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Microelectrophoretic studies of aqueous suspension systems

of pharmaceuntical interest

Summarxry

The relationship between electrophoretic properties and suspension
characteristics has been studied, A monodispersé polystyrene latex
dispersion was used as a model system, the results found from this
have been applied qualitatively, and vhere possible quantitatively, to
gsuspensions of the drugs Betamethasone, Griseofulvin, Nalidixic Acid and
Thiabendazole,

The effect of adding anionic (sodium alkyl sulphates), cationic
(alkyltrimethylammonium bromides) and nonienic (polyoxyethylene glycol
monoethers of n alkanols) surface active_agents, and mixtures of these
jonic and nonionie species, on the electrophoretic properties of the
above dispersions has been measured, and the results correlated with
sgdimentation volume studies of the drug suspensions.

Mobility versus pH plots for the drugs showed that the charge on
the particle varied with bH, guggesting the advisability of this sort
of study before formulation, The nonionic surfactants are adsorbed in
a looped monolayer as was shown by a plateau region in the mobility
versus pH plot, these nonionic surfactants were effective as steric
stabilizers in preventing suspension caking,

With cationic surfactants adsorption is a two stage process
characterized by neutralization of negative charge followed by charpe
reversal, The free encrgy of adsorption was measured and depénded on
alkyl chain length, the driving force for adsorption being the hydro-
phobic effect, Displacement of the reversal of charge concentration

by nonionic surfactant depended on its concentration and the type of
3 I Y1



cationie surfactant,

Adsorption of anionic surface active agents caused an increase in
zeta potential, An estimate of the free energy of adsorption was made
from the slope of the zeta potential versus lnp_:lO concentration sur-~
factant plot, The zeta potentials found with varying concentration of
anionic surfactant were used to calculate the DLVO potential energy
plot for the Thiahendazole/sndium dodecyl sulphate system. Added
nonionic surface active agents were found to complex with anionics,
complexation being dependent on ethylene oxide chain length,

From sedimentation volume studies the existence of coagulated,
deflocculated and secondary minimum flocculated systems is discussed
and correlated with zeta potential measurements,

The concept of controlled flocculation, or perhaps more correctly
controlled coagulation, as a means of preparing a stable pharmaceutical
suspension, is supported,

It is concluded that there is need f&r revision in the terminology

describing coarse suspension systems, most suspensions described as

flocculated being in fact coagulated,
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SECTION
INTRODUCTION

A pharmaceutical suspension is a coarse dispersion in which insoluble
particles are dispersed in a liquid medium, usually aqueous, The dig-
cusgion here is limited to this form,

The particles have diameters for the most part greater than lun
although some may be as small as 0,lum or less, it is in this factor of
gsize that pharmaceutical suspensions differ from colleoidal dispersions,
The accepted definition of a colloidal particle indicates that one or
nmore of the components has at least one dimension within the range of
about lnm to lum, There is however no sharp distinction ﬁetween colloidal
and non colleidal systems particularly at the upper size range and
suspensions show most of the properties of colloidal systems, However
the relatively large particles of a suspension are liable to sedimentation
due to gravitational forces, . :

An aqueous suspension i1s a useful formulation system for administer-
ing an insoluble or poorly soluble drug, The large surface area of
dispersed drug ensures a high availability for dissolution and hence
absorption; the dissolution of all drug particles commences immediately
on dilution in gastro-intestinal fluids., Suspensions confribute further
to pharnacy and medicine, by supplying insoluble and often distasteful
substences in a form which is pleasant to the taste, of particular
importance for administration of drugs to young children; by providing
a suitable form for the application of derinatological materials to the
skin and sometimes to the mucous membranes; for parenteral administration
of insoluble drugs; and for application to the eyes, Suspensions are
used similarly in veterinary practice where, for example, a number of

anthelmintics are presented in this ferm. In the veterinary field the



product is often supplied as a dispersible powder; this product has to
be of such a character that when stirred with water a suspension results
which is sufficiently stable to permit withdrawal of numerous doses
with, for practical purposes, equal drug content. In such cases, when
settlement takes place when a bulk mix is left, it is essential that
stirring should readily reconstitute a wniform suspension. Suspensions
fhus constitute an important dosage form both in haman and veterinary
medicine, A closely allied field is that of pest control} pesticides
are frequently presented as suspensions for use as fungicides, insect-
icides, acaricides and herbicides, such are usually intended to be
applied as sprays with water as a diluent,

Further important uses of suspensions are geen in the paint and
printing industries.

A pharmaceutically acceptable suspéﬁaion possesses certain desirable
qualities among which are the following(1l): the suspended material should
not settle too rapidly; the particles *hi;h do settle to the bottom of
the container must not form a hard mass but should be readily dispersed
into a uniform mixture when the container is shaken; and the suspension
must not be too viscous to pour freely from the orifice of the bottle
or to flow through a syringe needle. For pharmaceutical purposes physical
stability of suspensions may be defined as the condition in which the
particles do not aggregate and in which they remain uniformly distributed
throughout the dispersion, Since this ideal situation is seldom realized
it is appropriate to add that if the particles do settle they should be
easily resuspended by a moderate amount of agitation,

1,2, Historical review of the controlled floceulation approach to

suspension formulation

A theory which describes quantitatively some aspects of the stability

of a lyophobic colloidal system is that put forward by Derjaguin and



Landau (2) and independently by Verwey and Overbeek (3). The basie
premise of their theory, the so-called DLVO theory, was that the
potential energy of interaction between a pair of particles could be
considered to consist of two components:- (a) that arising from the over-
lap of the electrical double layers and leading to repulsion Vﬁ (a
measure of the magnitude of Vﬁ can be made from the potential at the
plane of shear around the particle, the so-called zeta potential ({ ) );
(b) that arising from electromagnetic effects and leading to van der
Waals attraction, VA.

These were considered to be additive so that the total potential
energy of interaction, V, could be written as

V= Vh -+ VA 1.1

The general features of the curve of potential energy of interaction
against the distance of separation between particle surfaces, Ho, are
given in Fig, I.

At small distances of separation,.thé combinﬁtion of strong short
range repulsive forces and van der Waals attraction leads to a deep
. minimum termed the primary minimum, P, of magnitude VP, The position
of the primary minimum determines the distance of closest approach, At
high surface potentials and low ionic étrengths and at intermediate
distances the electrical repulsion term is the dominant one and hence
a maximum occurs in the potential energy curve; this is normally termed
the primary maximum with a magnitude Vm., At larger distances, the
energy of electrical repulsion falls off more rapidly with increasing
distance of separation than the van der Waals attraction and a second

minimum appears in the curve of depth V this is termed the seccondary

SN’

minimum,
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The kinetic energy barrier to particle association in the primary
minimum is represented by Vﬁ + VéM and the energy barrier to redis-
persion from a primary minimum is represented by Vp,+ Vm The effect
of added electrolyte on the potential energy of interaction is shown in
Fig., II. At low ionic strength when the surface potential is high (as
illustrated with 10_&M electrolyte), repulsion dominates and the
secondary minimum Véﬂ will not be deep enough to overcome the kinetic
energy of the particles, Further addition of electrolyte effectively
reduces the repulsive force and hence lowers the height of Vﬁ and also
deepens véM (this could also be described as moving the position of
the secondary minimum closer to the particle surface) thus inereasing
the tendency of the particles to associate in the secondary minimum,
Lowering of VM to a critical value, as with the IO"IM, and probably
10-2M, curves, will lead to association in the primary minimum as the
particles will possess sufficient kinetic energy to overcome the repul-
sive barrier and attraction will predominaie.

The terms coagulation and flocculation tend to be used indiscrimin-
ately in the literature an¢ no attempt has been made to correct terms
used in the following review, however here, and in the report of the
writers experinental worl, particle association in the primary minimum
will be termed COAGULATICN, association in the secondary minimum
FLOCCULATION (4). The latter term is also used to describe polymer
bridging between particles and cross linking of particles produced by
metal-ion interactions with polyelectrolytes; +thus flocculation
describes particle association in which the average distance between
the particles is considerably greater than the order of atomic di-
mensions and hence the aggregate formed in this way has an open structure,

On the cther hand coagulation leads to the formation of a compact agpregate

structure in which the average distance of separation between the particles



can be of the order of atomic dimensions,

It has been known for many years that substances such as nonionic
surfactants may, if adsorbed at the particle surface, stabilize a
digpersion in the absence of a significant zeta potential, When such
an adsorbed layer is present the approach of the particle surfaces and
their aggregation in the primary minimum is hindered by the presence
of the adsorbed layers, It is clear that an additional term has to be
included in the potential energy of interaction for what is called,
somewhat loosely, STERIC STABILIZATION V;.

Thus V = Vh + VA + V; 1.2
It was pointed out by Koelmans & Overbeek (5) that if the potential
energy diagram is considered, the particles cannot approach closer than
a distance of twice the thiclmess of the adsorbed layer, and hence
passage into the primary minimum is inhibited,

The effect of Vé is shown in Fig, III for the situatioﬁs which occcur
in the presence and absence of an elecfroétatic barrier,

A pharmaceutical suspension which would be thought of as a stable
dispersion if considered in terms of the DLVD theory will be defloceculated
but will sediment due to the size of the particles, When sedimentation
is complet? the particles form a close packed arrangement with the small
particles filling the voids between the larger ones, Those particles
lowermost in the sediment are gradually pressed together by the weight
of the ones above, the energy barrier is thus overcome allowing the
particles to pass into close contact with each other, coagulation
followed by 'caking' (the formation of a compact mass at the bottom of
the container) then occurs and re~dispersion of particles is nét easily
achieved, dispersion forces greater than agitation usually being required,
I'hysical bonding, leading to cake formation,may be brought about

by crystal formation which depends upon the degree of solubility of the
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dispersed material in the vehicle (6)., At the points of contact between
microecrystals, a thin layer of supersaturated solution exists, The
smaller crystals slowly dissolve and caunse the larger crystals to grow,
This phenomenon known as Ostwald ripening (7), leads to coarsening of
the sediment and in some instances according to Kelthoff and Noponen

(8) may also result in caking, Further, chemical bonding due to
hydration effects may cause the porous particles to cement together into
a hard crystalline mass (9).

Coagulation in the primary minimum, resulting from a reduction in
the zeta potential to a point where attractive forces predominate,
produces coarse compact masses with a curdled appearance which are not
easily dispersed (10), The aggregates are dense and non-porous and
form a caked sediment (11). On the other hand particles flocenlated in
the secondary minimum, VQM’ form a loosely bonded structure which
gettles rapidly, caking does not normally occur, and the particles are
easily resuspended, However with particléa stabilized by nonionic
polymers and flocculated in the secondary minimum, it is possible,
particularly with irregularly shaped and polydispersed particles, for
coagulation to occur by a "tunnel effect"., Due to incomplete coverage
of a particle by the polymer, when approached by another particle as
they rotate, coagulation can occur through the "tunnel" (12), TFurther,
with such systems, Iverett et al (13) have indicated that attractive
forces may be of sufficient strength to bring about desorption of the
nonionic stabilizer, thus causing coagulation,

Although completely flocculated particles are easily redispersed
such suspensions are not wholly satisfactory, sedimentation of floecs is
rapid - consequently dose measurement will be difficult - they are
unsightly and the volume of flocs produced may be greater than that of

the original suspension volume,



It is usual therefore in pharmaceutical suspension formulation to
induce "controlled flocculation" - the aim here being to produce
assenblages of particles where the average distance between the particles
is relatively small, but the particles are prevented (either by electro-
static repulsive forces or by other me&ns) from approaching so close
that primary minimum coagulation occurs - such assemblages will be
easily redispersible and less bulky and unsightly than a secondary
minimum flocculated system.

