o dxfficult to Cisperse the: 1a a1 aquecous phase
te nalze an c.mlsion. Ilcvertheless, af thig dravwosaclt could
be overcore and Lhe process becane practicable on a large
scale there night also be economiec advaantages, as clained by

Denier (GG},

7.2 Further worll oa the centrafugal photoscdéinentonctoer

In ats preosent fora the instrument uses a shaite light
source to detect partacles sediraenting uncer centr:fugal
conditions. Althourh the extinetron cocfficicnt 15 clained
(20%,206) to vary only between 1 zad 2 as tuae nerticle diametcr
appsroaches the vave leoagth of the aacident racdiation this
assunption 13 Ly no neans proven, The effect ti1rzs hos upoa
the apparcat size daistraibuticn 15 even less certoan. Thus,
1t would “e aaticanated that the nuwiber of subideron particles
would be overestinated, but the mcgnaitude of cay corrcction
which 1s rcquired caannob atb preseat be calculated with
certainty. Morce work i1s therefore required. Onc rethod

whach susgests 1tself i1s to carry out a particle size analysis
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the centraifu,e and preferably nonochonatice light sources of
daffercat -rave leagths as well as light of iaxed wave lengihs.
The use of x-rays could be coasidered if the o1l or dasperse
phase contaaned an opaque substance such as tetraethyl lead

or osmiun tetroxzde, although 1t was noted that the latter is
not soluble 11 the sctarated type of o0il used in the preseant
investigatron.

Tl The coffect of »rocess scale upon tuc properties of
cialsions

-

The present ainvestigaticn 403 deliberately confincd to the

| scale of ovneration on the laboratory benech uvhere stirran-s 1s

|

; efficacent and rates of coolans arc rapic. However, 2t 15 only
rarcly poszcible to extranolate results obtainecd under these
condatrons to the large scale nrocesses used to manufacture
these Lypes of nrodvet, For cxa.ple, mixing tends to be less
efficicnt and 1t noy talic a ton batch of a pharaaccutzcal crulsion
scveral hours to cool from the isitial wmaxang temperature to
ormbilent coxnditions, A Imo.ledse of the offcects such differcnces
can produce on the particle sizc and dastribution of size would
probebly eunable benclh scale operatiocns to be scaled up more
recadily, 'ritl obvious e¢conoriies in t.ac development cogsts of a
vroduct,

7 oLt The thixotropy and dalatancy of coacentrated envlsion
systens

1,

The suggestion developed to Takaao (456,457) that caulszon
particles are connected by lzaks which are breken or refori.cd
at different ratcs soggested taat 1t might be possible to

consider the flou of concentrated (noun«licstoniaa) cuulsions

and suspeasions in an analopous fashion to chealcal reaction
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rates, It should then be possibvle to deternane the 'order of

reaction’ cad consaider 'flow' and 'stracturc! in terns of a
thalf-lafe'. The renarks of Carver (54) and Van Jazer ct al
(431) concerning the time dependence of thixotropy hysteresis
have alrcady been noted. fn initial investagetion using
insensitive nethwds of neasuredent andicated that the idea way
have so.iec sabstance but clearly a great deal rore cxperiumental
work 15 requiced, The adea nay prove to he too suvperficicl

cn closer investigation dbut would ocen to jusiafy further

cxauzaation ot this stace.
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4 statigtical comparison of repeated analyses on one sample using
different methods

One emulsion system, CTas/B/0, was selected at random and
| repeatedly sized using the standard techniques for the Coulter
Counter and the centrifugal photosedimentometer.

ho2 1.1

Goulter Counter

with the scatter of experimental data.