The principle of "controlled flocculation" was first described by
Haines & Martin in a series of papers (6), (14), (15) on studies of
sulphamerazine and bismuth subnitrate dispersions; they suggested that
suspension ‘'flocculation' could be controlled by modifying the charge
surrounding the particles by the addition of electrolyte. For example
the addition of aluminium chloride to 2% sulphamerazine suspensions
containing dioctyl sodium sulphosuccinate effectively lowered the zeta
potential (estimated from microelectroﬁho;etic mﬁbilities) and produced
a pharmaceutically stable suspension characterised by a high sedimen-
tation volume (the ratio of the final volume of sediment to the
original volume before settling). They thus showed a correlation
between apparent zeta potential, sedimentation volume,caking and
"flocculation",

Wilson and Dcanow (16) and subsequently Ecanow et al (17) questioned
the work of Haines and Martin for several reasons: (a) they doubted
whether this procedure could be applied to macroscopic particles, they
thought that, although van der Waals forces exist at the surface of all
solid particles, they would be effective in bonding only when ;he selid
was in an extremely fine state of subdivision ( (ca, 2um) and that
therefore flocculation in the secondary miniouun with coarse suspension

particles could not occur, However, the existence of secondary minimam



flocculation with large particles has been shown with 10um polystyrene
latex particles (18), 3um paraffin wax particles (19) and 2-3%5um globhules
(20) and it is accepted that it is likely to occur, at low electrolyte
concentration, with particles ca,>lum. Wiese and Healy (21) state
" there is much evidence that such coagulation (secondary minimum floc-
culation) does occur in systems for which the interaction energy curves
show large energy barriers and deep secondary minima, Undoubtedly it
can also occur in systems for which the secondary minima are still deep
but the energy barriers are smaller". The presence of effective van der
Waals forces between macroscopic bodies has been proved beyond doubt
by, for example, the work of Tabor and Winterton (22), (23), (2%) who
measured the force of attraction between molecularly smooéh sheets of
mascovite mica, The presence of an agqueous medium between the particles
does, however, reduce the van der VWaals attraction as is discussed in
Section 2.2,2; (b) they doubted the usefulness of measurement of zeta
potential as a means of assessing the ;fl;cculation“, deflocculation
gstate of a suspension as, since "flocculation" was reported to have
occurred sy;ntaneoualy, the true zeta potential could not have been
measured; and (c¢) the effect of the electrolyte on the surfactant was
not taken into account. During a subsequent investigation they observed
the formation of a precipitate when dioctyl sodium sulphosuccinate at
concentrations used by Haines and Martin was mixed with alwninium
chloride, "Flocculation" was interpreted as being due to a chemical
reaction between the surfactant and the electrolyte instead of a
reduction of the zeta potential,

Mathews & Rhodes (25) in studies of coagulation and flocculation
with aluminium chloride of suspensions of griseofulvin and polystyrene
latex, prepared with sodium dodecyl snlphate, which is precipitated by

aluminium chloride, and sodium dioxyethylated dodecyl sulphate which



apparently is not precipitated by aluminium chloride, showed that both
flocculation, probably involving chemieal bridging, and coagulation
resul ting from zeta potential reduction, can be used to prevent caking,
The same workers (26) demonstrated that in suspensions of griseo-
fulvin with a mean particle size in the range 3-hum "flocculation" was
essentially similar in character to that in lyophobie colloids, and that
such "flocenlation" was accompanied by changes in the zeta potential of
the particles, They also showed that comparisons may be made between
coagulation in model disperse systems (a polystyrene latex) and in
heterogenous drug suspensions, They strongly support the concept of
"econtrolled flocculation" in the formulation of pharmaceutical suspensions,
Jones, Mathews & Rhodes (27) carried out a similar study on the
physical stability of sulphaguanidine suspensions, varying electrolytes,
surface active agents and the vehicle, they further support the concept
of "controlled flocculation" in suspensions of this drug, Mathews &
Rhodes (28) extended the above work inciuding griseofulvin, fine and
coarse particle, sulphamerazine and hydrocortisone as drugs for suspension,
anmonium and sedium dioxyethylated dodecyl sulphates as surface active
agents, and aluminium)calciumband sodium chlorides as electrolytes, They
interpreted the aggregation mechanism using the DLVO theory to predict
energy of interaction curves and suggested that coagulation occurs at
the primary minimum but that the depth of Vb is restricted due to steric
stabilization by the surface active film, so that particle dispersion
occurs on agitation, They made quantitative estimations using the DLVO
expression modified to include the steric energy term VE, which they
obtained from calculations of chain length and data taken from the work
of Ottewill and Walker (29); V, was obtained from zeta potential measure-
ments and VA calculated using accepted values of the Hamaker constant,

Their work is further supported by that of Short & ithodes (30) who
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carried out stability studies on suspensions of hydrocortisone and
norgestrol_nnd Bondi et al (31) who measured the degree of 'flocculation'
of sulphamerazine suspensions as represented by relative sedimentation
volumes as a function of both surfactant and electrolyte cencentration.
Their results emphasise the importance of lmowing the location as well

as the concentration of the surfactant and are consistent with the DIVO
theory, The concept of "controlled flocculation" is therefore firmly
éstablished as a means of producing an acceptable pharmaceutical
suspension, FHowever the term "controlled flocculation" is perhaps a
misnomer, as it covers:-

(a) secondary minimum flocculation - particularly where v, is
reduced by addition of an electrolyte thus deepening VSM - this is
controlled flocculation;

(b) flocculation produced by bridging, either by polymeras or by
metal ion - polyelectrolyte, #és could also be called controlled
floceulation; and ol |

(e¢) primary minimum coagulation caused by addition of electrolyte
- or other charged species, the depth of the primary minimum being
restricted by the steric effect of an added surface active agent or
polymer - more correctly termed controlled coaguiation,

The term "controlled flocculation" could with advantage be replaced by
another such as "controlled aggregation",

Other workers who have used the techniques of microelectrophoresis
to measure zeta potentials and assess pharmaceutical suspension stability
include Stanko & Dekay (32) who examined sulphamerazine suspensions with
methylcelluloses and alginates; Nash and Haeger (33) who studieé silica
‘dispersions with electrolytes and surface active agents; James and
Goddard (3&), (35) barium sulphate preparations, used as x-ray opaque

media, in the presence of hydrophilic colloidal material; Uno and Tanaka
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(36) who, in studying chloramphenicol suspensions, measured the adhesion
of suspension particles on the wall surface of the container; Green and
Hern (37) who examined the effect of washing with water on the physico-
chemical properties of aluminium hydroxide gel; and Nakamura et al who
have studied the effect of addition of ionic surfactants on the floc—
culation-deflocculation behaviour of sulphathiazole, @ alumina and
graphite suspensions (38),

-

1,5. Outline of present work

The importance of the use of surface active agents and more partice
ularly the measurement of particle charge, in terms of the apparent
zeta potential in pharmaceutical suspension formulation has thus been
well established,

the effect that various surface active agents have on the zeta
potential of particles in a suspenéion system is therefore of importance
and worthy of investigation; Mathews and Fptdea (26) having demonstrated
that comparisons may be made between coaguiation in a model disperse

4

system and in heterogenous drug suspensions, it was decided to choose a
monodisperae.polystyrena latex, the surface properties of which can be
well characterized, as a model system, _The effect various surface
active agents, alone and as mixtures of ionic and nonionic, have on
the electrophoretic mobility - and hence the zeta potential - of the
latices, has been measured, An attempt has also been made to apply the -
results found with the model system by carrying out similar measurements
with real drug suspension systems,

Any investigation into'zeta potentials' and the effect of surface
active materials as "steric stabilizers" requires a knowledoe of:

(a) Double layer phenomena and electrokinetics, and

(b) The effect of adsorbed layers on the stability of dispersions,

these are discussed in the next gsection,
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SECTION 2,
THEORY

2.1, The Electric Double Layer

Most solids, when in contact with an aqueous medium, acquire a
surface electric charpe., Possible charging mechanisms include:
(a) Ionization, controlled by the ionization of surface ionogenic groups,
for example acidic groups at the surface of polystyrene latices, and is
pH dependent, A particle may thus be po%tively charged at low pH and
carry a negative charge at high plI; the pH at which electrophoretic
mobility, and hence apparent zeta potential is zero is termed the iso-
electric point, The iso-electric point may be more generally defined as
the negative logarithm, to the base 10, of the concentration of potential
determining ions when the zeta potential becomes equal to zero,

(b) Jon adsorption. A net surface charge can be acquired by the unequal

adsorption of oppositely chargeﬂ ions, which may be of positive or
negative charge, Haydon (39) points out that the negative zeta potentials
cannot in general be due to hydroxyl ion adsorption because the negative
potentials occur principally because the cations are unable to approach
the inierface as closely as the anions i,e. it is not usually necessary

to assume any adsorptive forces hetween the anion and the surface in

order to explain qualitatively the negative zeta potentials., This
situation is a general one and holds in various depgrees for a number of
simple 1:1 and 2:1 inorganic salts, In fact wherever there exists an
appreciable area of solution/solid interface it is liable to acquire an
apparent negative charge by this mechanism, The influence of hydrogen
ions on the zeta potential of these surfaces can be explained qualitatively
by an ion exchange mechanism controlled by the size of the hydrated ions,

(¢} Ion dissclution, controlled by the difference between the thermo-

dynamic potential between the solid and the solution, e.g. silver iodide,
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This surface charge influences the distribution of nearby ions in
the aqueous medium, Ions of opposite charge (counter ions) are attracted
to the surface and ions of like charge (co-ions) are repelled away from
the surface, This effect, together with the mixing tendency of thermal
motion, leads to the formation of an electric double layer made up of
the charged surface and a neutralising excess of counter ions over co-
ions distributed in a diffuse manner in the aqueous medium,

The electric double layer can be regarded as consisting of two
regions: an inner region which may include adsorbed ions, and a diffuse
region in which ions are distributed according to the influence of
electrical forces and random thermal motion as indicated above,

2.,1,1, Diffuse double layer, Gouy-Chapman theory for flat surfaces

A theory of the diffuse double layer for infinite plane surfaces
vas developed independently by Gouy (40) and Chapman (41).

The charge on the solid is treated as a surface charge smeared
out uniformly over the surface, The séae; charg; in the solution is
considered to be built up by unequal distribution of point-like ions,
The solvent is treated as a continuous medium influencing the double
layer only through its dielectric constant, It is assumed that the
work required to bring an ion from the bulk of the solution to a point
near the surface, is entirely due to the electrical potential differences
between the initial and final positions., The ions in the solution are -
assumed to obey a Boltzmann distribution expressing that at places of
positive potential the nepgative ions are concentrated and the positive
ones are repelled, wherecas for places of negative potential the reverse

is the case,

ni = no exp (-Zi e Y/kT)
b 2.1

where n; is the concentration of ions of kind | ata point x where the
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potential is ;l}Dis the concentration in the bulk of the solution;
Z;is the valency (sizn of the charge included); e is the electroniec
charge; k the Boltzmann's constant; T the absolute temperature, The
space charge density p (the net charge per unit volume at a point) is
given by the algebraic sum of the ionic charges
P =12 e nj 2.2

The relationship between the electrical potential and the space charge
density pis given by the Poisson equation which,; for variations in the

X direction only, takes the form

&y _ _p 2,3
dx? £

where € the dielectric constant of the solution is assumed not to vary
with distance from the surface, Therefore combining equations 2,1,

2.2 and 2,3 we cbtain the Poisson-Boltzmann equation

2
2—x“2[1=—-]€‘-zzienoexp{—zie$/k‘1‘) 2h

A first integration of (2.4) can be made after multiplying both sides
of the equation by 2d¢/dx  to give

2 |
(g-i-) = %—T- I no (exp (~2i e W/KT = 1) 2_'5

where the condition that for X-)OOI#—»oandg-f——* O has been used,
If the case of a solution of a single symmetrical electrolyte, of
valency z, is considered, then equation 2,5 can be considerably

simplified, thus:

g% = _\/E:_T (exp (zey/2kT) -exp (-Zey/2kT)
or Ei_w_ ._\/BnkT o ZEL_[J
== = - sinh KT

2.6
From this equation a relation between the surface charge density, ¢ ,

and the surface potential, y,, can be established, The condition of

electroneutrality of the total double layer requires that the surface
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charge is oppositely equal to the total space charge in the solution

g = = -f' p dx 2.7

using Poisson's equation, equation 2,7 can be integrated to give:

(=]
a2y ay
— ——mnn d}{ = S e o
Bt da o _[ € axe ax (x = 0) 2.8
0
y X 3 dy 2
inserting the value of Ix from 2,6
; Zelo
g = 8nkT —_—
4/ 8nkTe sinh SKT 2.9

A second integration of eguation 2,6 with the condition v =y, for x=0

gives

o (exp(Ze V/2kT) + 1) (exp(Ze VUo/2kT)-1)
kx = In P (Ze V/2KT) - 1) (exp Ze Vo/2KT)+L) 2.10

where k is identical to the reciprocal léngth parameter of Debye~Hiickel
theory; i.e. for a symmetrical electrolyte

¢ e(z—z—ikgz—%l! | 2,11
At low potentials, if zeyffo/gkt 1 equa-t.io.ns 2,9 and 2,10 can be
simplified as under these conditions it is permissible to expand the
exponential terms and neglect all but the first and second order terms

in the resulting series, Iiquation 2,9 then becomes

s Zelo _ f?nzzez e
g = 8nkTe % = E e Yo EKYO 0.12

In this case charge and potential are proportional to each other and

the double layer behaves as a flat condenser with a distance 1/x between
the plates.
Equation 2,10 reduces to

Kx = 1n Yo/ or ¢ = Yo exp 2,13

showing that at low potentials the potential decreases exponentially

over a distance of the order of magnitudel/x , I{ is customary to refer
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to 1/x as the'thickness' of the diffuse double layer, Close to the
charged surface where the potential is relatively high, i,e, the
approximation cannot be made, the potential is predicted by 2,10 to
decrease at a greater than exponential rate, X the reciprocal length
parameter is dependent on concentration, ¢, of added electrolyte,
through n, the number of ions, or

K a +/n a/c
hencel/x, "the double layer thiclkness", « !/\/C, increasing the
concentration of added electrolyte means therefore thatl/x"the double
layer thickness" is reduced i,e, the double layer is being 'compressed!,

2.1.2, The double layer around a spherical particle (39)

The electrical potential Y and the space charce density p in the
solution surrounding a sphere are related by a form of the Poisson

equation:
2 b
-d—i._ 1 4. 2 Q¥ _ -8
ax2  r? a \¥ &/~ [ 2.14

vhere r is the distance from the centre of the particle and € the
dielectric constant of the surrounding solution; equation 2,5 then

becones

i
.;-..2... _g_r, (r2 %) = -.%- Z2i e ng exp (-Zey/kT) 2.15

This equation cannot be intesrated analytically without approximations,
Yor wvalues of %5 sufficiently small for the first two terms only of the
expanded exponential to be considered an expression for a sphere of
radius, a, is obtained;

Yo = V@) & ep KR E 2.16
analogous to 2,13 and the surface charge density of the sphere can be
shown to be

O m - g. v

a) (1 + ka) 2.17

analogous to 2,12,
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For higher potentials it is necessary to solve equation 2.15 numerically
and a most comprehensive set of results has been obtained by Loeb et al
(42) who gave results for uni-univalent electrolytes for surface
potentials of 25-400 mV and Ka = 1 to 20, The data are readily trans-
formed to those for symmetrical electrolytes, Data for unsymmetrical
electrolytes are also given, Their results are valuable in the field

of electirophoresis for obtaining zeta potential values from electro-
phoretic mobility measurements,

2.1.3., The inner part of the Double Laver

The Gouy-Chapman theory assumes that the ions behave as point
charges in the electrolyte medium, The theory of Stern (43) extends
this double layer theory by the introduction of two modifications. One
of these, concerned with ion size, is essentially a correction and takes
into account the fact that ions of finite size cannot approach more
cloeely to the surface than a distance equal to their effective radius
(the ion may or may not be hydrated), IBué the other is a new concept
which recognises that at short distances from the surface there may
exist a spe;ific 'chemical' interaction between the ions and the surface
i,e, the ions may become specifically adsorbed, The definition of
specific adsorption is usually given as the adsorption which occurs
when the electrostatic potential is zero (39). The energies involved
are thus best regarded as chemical by nature, It is usually considered
that the chemical interaction energy of adsorption of a specifically
adsorbed ion is sufficient to cause it to lose part of its water of
hydration,

Stern proposed a model in which the double layer is divided into
two parts separated by a plane (the Stern plane) located at about an
effective ion radius from the surface. The centres of any specifically

adsorbed ions are located in the Stern layer, i.e, between the surface
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and the Stern plane. Ions with centres beyond the Stern plane form
the diffuse part of the double layer for which the Gouy-Chapman treat-
ment with ¥, replaced by wé (the potential at the Stern plane) is
considered to be applicable, The potential changes from ¥, at the
particle surface to U (the Stern potential) in the Stern layer and
decays from ¢6 to zero in the diffuse double layer,

Stern assumed that a Langmuir type adsorption isotherm could be
used to describe the equilibrium between ions adsorbed in the Stern
layer and those in the diffuse part of the double layer, The adsorption
energy of ions of kind i, is considered to be composed of two parts,

a purely electrical term (-Zews ) and a chemical potential ( &, )
independent of the electrical circumstances,

The surface charge density o, of the Stern layer is given by

o] = Ny Z; e ¢ 1 Blste € 28
y Zyels b AN [ sten g
1+ n, H exp + ( = ) T e w7

where Ni is the available number of adsorption sites per cmz. N is
Avogadro's number, and M the molecular weight of the solvent, 1In
practice usually only one of the terms in egquation 2,18 neceds to be

considered because either the positive »r the negative ions are completely

expelled from the molecular condenser, The equation then becomes:-—

Nlzie
%1 L% . ex Eigﬂﬁ_i_i. Gl
niM P kT

Treating the Stern layer as a molecular condenser of thickness § and

with a dielectric constant ¢

On =

Wo - ¥§)

oo

2.20
where o, is the charge density at the particle surface, For overall
electrical neutrality throughout the whole of the double layer

UO '-I-UI +U2=0 2.21
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vhere a, is the surface charge density of the diffuse part of the double
layer and is given by equation 2,9 with the sign reversed and with Yo
replaced by ¢5,

Substituting from equations 2,20, 2,19 and 2.9 into 2.21 gives a

complete expression for the Stern model of the double layer

N .
- 1Zie
£ - = | : Zel
é Wo Ua’ EI ﬁ‘M exp (EEE%Ei—%) ol (%nkTe)% sinh (EE?ﬁ) =0 2,22
i

This expression contains a number of unknown guantities; information
about these can be derived from other sources and will be discussed
elsewhere, The use of the Stern model as a basis for the interpretdtion
of adsorption of surface active agents is developed in Section 2.4.5,

Grahame (44) proposed modificatiens to the Stern treatment by
taking into account that in the Stern layer there may be these two
types of ion, one of which is specifically adsorbed, whereas the other,
which may be hydrated, is localised only by the electrostatic force at
its distance of closest approach to the a;rface. In Grahamne's model
the specifically adsorbed ion is assumed to lose some of its water of
hydration and to be closer to the surface than the other ion. The
concept of a single layer of ions with their centres all in one plane,
mast then be replaced by a model which consists of two parallel planes
at different potentials,; one associated with each type of ion, These
two layers are usunlly called INNIR and OUTER Helmholtz Layers,

2.,1.,4, Discreteness of charge effect

Both the Gouy-Chapman and the Stern treatments of the double layer
assume a uniformly charged surface, The surface charge, however, is
not smeared out but is located at discrete sites on the surface. The
adsorbed ion does not experience the potential which would have charac—

terized its adsorption site before the ion was adsorbed, The space
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around the adsorption site must be cleared of all charge before the
ion is placed on it and so the potential at the centre of this 'hole'
is smaller, in absolute value, than the average potential before
adsorption occurs, The effect, first introduced by Isin & }arkov,
has been discussed by Haydon (39). Grahame (see (39)) claimed that
the energy required to rearrange the existing ions to make room for
the incoming ion is negligible and so the important problem was the
calculation of the potential in the hole,

The incorporation of the discreteness of charge effeect into the
Stern adsorption isotherm has been accomplished by Levine et al (45)
who show that it is able to explain a number of previously puzzling
features of colloid behaviour,

Egquation 2,19 then becomes

2 Nizie
I b N Zie (Y8 + dp) + ¢
1% oiN &P ("r wT 2,23

where ¢b is the potential correction for the discreteness of charge
effect, Tlre main consequence of including this term is that the theory
now predicts that, under suitable conditions, ¢3 goes through a maximum
as ¢b is increased. The discreteness of charge effect explains, there-
fore, the experimental observations that zeta potentials for sols such
as silver iodide go through a maximum as the surface potential is
increased, Wiese et al (46) have recently invoked the theory to explain
similar effects for the adsorption of 2:2 and 3:3 electrolytes on silica,

2,1.5. The corrections to the Poisson Boltzmann Equation

The assumption has been made that the potential in the diffuse
part of the double layer can be reasonably well represented by the
solution of the Poisson Boltzmann equation as suggested by Gouy and

Chapman, ITaydon (39), in a review, has shown that this is generally
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true for at least 1:1 electrolytes at concentrations below 10“2 mol daa.
For higher concentrations and valencies certain corrections become
significant but in these regions the more sophisticated treatments
become very complicated, The work of Levine and Bell (47) indicates
that one must take all of the relevant corrections into account sim-
ultaneously (volume ¢f ions, variation in dielectric constant, ion
self atmosphere effects and electrostriction) since they tend, to a
considerable extent to balance one another out, Their calculations
show that the effeet of taking the corrections into account is not
likely to be significant for electrolyte concentrations of 10™F mol dn’
or less. At higher concentrations the Debye-Hitckel reciprocal length
is less than lnm (in agueous solution at 25°C) and it is arguable
whether such double layers can be considered diffuse,

Detailed discussions of the effects of the corrections are
contained in the reviews by Jlaydon (39) and by Macdonald and Barlow
(48). From these works it secems reasoﬁabie to assume that in almost all
of the situations of interest to colloid sciéntists the simple Gouy-
Chapman theory is adequate to describe the potential in the region
outside the Outer-Helmholtz plane for 1:1 electrolytes (47) (44)., For
higher valency types the corrections afe so large and so uncertain
that it is doubtful whether any useful purpose is served by using the
present theory (49),

2.1,6, The interaction of two overlanping diffuse lavers

Consider two flat surfaces each of identical surface potential
Yo and at a distance H, apart, Assume that the double layers are
diffuse and that the potentials can be added (principle of linear
superposition), The potential at the mid plane (d) between the two
surfaces isf{yy,

Langmuir (50) was able to show that the pressure P acting between



the two surfaces as they approach one another is
P = 2nkT (cosh u - 1) 2.24
where U =ze¥y kT and n the number of ions per unit volume, Cosh u
is always = 1 go that the pressure is always repulsive,
The potential mid-way between the plates as expressed by u is

related to the plate distance Hy=2d , by the expression

KHQ w Z dy
2 f V/2 cosh y - 2 cosh u 2.25
u
e Ze _ Zeyg Zed
where ¥ kt ! b e o O kT

To convert pressure into repulsive energy, VI, use is made of the

1
VR = > fdeo

= - onk’I' (cosh u - 1) ag,

expression

2.26

there is no analytical method for complei.;e s-olu‘t':ion of these integral
equations but numeri cal solutions have been given by Verwey & Overbeek
(3). A simple approximation for the condition of weak interaction

can be made, with the restrictions KHo>2 4 i.e, the surfaces

cannot be closer together than?2/ and uv{1,

3 Kig,

Then u = 8yexp- 2 Ay
7 zZels/2KT) =

where e L SEE tZs¥n oRT s ) 2,28

exp (Zelo/2kT) + 1

combining equations 2.24 and 2,28, for unit area of each surface,

P = 64nkTY?'exp_KH° 2,29
E&
hence 2
VR = [ 64nkTy zexp—KHodH
o
- 64nk'I'y2exp—m‘]° e

K
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The repulsive energy is therefore, through ¥ , a function of the surface
potential ¥, . A measure of this can be obtained from the potential at
the Stern lnyer\pé y for which the zeta potential is usually a valid
approximation, see for example Watillon and Joseph~Petit (51), In the
case of interaction between spherical particles, for high potentials
and short distances the situation is complex, requiring numerical
integration of the Poisson-Boltzmann equation, see for example Loeb et
al (42),

For small potentials a number of useful avproximations exist:

(a) Spheres of same radius (o) and same potential Ve

2 s .
for ka > 1O Vg = EE%Q— In (1 + exp KHOJ ik

holds for Vo ca < 50 mv

(v) Spheres of radii s, and 85, 5 potentials Vo, andyg)

for K¢ > 10

Iy g a) ap zwlo Yso - ; =kHg 3
4(ay + ap) Y10 + yz0 1 - exp KHo J
S0
see Hogog et al (52) ‘
(¢) Spheres radii a, and a_  and potential Vo
g —
2
VR = SoiiRE NOT Yo In (1 + exp_KHo)
(a; + ayp) 2,33 -

Any of these situations is possible with suspensions of pharmaceutical
particles,

A nuwber of other approximations can be made and these have been
summarised by lonig & Mul (53)

2,2 Attraction between particles

The concept of interaction between molecules was introduced by van
der Waals in 1893 sece,for example Glasstone (54), It was clear, from

experimental work at that time, that the ideal gas laws did not account



for the behaviour of real gases, except at very low pressures, wvan der
Waals suggested that intermolecular interactions were in part responsible
for the observed deviations from ideality,
Three types of such intermolecular attraction are recognised:-
(a) Two molecules with permanent dipoles mutually orientate one

another in such a way that, on average, attraction results, first

postulated by Keesom (55), TFor two molecules with dipole mnmcntslpl and

Y2

2 2
Vic = "'2]..11 i)
3kT 6 2,34
where r is the distance of separation,
(b) Dipolar molecules induce dipoles in other molecules so that

attraction results, Debye (56)

o 8+ o2 M1 2.35

25

¥y =

where ) & @, are the polar isabilities of molecules 1 & 2,

(¢) Attractive forces are also 0perativé between non-polar molecules,
as is evident from the liquefaction of hydrogen, heliumetc, These
universal attractive forces (known as dispersion forces) were first
explained by London (57) and are due to the polarisation of one molecule
by fluctuations in the charge distribution in a second molecnle.i%e energy

of attraction, for hydrogen like atoms, from the London theory is given

by:- h vg a?