|
Regults are shown in iy 4.1 and Fig 4.2, plotted as a mean

o Repeated sampling Reg§a§§29822igigs
Upper limit
ol slze ean ¢ weight | Standard |ikan % weight | Standard
range g“J cumulative error of | cumlative error of
(10 runs) mean (12 runs) mean
22.0 99.74 0,26
21.0 $9.74 0.26
20.0 99.67 0.33
19.0 99,67 0.33
18.0 99.67 0.33
17.0 99.67 0.33
16.0 99.57 0.43
15.0 99.07 0.86 99.87 0.07
14.0 99.01 ' 0.66 99.20 0.50
13.0 96.94 } 0.85 98,03 0.48
12.0 98,52 v 0.97 97.34 0.48
11.0 96,21 ' 1.02 95.62 0.35
10.0 97.86 1.15 0447 0.37
9.5 97.64 1.18 94.02 0.40
2.0 97.09 1.23 92.48 0.38
8.5 %6 4l 1.35 90.59 0.43
8.0 95.74 1.49 67.03 0.45
7.5 93.14 2.23 83.10 0.39
7.0 90.65 2.57 76,51 0.39
6.5 67.62 3.13 72,06 0.44
6.0 62.88 3.72 65 J4d 0.35
5.5 77.30 4.16 58.15 0.44
5.0 T2.49 VA 52.11 0.41
4ad 61.59 4.30 4145 0.22
4.0 48,97 4.00 31.1 0.26
3.5 36,31 3.40 23.48 0.18
3.0 26,68 2.6 15.82 0.13
2.5 14.88 1.44 8.£2 0.06
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4.2 1.2

Centrirugzal photogedimentometer methed
Results are also shown in Fiy 4,1 and 4.2, plotted as a mean,

with the scatter of the experimental data.

. . Repeated analysis
Upper 1init Repeated sampling of same sample
gﬁnféza ) | iean% wight otendard |.ean 4 wieht Standard
g 9"’ cunulative error of | cumulative error of
(10 runs) mean (12 runs) mean

10,0 95.87 0.27 Vs o 54 0.09
9.0 90.54 0.53 86,37 0.41
5.0 VAR 0.05 81,68 0.65
7.0 77.35 1,17 73.02 0.97
6.0 6,24 1.43 63,37 1.02
5.0 50.15 1.62 52.27 1.1
4.0 42,56 1.57 39.18 1.05
3.0 22.79 1.13 R W45 0,87
2.0 6.41 0.50 6.56 0.33
1,0 5,07 0.42 5.39 0.29
0'9 3009 0036 4116 0024
0.6 2,50 0.27 3.09 0.17
0.7 -1.91 0.0 2.20 0.13
0.6 1.19 Cc.14 1.45 0.09
0.5 0.59 C.09 0.64 0,06
0.4 0.24 0.04 0.38 0.12
0.3 0.05 0.0l G.10 0.04

4.2 2.1

4 coaparison o the results froa the twe methods

The two methods gave results which overlapped between approx-
imately 1 and 10 p, divergence being .aerked at the limits. 4accordingly,
the results suamarised above were recalculated to yield the weight

per micron interval.
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repeated samplings, Gouiter Counter

- . . Standard
Upper limit | tean weight % . wtandard
9*) within interval | |or+ance error ;?ggrm::n
10.0 1.83 1.57 0.56 30.58
9.0 343 3.27 0.74 21,56
8.0 5.68 9.69 0,99 17.35
7.0 7.66 7.95 1,22 15.95
6.0 10.39 8.37 0.64 8.04
5.0 23.51 5.62 0,68 2,95
4.0 22.38 2047 1.54 6.65
3.0 26,68 74,72 2,50 9.35
mean 14,09
Repeated ssmpling, centrifu al shotosedimentometer
Upper|Mean weight btandard X Test of
limit|(%) within |Variance btindird error as Varlgnce sighifi-
9;) interval erro ¢ of mean| rabvio | - - .
10,0 5.39 0.70 0.24 VAVA:S 2.2 N
3.0 5.75 2.14 0.42 7.36 1.53 s
8.0 7.54 1.80 0.39 5.4 5.35 NS
7.0 9.02 1.62 | 0.37 4,06 4,91 Ns
6.0 12,19 0.54 0.21 1.7 15.50 S
5.0 13.69 0.80 0.26 1.89 7.25 5
4.0 10.77 1.39 0.34 2.03 19.75 S
3.0 19,68 10.87 | 0.95 4284 6.88 S
mean = 3.9

NS indicates that the means of the result from the two methods are
derived from the sam:z population (P = 0.0l) and the data 1s com=-

parable over the range 6.0-10.0 m.