VL = = 3/4
rs 2!36

where vy is the characteristic oscillatory frequency of an electron and
h is Planck's constant,

London pointed out that, for dilute gases, the molecular dispersion
force is additive, It is thus to be expected that an attraction can
occur betiween condensed bodies containing many atoms, provided that some

additivity is retained in dense media, Kallman and Wilstatter (58) have



suggested that such an attraction could lead to long range attraction
and hence play a part in the coagulation of colleids, This, and the
phenomena of adhesion and adsorption suggest that an attraction between
condensed objects does exist,

AR I s he de Boer-lHamaker Microscopie Theory of attraction between

conden=zed cbijects

Following on the idea of attractive forces between condensed objects,
it was further sugpested by Fallman and Willstatter that the attractive
forcea could be quantified by integrating the van der aal's atiraction
between their constituent atoms or molecules, Although the attractive
energy between two molecules is very shori range, varying inversely with
the sixth power of the intermolecular distance, it was shown by de Buer.
(59) and Hamaker (60) that the total interaction energy, between two

.
flat surfaces of infinite thiclkness, Vh, was given by

. 12q23/4hvoa? . _p

Va = iy
121Hp? " 12wHg? 2.37

where A is the HAMAXIR Constant, with the value shown, and q the number

of atoms per unit volume, The force of attraction, EA’ per unit area

is given by A
SRP e 2.38

Hamaker further derived the attractive interaction between two spheres,

radins a, and a2:

1
2
Va = . . + : + 21 T i
Aoe = 12 | x2 + xy + x x2 + xy +x+y "ox2 b xy + x4y
Ho a
where x =—- and y = e
2q, y a,

if x<<1 , i.e, the case where Hg {(2qa, , then,

-Raj ajs

VA='-'—'-“—"'
6Ho (a; + ap) 2. .40
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For two spheres of the same radius, a, an analogous approximation is:

Vp = Zha o 4]
12Ho ot

this expression is valid for large particles, i.e, including those of
pharmaceutical interest,

2,2,2, The effect of the ligquid medium on the attractive forces between

particles

The above expressions were obtained for interactions in a vacuum;
for two particles in a liquid medium interaction will only take place
if the medium has material properties which are different to those of
the particles, Hamaker suggested that the interaction can be deduced
from the in vacu® Hamaker constants for the particles and the medium,
the effective constant being:

Ag = Ay + Ay ~ 2R 2,52

12

and for similar materials assuming a geometric mean relationship:

5
Bys B WAL Boo) & 2,43

and
: R S 2,44
where All and A22 are the constants calculated on the basis of inter-
actions between pairs of atoms of those materials,
The various methods of calculating llamaker constants have been

reviewed by Gregory (61) and selected values are given by Visser (62).

223, Electromaqnetic retardation

The expression for attraction energy, equation 2,41,

- Aa
12Ho

is not valid when the London forces operate over distances comparable

Ve =

with, or larger than, 0.1\ where Ao is the wavelength of intringic
oscillations of the atoms, This is due to the "retardation effect" which

is caused by the finite time necessary for electromagnetic waves to
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travel from one atom to the other atom in which it is inducing a dipole,

Under these conditions, the force of attraction is given by

- B
P =,
Ho*

where B is the retarded Hamaker constant; its relation to A is given by
B=1,24 x lﬂm2 AN, . Hence under retarded conditions the force of
attraction between two plates is inversely proportional to the fourth
power of the separation distance, compared with the third power in the
non-retarded region (63).

Schenkel and Kitchener (18) have aﬁalysed the retardation effect
and have derived empirical equations which enable attractive energies
to be calculated allowing for this effect, These may be applied to

coarse suspensions, The equation for the fully retarded situation is
—_ -2-45Aa?\0
Va = 120THg
2,45
where A is the Hamaker constant describing the attraction between two
similar particles in a given medium, This:equation is used for particle

separations greater than 15nm,

2.2,4, The Lifschitz Macrosconic Theory of attraction between

condensed objects

The maeroscopic approach of Lifschitz (64) treats the interacting
phases as being continuous and the interaction as occurring through a
continuous medium, For small distances of separation between the
surfaces of flat plates, i £ Wo,rQﬁ' s the force of non retarded

attraction is given by

hw
A = 1673 Ho3 2,46

In this equation, if the plates are of material 1 interacting in a

vacuum then =

u/~ (él — l)z
n = de
€1 + 1
: 2.47

o



and for plates of material 1 and 3 interacting in a medium 2

oo

D = ﬂ/ﬂ €1 = E2 €3 =~ €2
: de
s €] + €9 €3 + €3 2,48

These expressions contain the permittivity, € y as a function of the

frequency of the field, The calculation of an interaction constant,

therefore, requires considerably more data than those needed to calculate

a llamaker constant, Recently the work of Ninham and Parsegian et al

(65); (66) has shown that the use of the London~ de Boer-Iamalker theory

is restricted by a number of assumptions:—

(1) of pairwise additivity of individwal interatomic interactions in
condensed media;

(2) the approximation that the contributions centred aroﬁnd a single
dominant frequency of the electromagmetic spectrum are the only
important ones; and

(3) that the insertion of material between the plates, such as a liquid,
can be dealt with by the insertioﬁ oé an arbitrary dielectric
constant at a single frequency, | .

They conclude (67) that:-

(1) because of the highly polar nature of liquid water much of the van
der Waals force in this medium comes from pelarization at infra-
red and microwave frequencies rather than the ultra-violet;

(2) it is incorrect to think of the van der Waals force between liquid:
layers as being the sum of individual interactions between unit
segements of the constituent materials,

(3) by virtue of the low frequency contribution, the van der VWaals
force also contains a temperature dependent component,,

(4) dielectric data are often well enough known through the range of
frequencies to draw these conclusions and to make quantitative

numerical estimates with little ambiguity,
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Ninham and Parsegian (68) argue that forces which arise from electro-
magnetic fluctuations should be called by the general name of "van der
Waals interactions", In addition, they suggest that the temperature
independent part should be called a 'dispersion force' and the remainder
or temperature-dependent part a 'molecular force', Thus, for exanple,
there is a large long-range van der Waals contribution from the molecular
interactions of the permanent dipoles in liquid water., This occurs
essentially at zero frequencies and increases almost linearly with
temperature,

From Lipfshitz theory the potential enmergy of interaction between
two semi-infinite plates of material 1 separated by a medium 2 is given
by:

Va =
12 m HO2 2049

which can be compared with equation 2,37. Here AL’ which is also a
function of the distance of surface separétion Ho’ and temperature T, is
obtained from:

AL =1.5kT I I (en Ho)
2,50
where I is a function of permittivity and distance, The prime on the
summation sign indicates that the n = o term must be multiplied by %,
Langbein (69), (70) has derived expressions for use with spheres,

The correctness of the new approach can be gauged by its prediction
of a value of an effective Hamaker constant, Ay for the n decane triple
film, of 5.5~60,1 x 10_21 J when experiment suggests a value of 5.6 x IO_EIJ,
whereas pairwise summation of the London disversion forces predicts a

21

value of Aj of 0.9 x 10~

: J (71).

The idea that the attractive and repulsive interactions are completely

separable in colloid systems must be applied with caution., Because the
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nature of the dispersion medium profoundly affects the van der Vaals
attraction - Ninham and Parsegian (67) have shown that the presence

of water profoundly reduces the attraction and indicate the difficulty in
accurately allowing for its presence - any changes in the intervening
liquid, designed to alter the repulsive component, may also influence

the attraction, The effect may be small for some electrostatic systems
but may be quite large for some sterically stabilized dispersions,

2,3, The effect of adsorbed layers on the stability of dispersions

The adsorbed layer can effeect stability in three main ways:
(a) by inereasing or decreasing the charge on the particles, thus

affecting Vil.

(b) by sterically hindering the approach of the particles, giving

Vé.

(c) by altering the valne of the Iamaler constant, thus affecting

VA.

2.3.1. The effect of the adsorbed laver on the Stern notential ¥;

Adsorption of ionic surface active compounds, such as sodium dodecyl
sulphate or dodecyl trimethyl ammonium bremide, onto particles in an
aqueous dispersion, can significantly alter the Stern potentialWy ,

Such adsorption is likely to ocecur wheﬁ there are more adsorption sites
on the particle surface than the number of potential determining groups
origiﬂﬁlly present, as was found by, for example, Ottewill et al (see 39)
with silver iodide. Large areas for adsorption of surface active agents
by hydrophobic bonding are available with the materials now studied, as
is shown in Section 3 on the characterisation of polystyrene latex,

It is possible with surface active counter ions for rever;al of
charge to take place within the Stern layer i.e. Ior‘gjand\ya to have
opposite signs; with the polystyrene latex, used in the work, which

carries a negative charge due to ionization of -COOH groups, an adsorbed
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layer of dodecyl trimethyl ammonium bromide effectively reverses the
charge, On the other hand adsorption of a surface active co-ion, for
example sodium dodecyl sulphate on polystyrene latex, has the effect of
increasing ws .

2,3.2., Steric Stahilization

The termm steric stabilization was probably first used by lleller
and Pugh (72) to denote the fact that uncharzed particles can be
prevented from coagulating by the adsorption of nonionic polymer
molecules, The classical description 'protective'! action is also
employed (73).

Knowledge of the forces which can lead to short range repulsion
is uncertain, however, Barclay and Ottewill (74) have shown that sterie
gtabilization forces are of shorter range than electrostatic and van der
Waals forces and that the force increases very rapidly with decrease of
distance; this latter fact is supported by the work of Krieger (75) and
the theoretical anproach of Bagehi (76). :

In writing the total energy of intéraction as

e o, o5V 2,51
where all steric and solvation terms are put together in the term Vé,
the position for the origin of the energy terms on the distance axis is
not alfays clear, For example, in the case of Vh and VA either both
interactions can be assumed to emanate from the particle surface or the
origin of the van der Vlaals interaction can be taken as the surface and
the origin of the electrical interaction as the Stern layer, Once the
particle has an adsorbed layer, however, this can also affect the
position of the Stern layer and the thickness of the adsorbed layer may
well have to be taken into account in calculating the wan der Waals

interactions, see for example the work of Vincent et al (77) and the

discussion of this problem later on in this thesis; interpenetration
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of the adsorbed layers may also occur,

The stability of lyophobic aqueous dispersions to coagulation by
electrolytes has been shown to be enhanced by the use of nonionic
surface active agents (78), (79) and macromolecules (80)., Mathews
and Rhodes (26) found the same effect with pharmacentical suspensions,

Since uncharged colloidal particles coated by nonionic surface
active agents or polymers exhibit stability there mmst exist a repulsive
potential barrier hetween two such particies, This barrier counter-
balances the van der Vaals attraction between the core particles,
Repulsion is characterised by the change in the Gibbs éi::: energy,ﬁGB ’
of the particles on close approach, The second law of thermodynamics
implies that a positive value omsa is necessary for stability and

Napper (81) has pointed out that since AG can be written as
a8

AGg = AHg = TAg 2.52
three ways of obtaining a positive value for &Gs can oceur:i-

(a) ifAH andAS are both negative but TASsDAH,, thenAG, will be
positive, The effect of the entropy change opposes flocculation and
outweighs the enthalpy term, hence it was suggested that this should
be called entropic stabilization, Since-TAS usually decreases in
magnitude with decreasing temperature, on reduction of the temperature ©
to the 6 temperature tne enthalpy and entropy would become equal and
floceculation would oceur, Thus entropically stabilized dispersions are
characterized by a flocculation process which would occur on cooling,

(v) it bothaﬂHsand ASSare positive and.ﬁHS)TASS then a positive
value for:&Gs resulte, or enthalpy aids stabilization and entropy aids
flocculation, This has been termed enthalpic stabilization, On heating
T.&S8 should normally increase more rapidly than,AIIS and hence floc-

culation should occur,

(¢) both the enthalpy and entropy changes oppose flocculation if All
8
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is positive and AS% is negative, Dispersions stabilized by this
combined enthalpic-eniropic mechanism cannot in principle be flocculated
at any accessible temperature,

The above classification implies that the generic term steric
stabilization encompasses entropic, enthalpic and combined enthalpic-
entropic stabilization., It appears that enthalpic effects are probably
more important in the stabilization of aqueous dispersions and entropic
contributions more impertant in the stabilization of non aqueous systems,

The classical thermodynamic approach outlined above is independent
of any molecular models that might be advanced to describe how:&GS arises,
It therefore provides little information on hOWAGB is generated nor
does it permit theoretical estimation of its magnitude,

There have been a number of attempts to calculate by statistical
thermodynamics the actual magnitude ofﬁﬁs@a. This is of course a model
dependent procedure, The usual model examined consists of polymer chains
irreversibly attached to the particles; fhe chains project intoy and are
digsolved by, the dispérsion medium (which may also be termed the solvent), .

Mackor (82) was the first to attempt to caleulate the repulsive
potential energy in steric stabilization, He argued that the close
approach of two colloidal particles resulted in a decrease in the volume
acceszsible to the stabilizing moieties and thus to a decrease in the
configurational entropy,ZSSconI;of the stabilizing chains, The magnitude
of[ﬁ,Gs was calculated solely in terms of this loss in configurational
entropy. Clayfield and Lumb (83) using essentially this approach,
performed elaborate calculations for stabilizing polymer chains to find
ZkS conf and henceﬁf;GS. .