S 1ndicates that the variance

ratio 13 in excess of the tabulated value and the data 18 not
therefore derived from the same population,

Repeated analysis of the same sample, Coulter Counter

Upper 1imit | rlean weight % . Standard { 5tandard
) y¥ithin interval Variance | . ior error as
% of mean

10.0 1,50 0.93 0.28 1.46
9.0 5.39 1.19 0.32 5.59
8.0 8.83 0,72 0.24 2.76
7.0 13.07 0.69 0.24 1.84
6.0 13.23 1.56 0.36 2,71
5.0 20,98 0.60 0.22 1.08
4.0 15.41 0.48 0.20 1.30
3.0 15.82 0.20 0,13 C.32

mean = 2,19
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Repeated analysis of the same sample, centrifugal photosedimentometer

Upper|Mean weight oStandard . Test of
1limit| (%) within |Variance »tandard error as Varligge signifi-
9“) interval Orrol g of mean| T2 cance

10,0 6,49 1,92 0.40 6.16 2.07 s
2.0 6.60 1.48 0.35 5.31 1.24 NS
6.0 8,69 1.87 0.40 174 2,60 NS
7.0 9.58 0,97 0.29 2.97 1.41 S
6.0 11,18 0.67 0.24 2.11 2.35 NS
5.0 13.07 0.65 0.27 2.03 1.42 No
4.0 1.3 1.18 0.31 2.13 2.46 NS
3.0 17.89 4,07 0.58 3.25 20.35 S

mean 3.56

NS indicates that the means are derived from the same population
(P = 0.05) and the data is comparable over the range 3.0-10.0 p.
he2 2,2
Correlation of results from the two methods

Since sampling error was superimposed on the results of analysis
of repeated samples che results iroa the repeated analyses of the
sane saaple were compared for correlation over the range 3.0-10.0 Re
The ratio ol the means was used to normalise the data, superimposing

the Coulter results upon those from the centrifuge.

Upper limit mean welght (4) within interval
)
Su centrifuge Coulter nornalised Coulter
10.0 6-49 1.90 1‘69
9.0 5,60 5.39 4 .81
8.0 8.69 8.83 7.88
7.0 3,58 13.07 11,66
6.0 11,18 13.33 11.88
5.0 13.09 20.98 16,73
4.0 14.7% 15.41 13.74

mean  10.05 11.27 ratio ceatrifuge/Coulter = 0,8917
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Let centrifuge results = X, normalised Coulter results = Y
£X = 70,36, £X° = 766,286, (£X)* = 707.2185
n

£Y = 70.39, £Y% = 904,777, (£Y)2 = 707.8217
n

£4Y = 696.1292, (£X)(gY) = 707.5201
n

8x~ = 9,8446 sx = 3,044
sy2 = 32.8259 ey = 5,72
¢ = - 1,8984 r = - 0,0109, for 5 d.,f. <P =20.1

|
|
:
|
|

Hence there is good correlation between results from the two

wethods and direct comparigon is justified,




LSPPADIL THelds T DE2IV..TIVT CF L RULLJIOUSHIS 235000 30
PLULICLLS ST4D ) VISCOSITY.

u

A relzotioaship may be arrived at by assa.aang thatyat
lafiaite shear rotes, the flovr of a paclked bed of c.oaulsion

particles con he trocital as peing caalagous to a nass transicr

Process.

—
=
)
v
)
4
d
O

ssunze the folloraing:

(1) Taat the noa-ilestonzan coumoneat of viscosity i1s duc
to the breaking of particle contocets,

(2) That only one point coatact noed be brolkon 1a
crdcy to .10ve oac particle.

(3) Tact a particle con nove a dictance x + X oon Jith-
out brealiang o contact, = voang the porticle drauncter.
(&) Thet ¢ll particles heve the sore ieon velocity whach

15 ancependent of size.

(5) Teat the vreekia; strength of the contoet poinl is

also zadepeadecat of the porticle size.