It is clear that calcuiations of this type ignore the presence of
any molecules of the solvent that are associated with the chains, The

macromolecules alone are assumed to contribute tol\ S conf, This approach



implies that a stable dispersion once formed, cannot be flocculated
merely by changing the solvency of the dispersion medium, IHowever
Napper et al (see 83) have produced compelling experimental evidence to
show that the solvency of the dispersion medium critically determines the
stability of sterically stabilized dispersions, The same workers have
put forward thermodynamic arguments which imply that those dispersions
that floccnlate on heating (e.g. many aqueous latices) are enthalpically
stabilized, not entropically stabilized. !aclkors approach ignores all
enthalpy changes,

The Critical pature of the solvent properties of the dispersion
mediwa in steric stabilization was first realised by Fischer (84),
According to Fischer's theory, if the dissolved polymer sheaths surround-
ing two sterically stabilized particles were to interpenetrate, the
chemical potentiai of the solvent in the interaction zone would decrease,
A gradient in chemical potential would thus be established between the
gsolvent molecules in the interaction ioné and those in the external
dispersion medium, As a result solvent external to the interactien
zone would diffuse into the zone and so force the stabilizing moieties,
and the particles, apart, This corresvonds to the generation of an
excess osmotic pressure, Fischer related the repulsive potential
energy to the second virial coefficient(B) of the polymer in free
solution using the Flory-luggins theory (85)

AGg = 2BRT <Cg> (AV) 2.53%
wvhere CE'\/ is 'the mean segment concentration and.(AV)ia the overlap
volume,

According to equation 2,53, a repulsive potential is generated
in a dispersion medium of good solvency for the polymer chains because
B is positive, In contrast, in a bad solvenl, D is negative and the

particles are sensitised to flocculation, An interesting case is that
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of a theta (©) solvent in which the polymer chains can interpenetrate
one another without prejudice because B and thereforezﬁ,Gs is gzero,
Ottewill and “alker (78)have shown how to express Fischer's formula
an term
in terms of,enthnhu% K, which characterized the interaction of the
stabilizing group with the solvent, and an entropy of mixing term, ¥ ,
for the stabilizing layers, They determined the thickness of the
adsorbed layer of dodecylhexaoxyethylene glycol monoether on polystyrene
latex particles and found it to be ca, 5 nm, just greater than the
length of the extended molecule, they estimated that the concentration

3

of water in the adsorbed layer was 0,7kg em ~ indicating the importance
of solvation, They then showed theoretically that the free energy of
interaction £\ GB arising from nonionic interactions for two spheres
of radius, a, depended on the thickness of the adsorbed layer, &, the
distance llo between the bas ¢ particle surfaces and the thermodynamic
terms, X and V¥,

The expression obtained was

4kTrC2

) = - Ho2 g + Ho
7 W-x (@--9% (Ga+2a+32 2.54

AGg = Vg =

3Vip2

vhere Y, is the molecnlar volume of the solvent molecules and P, the
density of the adsorbed film., Several important criticisms of Fischer's
theory may be raised: first, the use of a mean segument concentration

is obviously an approximation because the scgment density is a function
of the distance from the particle surface; second, Fischer's theory by
concentrating on interpenetration tends to ignore the compression of

the polymer chains that must occur when the minimum distance between

the particle surfaces is less than the countour lencth of the polymer
chains, The theory also disregards all Virial coefficients higher than

the second, However despite these quantitative shortcomings, Fischer's
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theory predicts all the qualitative features of floceulation that have
been observad by Napper et al (see 83).

The assumption that a mean segnent density may be used in cal-
culating the repulsion is undoubtedly an approximation, It corresponds
to approximating the segment density by a step function. The density
digtribution function relevant to a polymer chain attached to an
impenetrable interface is in fact required, TFischer's work has now
been extended by papers which examine the latter point, by Hesselink,
following Clayfield & Lumb, Meier and Hesselink, Vrij and Overbeek (86).,
Napper & Evans (83) have compared the qualitative predictions of the
various theories of steric stabilization with the results of experiments,
They have shown that, with the exception of Fischer's solvency theory,
all of the theories advanced to date are at odds with results of
experiments,

The same workers (87) have developed a theory of steric stabilize
ation that is esgentially an extension of Fischer's solvency theory,

It treats hoth interpeﬁetrationa and compression using a latice approach,
This permits the introduction of segment density distribution functions,
The theory, although with limitations, is in good qualitative agreement
with the results of experiement., Bagehi (76) has similarly anproached
the problem theoretically from a consideration of interpenetrations
(which he terms mixing) and compression (which he terms denting) and
obtained agrecement for this theory with the experimental observations of
Napper,

2.3.3. The van der Waals attraction between colloid particles

havine adsorbed lavere

The effect of solvation sheaths, and of adsorbed layers of varying
Mamaler constant, on the van der Waals attraction between spherical

colloid particles has been considered by Vold (88) and re-evaluated by
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Vincent et al (77).

Vold showed that solvation sheaths always lead to a decrease in
attraction, but that the effect is only appreciable in the case of very
small particles { 50nm, or thick sheaths ) 2nm, She also concluded that
in the case of adsorbed layers, the attraction was further decreased
if the Jlamaker constant of the adsorbed layer was not the same as, but
slightly different from, that of the medium, Vincent et al have queried
Vold's final conclusion concerning the actual sequence of the Hamaker
constants necessary to produce this further decrease in attraction, They
presented a formal analysis of the conditions necessary to produce
maximum effects, determined the conditions under which the presence of
adsorbed layers leads to a net increase in attraction, and considered,
in greater detail than Vold had done, the case of double sheaths - the
latter are relevant in the case of adsorbed surface active_agents. They
showed that certain values of the Hamaker constant can in fact lead to
a reduction in the attraction (over and abOVe that of the simple increase
jinerease in core spacing effect) which is no longer itrivial,

Ottewill and Yalker (79) used a nusber of models when considering
the stability of polystyrene latices with an adsorbed layer of n
dodecyl hexaoxyethylene glycol monoether, The basic expression, derived
by Vold, they used for calculating the van der Waal's potential energy
of attraction was ;

AT %2{(\11“;)2 Hs+(€"‘¢)2 HP+2(AE£-A§)(A§"'\E)HPS} e
where A is the ilamaler constant of the medium, adsorbed layer and the
particle as designated by the subsecripts, M,S, and P respectively, The
function H is given by,

2]
H(x,y) = N + v + 21n | x +xy+x
L)

2,56

2
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for the interaction between two spheres of unequal radii, In Hauaker's
original work x is the distance of surface separation/radius of particle
1 and y is the radiuns of particlcQ/radius of particle 1, Thus ifzx ig
taken as the distance between the surfaces of the adsorbed layers on the

particle the values of WS, H_ . and I_ have x and y values as follows:

PS P
It x = A sy ¥ o= 1
2(a+ 8 )
HPS: x = A+s ’ y = a+9d
Za a

]
Yt
-

2a

HP: X = ZS'+ 26 y

In the limit, as x—0, eqn (256) approxim:tes to,

Hixsy) el oy s 2,57
X—3 0
x(14y)

a is the particle radius and § the thickness of the adsorbhed

layer, this approach is further discussed and used in calculating ?A

in Section 6,

2,3,k, Combined effeets of sterie stabilization and electrostatic

repulsion on the stability of dispersions

In an extension of their work on steric stabilization Napper and
Netschey (89) studied the combined effects of steric stabilization and
electrqstatic repulsion; once the electrical double layer had been
compressed, the particle remained sterically stabilized and the floc-
culation concentrations obtained were those of the sterically stabilized
disnersions,

However, in the case of weakly anchored stabilizing molecules,
floceculation occurred in the presence of hydrolysed cations owing to
the displacement of the stabilizer by the hydrolysed species, This

was in agreement with the work of Mathai and Ottewill (90) who came to
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similar conclusions after studying the flocculation by hydrolysed cations
of silver iodide sols stabilized by nonionic surface active agents,

The importance of a combination of electrostatic factors and steric
stabilisation on the stability of pharmaceutical suspensions was investi=-
gated by Mathews and Rhodes (20) nsing, as surface active agents, salts
of dioxyethylated dodecyl sulphate in conjunction with particles of
sulphamerazine, hydrocortigsone and griseofulvin, Their results were
interpreted, including the effect of particle size, using equation 2,54
to calculate the energy of interaction due to steric effects; qualitatively,
the experimenial results were found to be in agreement with those expected
theoretically,

2.4, Electrophoresis

Electrophoresis, the movement of a charged surface plus attached
material relative to a stationery liquid by an applied electric field,
is one of four related electrokinetic phﬁ[;mena arising from the relative
tangential motion between charged phases. " The others that can be
distinguished arec:
(a) electro-osmosis - the movement of.liquid'relative to a stationary
charged surface by an applied electric field;
(b) streaming potential - the electric field which is generated when
liquid is made to flow along a stationary charged surface; and
(¢c) sedimentation potential - the electric field produced when
charged particles move relative to stationary liquid.
The electric potential yielded by any of the electrokinetic phenomena
is referred to as the electrokinetic or zeta ( { ) potential, which is
defined as the potential at the surface or plane of shear, between the
phases in relative motion, The exact location of the shear plane (which,in
reality is a region of rapidly changing viscosity) is an unlnown feature

of the electric double layer, In addition to ions in the Stern layer, a
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certain amount of solvent will probably be bound to the charged surface
and form a part of the electrokinetic wnit. It is, therefore, reasonable
to suppose that the shear plane is located no more than a small distance
further out from the surface than the Stern plane and that the zeta
potential is, in general,marginally swaller in magnitude thanw&a « In
caleulations involving double layer theory it is usual to assume identity
of &6 and { , and the bulk of experimental evidence sugrests that errors
introduced through this assumption are generally small especially at
lyophobic surfaces, Any differences hetween ¢5 and { will be most
pronounced at high potentials and at high electrolyte concentration (91).

Electrokinetic theory involves both the theory of the double layer _
and that of liquid flow, TFor curved surfaces the shape of the double
layer can be described in terms of the dimensionless quantity Ka, which
is the ratio of the radius of curvature, a, of the particle, to double
layer thiclness, I/K, Vhen Xa is small a charged particle may be treated
as & point charge, when Xa is large theldoéble lafer is effectively flat
and may be treated as Bﬁch.

. 2,4,1, Calculation of zeta notentials

The calculation of zeta potentials from electrophoretic mobility
measurenents - the electrophoretic mobiiity, Uy, of a particle is its
velocity over unit distance under the influence of an applied unit
potential - requires a theoretical relation between the two quantities, -
One of the most commonly used relations of this Lkind is the equation

derived by Ielmholtz (92) and improved by Smoluchowski (93):

i
u N 1?-58

where € and 7 are the dielectric constant and viscosity respectively of
the solution surrounding the particle and these are assumed to talke bull
solution values, The particle is assumed to be non-conducting and the

surrounding liquid is assumed to have an electric conductance equal to that
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in the bLulk phase., In addition, the distribution of the ionic double
layer is assumed to be not affected by the applied field, Under these
conditions eguation 2,58 is walid for Ka >300, It follows from this
expression that the electrophoretic mobility of a non-conducting particle
for which Ka is large at all points on the surface should be independent
of its size provided that the zeta potential is constant, Hickel (9n)
equated the electrical force on the particle (assuming it to be small
enough to be treated as a point charge) with the frictional resistance
of the medium:
I.5n 2.59
and for values of Ka {1l the Hiickel equation may be used,

Equations 2,58 & 2,59 differ only by a numerical coefficient,
Tenry (95) resolved this apparent contradiction, he pointed cut that
the difficulty was associated with the assumption that the applied
potential was undisturbed by the migrating particle, This assumption is
only correct when the conductance of tﬁe ﬁarticle ig the same as that
of the medium, and when the particle islao small that no appreciable
distortion ;f the external field occurs in the region of the double
layer, Smoluchowski had assumed that, in the entire double layer, the
direction of the d,c, field is parallei to the particle surface; Hiickel's
treatment contains the assumption that, everywhere in the double layer,
lines of force run straight from anode to cathode, When the electric
field is applied it exerts a force on the ions in the mobile part of
the double layer, this force is transferred to the solvent, The resulting
flow of solvent molecules causes a hydrodynamic force on the particles
in the opposite direction to that in which it is moving) this effect
is called electrophetic retardation, Hlckel's treatment results in a
higher value of the electrophoretic retardation force than does

Smoluchowskis, Application of the electric field also causes the colloidal



particle to move away from the centre of its ion atmosphere and a finite
time (the relaxation time) is required for the original symmetry to be
restored by diffusion and conduction. In electrophoretic motion the
cenire of the atmosphere does not coincide with the centre of the particle,
the consequence is an additional retarding electrical force on the particle,
the relaxation effect.

Henry derived a general electrophoretic equation for conducting and
non conducting spheres which talkes into account the effect of retardation

and is of the form:

u o= e [1+ara)] 2,60

where F(Xa) varies between zero for small values of Ka and 1,0 for large,

and ko ~k
i 2ko + k|

where ko is the specific conductance of the bulk electrolyte solution
and kl is the specific conductance of the particles, For small ¥a the
effect of particle conductance is negligible, For large Ka the enry
equation predicts that N\ should approach;-l and the electrophoretic
m&bility —> 0 as particle conductance increases; however in most
practical cases, 'conducting' particles are rapidly polarised by the
applied electric field and behave as non-conductors,

For non conducting particles ( A = %) the Hlenry equation can be
written in the form

EL
1.5 7 z f(ka) 5.61

u =

In the limiting case Ka—> o® (i.e, when the double layer is very
thin compared with the radius), f(Xa) = 3/2 and Henry's equation is
reduced to the Ilelmholtz-Smoluchowski equation, When Ka—O , f(Xa) =1
and the Hilckel equation is obtained,

The simplifications upon which the llenry equation is based are:-—

(1) The Debye-Hitckel approximation ig made
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(2) The applied ficld and the field of the double layer are simply
superimposed, Mutual distortion of these fields could affect electro-
phoretic mobility in two ways (a) through abnormal conductance (Surface
conductance) in the vicinity of the charged surface, and (b) through
loss of double layer symmetry (llelaxation effect),

(3) € and 7 are assumed to be constant throughout the mobile part
of the double layer.