Consader tue unat ercas scparated by a onall distance ch

1110

such that du //x
1\(

Let the top arces nove relotuve to the lower onc,
The voluue, V, of mortacles whach floog relative to the loser
nlanc

(1 -8). dn -(1

<
n

(E) = voidage = (1 - ¢volumc)
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nor.icliscd suvch

I
£).arsd = (3 -)

£f(x).dx 15 nov

thot

the s1ze dastributioan by 2wmaiber of the porticles as

-(2

the nuntber of particles por unit volwie of the

bed.
The nunbor of parsticles 1a tae upper layoer which nust move
unit distance = a
= v !f(x).dx ~(5
.If(z).Tsz.dx
vhere the nunber ol narizcles of size 1o nfx)
a(z) = £(z) n -4
jf(_:).d}:
From Assumption (), the nunber of coantlact points brolen
for size x = A ()
1
= ~(5
The votel nwiber of broken contcct points

= Alzzd.ex = A

Co Mananyg equataons {5) and (35)

A= | alx).ds

(# 3 ;{l)

Fis

ff(:c).dx

Tarst .rorent =

‘:.a
=
[¥]
L}
¥
P
n

P4
H

in cguation (1)

f;(:).x.lx

ctc.
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Substituting in equation (3)

4 =6X [V.f(x).dx

v
X5 Xx + Xl

Substituting in equation (1)

A= (1 -E).anh.6X | £(x).dx
== (x + xl)

Suppose each point contact has a binding energy b.
The energy supplied = Ab

This 1s supplied by the force dF moving unit distance

. dF = Ab
-.o g_E' = (1 "E)obcﬂ fix).dx
dh WXy | (X - xl)

The shear force necessary to produce unit velocity gradient
1
F =| dF.dh
dh

R 7oo= (1 ~£)b.6X fx).dx
TrX

5 x4 Xl)

Trom equation (2) we can write
?q,= b.X. | £(x).dx -(7
Xx + Xl)

The size distributions (Table 3.3) are presented on a weight basis.
The conversion to a number distribution and calculation of moments

from a logarithmico-probability relationship are described by Herdan

(172, p. 83).

xg = geometric mean of number distraibution, x'g = mean weight

R 2
Ay = 1i = exp (In x, + 0.5 1n Gé) =X
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x2 2
Py = ¢ iNni = exp (2 lnxg+21n O:g):Xg
x5n 2
Py = g 1N1 = exp (3 lnxg+4.5 in d'g) -X3

xg 1s converted to x'g from the arithmetic mean of weight

distribution xw

x4n 2
Inx_=$7i™ = (Inx' + 0.5 1n° o)
w 3 g g
ixini

2
e s Inx = (Inx' ~-31ln" &
g° (nx -32fe)

4
]

2
Inxt - 2,51
exp(nxg 5n0'é)

5 exp(2in x'g -4 1n2 crg)

exp(31n x'g-— 445 1n° njg)

~
]

~
[

The normalisation factor in equation (2) 1s given by

6 (1-2) = 64
T X3 ’\T’X3

4 computer programme was writfen to caleulate the integral of

equation (7), integrating over the limits of 1n % ¥ 2.576 1n oA

(P = 0.99) using Simpscn's Rule.
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A.9

4.10

APPENDIX FOUR{ FLOW CURVES
Upcurves broken lines; Downcurves continuous

DRI OOHEHOQE OB dHEO QW >

adWeromnaa"dEHUOodrbods

CTAB/A/LS
CTAB/A/60
CEﬁ/A/o
CEM/A/LS
CPC/B/0
CPC/B/15
CTAB/B/60
CTAB/D/LS
CTAB/B/LS
CTAB/B/0
CTAB/B/15
CTAB/B/5
CTAB/B/10
CTaB/L/LS
CTAB/L/L/LS
CTAB/1I/L/LS
CTAB/J/LS
CPC/A/LS
CTAB/M/LS
CTAB/O/LS
CTAB/N/LS
CT4B/P/LS
CTAB/C/L/LS
CTA?/J L/LS

CPC/C/LS
CTAB/I1/1S
cm/A/eSO
CPC/B/25
CPC/B/20
CHEI/A/120
CTAS/E/LS
CTaB/G/LS
BENZ/A/LS
CTAB/C/LS
CTAB/H/LS
CTAB/K/LS
CTAB/B/45
CPC/D/LS
CPC/B/60
3r¢/B/3%0
CPC/B/120
CPC/B/45

(Table 4.1)
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