The distribution of ions in the diffuse part of the double layer
gives rise to an electrical conductance in this region which is in
excess of that in the bulk electrolyte medium, Surface conductance will
affect the distribution of electric field near to the surface of a
charged particle and so influence its electrokinetic behaviour. Surface
conductance can be neglected when Ka is small, but when Ka is not small,
calculated zeta potentials may be significantly low on account of surface
conductance, _

Overbeek (96) and Booth (97) derived equations for spherical
particles which allow for retardation, relaxation and surface conductance
in the mobile part of the double layer, and which express electiophoretic
mobility as a power series in €$/kT, A major mathematical problem was
caused by the fact that, for spherical particles, the Poisson-Boltzmann
equation has no known tractable solution and these equations were only
gsolved for a restricted number of terms and quantitative validity could
only be claimed for €§/1T(1,

The treatments of Overbeek and Booth have now been superseded by
that of Wiersema et al (98), who using the complete Poisson-Boltzmann
equation, have obtained numerical solutions of the problem using a
computer, The main assumptions upon which this treatment is based are:
(1) The particle is a rigid, non conducting sphere with its charge

uniformly distributed over the surface,
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(2) The electrophoretic behaviour of the particle is not influenced
by ether particles in the dispersion,
(3) Dielectric constant and viscosity are constant throughout the
mobile part of the double layer,
(4) Only one type each of positive and negative ions are present in
the double layer,
(5) The electrical double layer is described by the Gouy-~Chapman theory.
(6) Drownian motion of the particle is neglected,

The results of Wiersema et al were presented in the form of tables
of a dimensionless quantity, E, defined as

E = STiey (unrationalized) 2,62

The function E was computed for several combinations of the paramecters

Z+y %=, Ka, yo, m+ and m~, The quantity yo is given by

Yo = = AR
The parameters m+ and m= are given by:'
m* Baks & (unrationalized) .
i 6rn  AL° _ ' 2,64

where N is the Avogadro number and Xy the limiting equivalent conductance
of the small ions., Most of the computations were carried out for uni-
valent electrolytes and for moem = 0.18% i,e, Xt = 70 Q e cm2 equ:i.'v"1

in aqueous solution at 25°CL The maximum value of Y

(, computed was 6 which

corresponded to { = 154,1nV at 2§C. The dependence of I r-u'u.l* +m_
was investigated by a few special computations and for univalent electro-—
lytes only., Other types of electirolyte were also considered although
those were limited to rather low values of Y, .

Ottewill and Shaw (99) have tabulated some of the results of Viersema
et al in a more readily usable form, Mobilities are presented as a
function of zeta potential and Ka, TFor the present work, mobilities
were converted to zeta potentials with the aid of these tables, With

studies involving characterisation of the latex and the effects of non-



ionic surface active agents on mobility and zeta potential Table 4 of the
above reference was used (see appendix I), for mixed surfactant systems
Table 3 (see section 4.3.2).

However, with the drug systems discussed in section 5, it was
decided for the reasons indicated there, and in section 2.4.3, to use
the Smoluchowski equation, 2.58, for those mobility zeta potential con-
versions,

2,5,2, Permittivity and viscosity

All the treatments mentioned above have assumed that the viscosity,

7 9 and permittivity (dielectric constant) ¢ , are constants. Further
difficulty in the calculation and interpretation of zeta potentials will
arise if the electric field strength, d\k/dx, close to the shear plane is
high enough to significantly decrease e and/br increase 7 by dipole
erientation; both effects reduce the mobility for a given zeta potential,
Lyklema and Overbeek (90) have examined this problem and concluded that
the effect of & ¥ /dx on € is insignificgnt, but.that its effect on 7
may be significant, esﬁacially at high potential and high electrolyte

concentration, The variation of n with field strength is given by:
X :
n=ne [1+ £ (.g%) ] 2,65

vhere 7, is the viscosity in zero field strensth, A significant (and
positive) viscoelectric effect would result in the effective location
of the shear plane moving farther away from the particle surface with
increasine ¢ and/or increasing ¥, in other words, the physical meaning
of the term 'zeta potential' would vary, Unfortunately, the value of
the viscoelastic constant fo in aqueous solution is not lnown with any

0-—11 2 2

certainty. Lyklema and Overbeek used fo =1 e Y o hut it now

appears that this may be very much over estimated (100), (101), Tunter

(102) has concluded that the variations of € & 7 with field strength are
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of similar significance and their combined effect is probably small in
most cases,

2,4.35. Non spherical particles

The particles of drugs studied in this work are not, for the most
part, spheres although they may approximate sphericity. Obviously any
other particie shape males the caleulation of the electrophoretic
retardation and of the relaxation effect more complicated, In addition,
the electrophoretic velocity of a non spherical particle depends, gen-
erally speaking, on the orientation of the particle with regpect to the
direction of the external field and the theory for these particles is
incomplete, Ilowever, when the particle is insulating, and the thickness
l/K of the double layer is small compared with the radius of curvature
of any point of the particle surface, Smoluchowski's equation is valid
irrespective of the form of the particle (103). Overbeek (10%) has also
shown that for any particle shape, the relaxation effect can be neglected
when the domble layer is thin compared to:any radins of curvature, Ilence
in this limiting case, which is applicable to the drug systems used,
Smoluchowski's equation can be applied to all particle shapes, -and the
electrophoretic nrobility does not depend on the orientation of the particle,

2.4k, Surface charge density from electrophoresis measurements

As mentioned in section 2,1,2, the full Poisson-Boltzmann equation
for a spherical particle has been solved by Loeb, Overbeek and Viersema
(%2). With electrophoretic measurements, the surface charge density
calculated from the zeta potential is the charpe density at the surface
of shear, For convenience, this charge density is often identified with
the charge density in the diffuse deouble layer i.e, 6&.

Surface charge density can be interpolated from the tables of Loeb
et al, which for 1:1 electrolyte at QShC is given by (unrationa;lﬁzd)

N

hy -2
o, = 1,7603 x 10 (C)* I e.s.u. cm 2.66



—"k?-—

vhere values of I as a function of q, and y_ (equation 2,63) are given

g =ik
anc yO = e
kT,

where r is the distance of the surface of shear from the centre of the
- : ; : : 3
sphere and ¢ is the concentration of electrolyte in equivalents per dm”.
Some of the values are given below,

I(qo,yo) as a function of q, and y for 1:1 electrolytes
0

q
yk" 10 20 oo

1 1,1403 1.0912 1.,0422
2 2,5361 2,4430 2.3504
3 4, 5146 %,3861 %4,2586
4 7.5614 7.4068 7.2537
5 12,4475 12,271 12,100

The values of I(qo,yo) in the last column, i,e, Q> Q0 4 are calculated

from the Gouy-Chapman-Stern diffuse layer theory,

. ]1 o
2
o, = (..&;EEE) sinh .;22%5. (unrationalized)

2,67

with I = 2sinh Yo , From the table it will be seen that for Kr 2 20,
5

the surface charge density at the surface of shear of a spherical
particle can be calculated with reasonable accuracy by equation 2,67,

Particles used in the present electrophoretic work have Ka X 38
where a is the radius of the particle, Hence it is Jjustifiable to use
equation 2,67, which, in its rationalized form is

Sh e (Emoa‘kTJ!E sinh 2E% 2,68
2kT

for an aqueous medium at 25°C and a 1:1 electrolyte this expression

reduces to

6 = 3.7 xlD")\Jc ginh 37.9 §
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where ¢ is expressed in mol m ~ and { in volts,

2,4,5, The relation between Stern Potential and surface active

arent concentration

Ottewill et al (105) have developed a relationship between the
Stern potential and surface active agent concentration valid for small
spherical particles when Ka{1l, Chen (106) has extcended this relation—
ship for surface active ions with a chargze opposite to that on the
particle when Ka 2 20, The surface charge density of a particle in the
absence of surface active apent is given by

2.69

o

= o
d_l 1+

where o{ and ug are the charge densities in the Stern plane (potential
¢§ ) and in the diffuse double layer respectlively, When surface active
ions are added to the system, these will adsorb in the Stern plane by
ion exchange with the inorpanic ions in this plane or by direct transfer
from the diffuse double layer, The Stern potential will be altered to a
value ¢5 and the charge densities in the S%ern and diffuse double layers
to 61 and 65 respectively, Assuming that the surface charge density 6;
 is not affected by adsorption of surface active ions, then

a; = 0y u& 2.70

From equations (2,69) and (2.70) it follows that

0 0
”1'“1“%'°E=A°5=“; FoL

0 . . s
since o) > o due to the adsorption where o, is the increase in charge

density in the Stern plane., The Stern equation (107) can be written as

6‘0 = Nl Zie 292

AG
g i OADRSTRLT

b {
(3]
where Nl is the number of adsorption sites per m~ and x, is the mole

: o N i g
fraction of the surface active agent and ) G is the electrochemical free



_.’19—

energy of adsorption, It has been assumed in the derivation of this
equation that there is no lateral interaction between the adsorbing
surface active ions,
Yhen the concentration of the surface active agent is low then
*¢ = ;%“3 3

55.6 x 10 2.7
where ¢ is the concentration of the surface active ion mol m—3.

Combination of equations 2,72 and 2,73 putting

k, = exp~ 4G
G kT

~55.6 x 10° 2,73
yields
o, = zelegc = klc = Ad‘é _ 2,74
1+lc20 l+k20

. where 1{1 = zeNll{2 |
It is seen that equation 2.74 is the Langmuir (108) adsorption
equation and the Stern equation is essentially the Langmuir adsorption
equation modified for ionic adsorption on golid in aqueous solution (107).
As discussed in section 2.4,k the chafge density in the diffuse double

layer for particies with Ka 2 20 can be calculated using equation 2,68,

whence

i
(8 Mo € XT)* sinh zedyj _ 2.75

:
2 DIT

(8 Mo € k1) sinh zeds 2,76
2kT

L
Therefore o, (8 Mo € k1) [sinh zeds = sinh ze %]

2kT 2k

and | o§

2.77
Since 0“c can increase continuously, conditions may arise such that the
particle charge may reverse sign so that ‘I’g and Vg have different signs,
When this occurs

o;=0:q+d§ 2.78



generally

1
my 2 . 0 . -
a. - (8 Ty, € KkT) [smh {:«i;:’i:lrﬁ + sinh jﬁ?s] 2,79

Equation (2,74) can be rearranged to yield

1 = k, ,:ze}i] - ] 2,80
Cc T
VAND

Combination of equations 2,79 and 2,80 gives

ze N
1 e k2 : T 3 o o 2.81
(8 "o e kT)* |sinh zewy + sinh zek
2KT 2KkT

which expresses the general relationship between the Stern potential

and surface active agent concentration. From equations 2,74 and 2,77

A ;
(8 Mo ekT)” |sinh geys = = einh ze¥y = kg 2.82
2KT 2KT T

2
The slope of ¥ -logloc can be obtained by differentiation of equation
16
2.82 to pgive

L ;
ze (8 Mo €XT)* cosh zey§  dyo - ..klc.

2kT dlnc
2kT H@c )2 2.83

It can be shown from equation 2,74 that

L LI [ A" - ] 9,84
( 1+l-c2c:) zel,

Combination of equations 2,74,2,77,2.83 and 2,84 yields

zeyﬁo_ zes L .
dyd = 4.606kT [ sinh 2kT  sinh 2KkT (8noekT) ‘(sinh zeyPS _ sinh zeyl)
d log. '@ ze . zeyd 2kT 258 =
4o cosTokT zeN

1
when q;a = o equation 2,85 becomes

_aud = 4,606kT Bden Z._e_ﬂ)o (8 noek’l) gzsinh zemb&o
R T [vs = 9] ze 2xT : 2Ry

0 9
zeNl 2,86

It can be seen from equation 2,86 that the slope of the l}fa -10{5100

plot at d’ﬁ =0 is independent of !:2 but is dependent on N-l, ybg and z, Since

the latter two quantities are usually imown, the slope of the curve can

2.85



N

be used to caleunlate Nl. So far it has been assumed that kz will remain
constant over the whole curve, Ilowever, this will only be true whilst
/NG remains congtant, and since

AG Ao+ zeys 2,87
where /\ ¢ is the specific chemical free energy of adsorption, this

will hold under the condition that ze¢6 is small compared with A\ o .

2,4,6, Hydrovhobic bondine ~ the hvdrophobic effect

Hydrophobic substances may be defined as those that are readily
soluble in many non polar solvents but are only sﬁ;ringly soluble in
water (109). Surface active arents are substances which have both
hydrophobie ( a hydrocarbon chain) and hydrophilic regions in their
molecular structure. From a thermodynamic point of view the outstandiﬁg
feature of the process of dissolving a surface active agent in water
is the large negative entropy change which is intimately related to the
structuring of water around the hydrocarbon portion of thelsurface
active agent, To counteract this unfawnﬁrable entropy chaﬁge the hydro-
carbon groups tend to withdraw from the aqueous phase, this may occur by
_the surface active agent molecule orientating itself at an interface with
the hydrocarbon chain away from the aqe@ous phase, At a certain con-
centration, however,(the eritical micelle concentration) the hydrocarbon
chains cluster together forming the interior of micelles, This tendency
was termed "hydrophobic bonding" by Kauzmann (110).

The position had, in fact,been stated most succintly by Hartley
at an earlier date (111), he said "The antipathy of the paraffin chain
for water is, however, frequently misunderstood, There is no question
of actual repulsion between individual water molecules and paraffin
chains, nor is there any very strong attraction of paraffin chains for
one another, There is however, a very strong attraction of water

molecules for ome another in comparison with which the paraffin-paraffin



or paraffin water attractions are very slighi",

The term 'hydrophobic bonding' can therefore be criticized in that
there is no bondins between the hydrophobic groups (there will however
be van der Waals type atiractive forces), and the phenomenanis better
described as the 'hydrophobic effect!,

As the hydrophobic effect is due to the entropy changes associated
with the structuring of water molecules around the hydrocarbon chain of
the surface active agent molecule, it follows, that as the length of the
hydrocarbon chain increases there will be a greater entropy increase
when the hydrocarbon chain leaves the aqueous phase, i.e, the longer
the hydrocarbon chain the more energetically favourable it is for such
a molecule to be adsorbed.at an interface,

There will be a similar entropy increase when a hydrocarbon chain
is specifically adsorbed at a solid hydrophobic surface, as occurs for
example, 'between' the acidic groups of a polystyrene latex particle
and this will contribute to the free eﬁeréy of adsorption, Ottewill
and Vatanabe (112) have shovn, with silver iodide, positively charged,
that with anionic surface active agents at zero zeta potential, there
is sufficient space for all the chains to lie flat on the surface,

However once the adsorbed ions reach a certain critical concentra-
tion at the solid liquid interface, they begin to associate into two
dimensional patches of ions at the surface in much the same way as
they associate into three dimensional aggregates to form micelles in
bulk solution, The forces responsible for this association will again
be entropic (113), Although the concentration at which clusters form
is below bulk solution critical micelle eoncentrathmxlﬁ;mtenau has shown
that the concentration of adsorbed ions within the Stern layer approx-
imates the eme, There are therefore a number of factors which con-

tribute to the free enerpgy of adsorption of hydrocarbon chains at a



‘hydrophobic surface,




SECTION 3.
EXPERIMENTAL
3.1, Materials
The distilled water used for all solutions and dispersions was
obtained from a Figon's Fi-gtreem all glass still., General chemicals
used were of AR, quality.

3,1.1, Surface Active Aments

(a) Nonionic surface active agents

The nonionie surface active agents were polyoxyethylene glycol
ethers of n alkanols, used as commercially supplied; purificatien was
not attempted as they would be used in this state in pharmaceutical
practice, Impurities present are polymers with varying numbers of
ethylene oxide groups, n alkanols and ethylene oxide (11%),

(i) Polyoxyethylene n dodecanol,

012n25(cnécnéo)n O , the average number of n is 23,
012E23. Mol, Wt. 1198, ' ;
B.D.H, Chemicals Ltd. "BRIJ 35"

(ii) Polyoxyethylene n hexadecanols,
.cléu33(cn20520)n O , n taken as 10, C, (L, 3
Mol, Wts. 682, 1034, 1562, 2222, 2882 respectively.

Glovers (Chemieals) 1Ltd, Texofors AlO, Al8, A30,

ALS5 and A6O
and Cetomacrogol 1000 B,P., 016E23'
Mol, lt. 1254,

Macarthvs



(h) Anionic surface active arents

(i) Sodium tetradecyl sulphate

(e ‘\[ W - ll 34 L ‘C;C
1! 09 03 Na, Mol, Wt, 316,434 ST

Prepared in the laboratory at the University of Aston

by G. lMukhayer,

(ii) Sodium dodecyl sulphate

Clz

B.D.H. Chemicals L,td "Specially pure"

5000 £ a. 3‘I010 "I‘i.t. 288.38. SDS,

.,

(iii) Sodium decyl sulphate

cloné30503Na. Mol, Wt, 260,326 SDeS.

Pastman Organic Chemicals

(¢) Cationic surface active asents

(i) Fexadecyltrimethylammonium bromide
0y ¢ls(Cl5) Br  Mol, Wb, 364.5 C) TAB,
B.D.NI, Chenmicals Ltd,

(ii) Tetradeeyltrimethylammoniwn bromide
N : - Ll ! L] 4 - .
T Mg (cnj)jnr Mol, W&, 336,47 C,,TAR
(iii) Dodecyltrimethylarmonium bromide
C..,H N(CH_ ) Br Mol, Wt, 308, Cc,_TAB,
12l N0 ) B o Freen g
(iv) Decyltrimethylammonium bromide
N(CH1.).B Mol, Wt. 280, AB,
€yl 23 (o, ) r  Yol, Wt. 280.3 C, TAB
The last three surfactants were prepared in the laboratory at
the University of Aston by D, Guveli,

The above compounds were used without further purification,

3.1,2. Polvstvrene latex

The sample used was prepared, at the University of Bristol, by

an aqueous phase initiation suspension polymerisation process (115),



The styrene, redistilled at 5-10mm Nitrogen, was 0,871 molar
(caleculated on total volume), Initiator potassium persulphate
]{‘28208 A0, recrystallized from room temperature solution, 3.k x 10-4
mol dm—s; sodium chloride A.R, 11,54 x 10-‘3 mol dm_3; both calculated
on tﬁe volume of the aqueous phase, The polymerisation was carried
out in a 1 litre round bottomed flask in a themostat bath at ?OOC,
stirrer speed 350 r,p.m,, reaction time 24hours, initial pH 6.5,
final 3.0. The latex was extensively dialysed against distilled
water with numerous changes of dialysate,
3.1.3. Drugs

(i) Betamethasone B.P,

9a=flnoro~118,17a,2l=trihydroxy~168-methylpregna~1,b-diene~

3420~dione,

Gift from Glaxo Laboratories Litd.

(ii) Griseofulvin B,P,
(+)-7-chloro-h,6—dimetﬁbxycoumaran—B-one-&-spiro—l'-(2'-

methoxy-6'-nethyleyclohex~2'~en=4'~one)

Gift from Glaxoe Lahoratories Ltd,

(iii) Nalidixic Aeid B,P.C.
Nalidixic Acid is l=ethyl=7-methyl=lk-oxo=-1,8-naphthyridine-3-

carboxylic acid

Gt
I!
N

J

‘l
CH, ¢N\ rj\
T\/K( COH
&

Gift from Winthrop Laboratorics
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(iv) Thiabendazole B % . o0

Thiabendazole is 2_(1*_1;}113391}'1 ) henz:midazole.




Cme, in water, of surface active agents at 25°¢,
Surface active cne Literature value MUt oronce
agent mol dm_3 mol dm_j
6ycEs 1.8x10'4! 6.0X10-fr }(118)
Cy6q 1,55x10" " | 3.85x10 °
C, cFos 6x10™° 5.0x107° (119)
C,6%30 he10™2 2,00x1072 (118)
C.¢ys 1.2x107 | 1,75x1077 (118)
0 B 1x1072 1.15x107° (119)
€108, 1507 | g (117)
SDeS 3.25x10™2 | 3,26-3.35x107~
SDS 2.86x1077 | 8,06-8,4x107 :
STS 2.06x10™> | 2.05x107° |
G, TAB 60621072 | 6.5+6,9x1072 v (117)
0 TAD 1.60x1072 | 1,50-1,64x1072 L
£y, TAB 3.58x1070 | 3.51-3.6x107
C, (TAB 8.66x10™" | 8.0-0.8x107"

%.2.2, Polystvrone latex characterisation

(a) Particie size distribution

A particle size distribution of the latex dispersion was obtained
using a Hitachi IIS,7., Blectron Microscope, at the University of Dristol,
Photographs of particles were taken and analysed using a Zeiss Particle
Size Analyser, Computer print out, Fig, IV, histogram, Fig, V, and
specimen photocraph on the following plate show that the dispersion is

monodisperse containing spherical particles with a number average diameter
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article size of 0,76lum with a variation of :D.OEme the modal
p ?
diameter is 0,767um,

(b) Characterisation of surface grounings

Ottewill and Shaw (120) have shown that polystyrene particles are
negatively charged,

Polystyrene produced by suspension polymerisation using hydregen
peroxide as initiator gpives a latex with carboxyl groups as the only
ionizing groups, The mechanism of formation of the carboxyl groups
iz not Inown with certainty, One possible route is that combination of
an bydroxyl radical with monomer leads to the formation of an aleohol
which is thenconverted to an acid in the oxidising atnosphere of the
polymerisation. An alternative is that in the presence of oxysen a
peroxide is formed with styrene which subsequently decomposes to yield
an alcohol and hence a carboxyl under oxidising conditions (121),

The use of persulphate as an initiator, as in the method of
preparation used here, can produce & 1a£ex;wiih tﬁo types of acidic
groupings, One is a much stronger aecid than the other and suscests the

fornation of a sulphate grouping in addition to a carboxyl (121).

Goodwin et al (115) have shown that the sulphate groupings formed
on the latex particle surface are a coﬂsequence of the interaction
between monomer molecules in the aqueous phase and sulphate free-radicals,
Hydroxyl groups are formed due to hydrolysis of sulphate groupings; in -
addition hydroxyl groups may be formed from the reaction of monomer
molecules with hydroxyl radicals formed by the reaction of persulphate
with waler, Due to the oxidising conditions that exist during the poly-
merisation, surface hydroxyl groups can also be oxidised to ca;boxyl
groups, The sequence c¢f reactions would seem to be:=

,CIt_S0, — R,CH, O — 1,CO0H,
aTd 2



- B0 o

It is possible to decide the type(s) of ionizing end eroup(s) present
by conductometric titration (122) of the latex dispersion with carbonate
free sodium hydroxide solution, 5ml, of the dispersion was taken and
titrated with 10_2m01 dm-3 NaOIl, added from an Agla syringe, under
nitrogen., The specific conductivity of the dispersion being observed
by means of a Wayne-Kerr conductivity bridge, the type and number of
acidic groupinecs can be found from the plot obtained. Results for the
latex dispersion are given in Fig, VI., these indicate that the only

jonizing groups present are ~COOH, this is confirmed in Section 5,1, by

electrophoretic measurements,

Results
5ml. of latex dispersion (0.,275z) required 0.07ml of 10 2ol dm NaOH
Bquivalents of NaOH = 7 x 10_2 = 7 x 10_7 per 0.275g
100 x 1000 v
= 2,545 x10 g .
Therefore the number of -COOH groups per g. is
2,55 x 1070 x 6,025'x 102
= 1,533 x 108 g-l. (a)

The mean number average diameter is 0,76um
= 7.6x10m
: 2 ~12 2
Therefore area per particle, [Id~ = 1,815 x 10 " m

The volume of a sinrle particle is Hd3/6 and the mass is II d39/6 per

particle', where p the density of the polystyrene latex is 1,055 x 103kgm-3
Therefore area per g = 6p/d =6 x 1,055 x lnﬁngﬂl
7.6 x 1077
= 8.328ng (v)

The number of charge groups per unit area is a/b

1
= 1,84 x 10 7 groups m
: -18 2 2
Area per charpe rroup is 5.44 x 10 m~ or 5.4hnm

When the group is ionised there is one e of charge for that area i.e,

1.60 x 10-390_



o g0 ! B0 12.0 16.0 20.0

'ld?zhmol.dm'3 Sodium Hydroxide ml. x 10“2

Fig VI Polystyrene Latex characterisation by conduct=
ometric titration, estimation of -COOH groups.
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%.2.3. Characterisation of drugs

A1l druzs were nsed as supplied by the manufacturers.

Particle size distribution

(i) Betamethasone and Griseofulvin

Particle size distributions of Detamethasone and Griseofulvin
were obtained using a Jovece Loebl disc centrifuge; a diagram of this
instrument is shown in Fig, VII, (123). This uses a two layer cen-
trifupal sedimentation technique, The supernatant liquid is removed
after fixed times of rotation and its concentration determined
colorimetrically, the fall in optical density being equated with the
oversize particles which have passed the sampling distance. Photo-
mierographs of these two drugs are shown on a following plate. Results,
as cummlative percentage undersize frequency curves, are shown in
Fig. VIII for Betamethasone and Fig, IX for Griseofulvin,

For DRetamethasonc:

Median dianeter 1,6um
Modal diameter 1.5um
and

Griseofnlvin

Median diameter 1,9um
Modal diameter 2,0um

(ii) Nalidixic Acid

As the photomicrograph for this drug shows, a number cf the
and
particles are large, some with one measurement ) IOOpmﬂ/sizing by a
sedimentation technique is therefore difficult., It was therefore
decided to measure the surface area of the powder, An air permeability
method, which measures the flow of air through a packed powder bed of

lnown porosity and from this obtains the surface area of the powder,

was chosen, As well as giving surface areca a mean particle diameter
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can also he obtained,

The particles are coarse and therefore the Fisher sub sieve sizer,
a commercial instrument based on the Gooden and Smith modification of
the liea and Nurse apparatus is suitable (124), This instrument embodies
a self calcuiating chart which enables the surface weight mean diameter,

d, in um to be read off directly. d is given by:
g B
d = 60,000 ncFpl'M
3
1 V|[vD-MI°[P-F]

)
where ¢ = flowmeter conductance in ml/sec per unit pressure(g force/em™)

F

- ; 2
pressure difference across flowmeter resistance (g force/Cm )
M = mass of sample in grams

dengity of sample in gm/cm3

D =
V = apparent volume of compacted sample in ml,
P = overall pressure head in g force/cm?

L = bed thiclmess in cm
n & p are the viscosity and dens‘ity: of air respectively,
By using a sample weight equal in.grama to the true density of
the powder'and selecting and fixing some of the variables, d is

indicated by the value of F only, measured by the height of a colunn

of liguid in a tube, The surface area can be obtained from the mean

diameter, d, using:

Area = 6D cm2g~1

d
where D is the density of the sample,

The density of Nalidixic acid as obtained using a density bottle
and water containing nonionic surfactant as a dispersant was found to
he 1.&ﬁm/cm3.

The mean particle diameter mecasured at a porosity of 0,5 and 0,45 is
i = | : : 5 i 3 2 =1
56,.5um, The surface area per gram is therefore 2,30 x 107cm g or

1 2ol

2,30 x 10 m g



(iii) Thiabendazole

The particle size analysis of Thiabendazole was carried out by
Andreasen pipette (125)., In this method, the concentration changes
occurring within a suspension,settling under gravity, are studied by
removing samples of the suspension by means of a pipette, The con-
centration of solid in the samples is determined by a suitable analytical
technique, the larpgest size present in each sample being calculated from
Stoke‘§ equation, due allowance being made for the fall in height of
the suspension after each sample is withdrawn.

A photomicrograph of this drug is shown on a following plate,
Resnlts as a cumulative percentare undersize frequency curve, are shewn
in Fig. X,

Median diameter 12um
Modal diameter 1llum

The particle size analyses of Detamethasone, Griseofulvin and

Thiabendazole were carried out by R, Bﬁxtén at the University of

Technology, Loughborough,

3.3. Avpparatus and experimental nrocedure

3.3.1. licroelectroploresis

(i) Apparatus

The equipwent used for electrophoretic measurements was the
Rank Particle Mieroelectrophoresis Apparatus Mark II (Rank Bros.,
Bottisham, Cambridge) as illustrated on the following plate,

The basic part of the instrument is the electrophoresis pell which
may be thin walled and cylindrical or reﬁ,angular in crosg section, The
cell has an electrode at either end, lMNovement of the particle, under
the influence of an applied potential, is viewed either by use of

ultramicroscope illumination with the ecylindrical cell, which is used
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for small particles, or by direct microscopic ohservation with the
rectangular cell, which is used for large particles which sedinent
under the influence of gravity.

Bach cell is immersed in a water thermostat bath, Illumination
is by means of a guartz iodine 100 watt lamp controlled by a rheostat
switch, The applied potential, also contrclled by a rheostat switch,
is recorded on a Voltmeter, The microscope eyepiece contains a graticule
enabling the velocity of the particle Yo be measured by means of an
clectrical timer calibrated to 0,02 seconds, The instrument was modified
by the addition of a Pye Super Iynx LDM 0001 Television Camera mounted
on the viewing head so that the same image could be seen by the c#mera
as through the microscope eyepiece, The caumera extension tube
contains a graticule and this, and the image, are projected onto the
sereen of a Philips television monitor,

For accurate temperaturce control of the water baths a Churchill
pump and thermostat was used to circuiaté water at a temperature of
25°C = 0.500. The eyepiece and camera graticules were calibrated with
the microshope objectives in water and/or air as required, wlth a
stage micrometer, also in water and/or air, for the normal eyepiece
each square in the graticule was found to be 70um and with the camera
60ym, for the cylindrical cell and double these sizes for the flat cell,
(a) Ilectrodes

Platinum black electrodes were used as these are adequate for
most salt concentrations commonly in use (126). At high concentrations
of electrolyte "rassing" at the electrodes occurs at high applied
potentials and this produces a "back e.m.f.“.or "polarization", The
back e.m.f. however seldom rises to more that one volt in the time of
a measurement and even if the applied potential is of the order of

lﬂchﬂl, this will give an error of enly 14 (127).
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At high electrolyte concentration and high field strengths Joule
heating in the dispersion is a limiting factor and, for example, in a
thin walled cell serious difficnlties arise at field strengths of
IOchﬂl in concentrations of Exlﬂ_lmnl dm-3 and above of typical elec—
trolytes, Bince the heat produced is given by 132!{ (B= field strength
and K= specific conductivity of the electrolyte) difficulties due to
Joule heating at hich electrolyte concentration can be reduced by
reducing the field strength (127), The majority of observations made
in this work were of dispercsions in solutions of 10““2 mol dm_3 electro-
lyte or less and difficulties due to heating were noticed on few
occasions only,

In order to calculate electrophoretic mobilities it is necessary
to determine the interelectrode distance for both the cylindrical and
flat cells, This was obtained by measuring, by means of a Wayne-Kerr
Conductivity Bridge, the conductance of standard solutions of potassium
chloride for which the specific -condnctiifi-ty K has been well documented,

The distance between the electrodes 1 is given by

K=21_
AR

where A is the area of cross section of the cell and R the resistance

of the liquid in the cell is given by 1/)\, where A\ is the mecasured

specific conductance, [ is the known specific conductance of the

solution of potassium chloride used, The cross sectional arceas of

the cells can be obtained by microscopie observation of the cell dimen-

sions, measuved hy means of the adjusting micrometers on the instrument,
By these means the inter-electrode disiance of the flat cell was

found to be 6,25cm and that of a typical cylindrical cell 7,06cm,
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(b) Stationary levels

The walls of the electrophoresis cell will in general be charged
in the presence of solvent - usually negative in water - and this will
lead to a streaming of the oppositely charged solvent near the walls
towards the appropriate electrode, This electroosmotic streaming
velocity would be uniform across the cell were it not for the reverse
flow at hydrostatic equilibrium (since the cell is closed) which itself
obeys Poiseulle’s law, The combination of these opposed flows results in
& parabolic distribution of liquid speeds with depth, where the
solvent itself is only stationary at well defined levels in the cell,
Clearly the observed Velocity of a particle is only equal to its own
electrophoretic velocity when measured at these "stationary 1%'@15“.

(i) Cylindrical cells (126)

The electro-~osmotic effect by itself gives rise to a velocity

v]i.‘o acrogs the cross—section of the cell towards the electrode of

the same polarity as the charge on the c‘éll wall, The reverse flow
is accordiny to Poiseuille's law, so that

2 B
VL = VE.O.-O(B‘ -r")

where VL is the liquid velocity at a distance r from the centre of

the tube of radius a, and ¢ is a constant, For zero overall liquid

trangport
ZVI (2Tr)ar = 0
The solution of these expressions gives ¢ = 2VE 0 /5.2 so that
V. v 2 % .
1 E,O. (--f-,-—,-- - 1)
a2

The stationary level, i,e, the position where V& = 0, is therefore
located at r = 0,707a or 0,146 of the internal diametler from the cell

wall,



- 67 -

(ii) Flat cells

Calculation of the stationary levels for electroil resis cells
with an observation channel of rectangular cross secti is more complex,
<— d —
1 ‘ Komagata (128) has shown that the
1 position of the stationary layers,
s 5 s, is given b
| i‘*l l*_ s b ] :
5 =0.‘5n0-[n.0833 + 32 g]”
[~
d no ;3

The stationary layer position is seen to depend on the ratio 1/d,

For the flat cell used d = 0,8um and 1 = 10,5mm and s = 0,158mm,
The correctness of the calculated stationary levels of the eylindrical
cell was checked using Thman red blood cells, which have a mobility
ot 132 0.05 2100 n 4 vV §n6.67 2 1072 ) phosphate
buffer at pH 7.4 and 25&:(129). For the flat cell, polystyrene latex
the m;hility of which had heen found in ﬁhe eylindrical cell, was used,

(e) Ontical correction for eylindrical cells (127)

A cylindrical cell potentially introduces the complication of
observation throush curved glass., It is assumed that the cell and its
containing tank are water filled, the normal situvation for observation,
The ref%active index of the water is then written n and of the glass
ng. When the microscope is focussed on a point at right angles to the
major axis of the capillary it is likely that, when viewing the
stationary layer, this will be "off centre" i.,e, the internal diameter

is equal to da less a very small correction which at maximum is

2

2t~ where t is given by

t 253[1_ EE
n

da
g

where g is the thiclkness of the glass wall. Since g is itself related
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to the anparent thickness of the wall, ga, by

g= 92 ng
nw

it follows that an alternative form for t is
t = 9da n_ -1

-

n

W
qubstitution in these exvressions (ng = 1,47 for pyrex glass) shows
that even if ¥a were as great as 100pm the correction would be utterly
nesligible, the thickmess of the cell wall of the cylindrical cell is
ca. G5um so that using thin wall cells the optical correction can be
ignored, No optical correction is necessary te the position of
stationary levels in flat cells,

(ii) FExperimental procedure

() Cylindrical cell

The thin walled cell, constructed-of Pyrex glass, is of the van
Gils type (130) and is illustrated in Fig. X1. together with a diagram
of the viewing arrangement, i
| The lamp, focfussing lens and slit we£e adjusted so that the light
emerging from thg illuminating objective was a well defined beam coming
to a focus within the cell, as narrow a slit width as possible being
used to give better illumination of the stationary layer, The top
surface of the capillary was then illuminated and the mieroscope
focussed onto this, the relevant micrometer reading was noted; this
procedure was repeated with the inside of the glass wall, the difference
between the two micrometer readings giving the thiclmess of the cell
wall, In use, the microscope was, for convenience, focussed onto the
outside wall of the capillary and then the microieter "raclked in" the

thiclness of the eell wall and the stationary layer; it was then

focussed onto the stationary plane and the light beam was adjusted to
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2

2. Light Source.
2. Cross-section of Electrophoresis Cell.

4. Thermostalted Bath.

Fig x1 A Schematic Diagram for the Electrophoretic

Cell and Viewing Arrangement (After Shaw) (126)
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illuminate this plane,

The cell was cleaned, before assembly, with chromic acid and
well rinsed with distilled waterjwhen assembled it was kept full of
distilled water,

All solutions were made in 10_3 mol (lrnm3 NaCl to give a solution
of suitable conductance and to keep the ionic strength, as far as
possible, constant.,

A portion of test dispersion,concentration of particles ca, 108m1—1,
was taken and ita pll measured by means of a Pye Unicam model 290 pH meter,
adjustment of pll being made, if required by the addition of NaOH or
HCl, The dispersion was then itransferred to the microelectrophoresis
cell and velocity measurements made, The cell was well washed with
distilled water between samples and care was taken to completely fill
the tube excluding air bubbles, Particle velocities were determined
by timing individual particles over a fixed distance on the eyepicce
scale, only light spots in sharp focus being timed, The current was
Iadjusted to give a transit time of 5 to-lOIBeconds over the measured
distance, where possible, as timings of this magnitude are optimum
with respect to Irownian motion error and operator timing error,
Particles were tined in alternate directions, by use of the reversing
switch, so that the effect of drift, {due to leakage,electrode
nolarization ete,) can be largely eliminated, The velocity was cal='
culated from an averace of about 20 timince, Individual ebservations
conform to Giauss' jaw of errors, hence the necessity to make a number
of observations., With electrophoretically homogenous dispersions,
careful experimentation will generally lead to single velocity deter=-
minations (corrected for any persistent drift) with an average deviation
of ca 5 to 7 per cent from the mean, The probable erior for an electro-

phoretic mobility calculated from the mean of 20 velocity determinations
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will (at Dbest) be about 2% (126),
('IJ) Flat cell

The flat cell is constructed of silica, The point of view is
midway between the top and bottom of the cell, The focussing onto
the outside of the cell wall, and the measurement of the thickucss of
the cell wall,were carried out as for the cylindrical cell, Viewing
is by direct observation with the microscope the stationary plane
being illuminated via a low pewer dark ground condenser, The micro-
scope was foeussed onlo the stationary layer as described previously.
The microscope objective is air mounted outside the theruostat bath,
because of this only a low power objective could he used,

Measurenents were made with dispersions as described for the
cylindrical cell,

(¢) Calewlation of electrophoretic wobilities

A comiputer programme was used tp-ealculate electrophoretic
mobilities from the timings made, The computer is a Digico Micro 16
digital computer using "Mathchat! 1énguage. A copy of the prograrme
print out and a speciment sheet of calculations are shown in Figs,

XII and XIII respectively, Standard deviations were normally of the
order of 2-3%, except for low charge particles 10mV, where deviations
of ca, 107 were sometimes found; such errors are normally of only small
marnitude when considering the calculated values of mobility and zeta
potential,

3.3.2. Sedimentation volumes

2% w/v of the drugs Betamethasone, Griseofulvin, Nalidixic Acid

‘

and Thiabendazole were made into suspensions with the requisite

: : : - -3 .
vehicle, all of which contained 10 ? mol dm ~ NaCl, Suspensions

were made in 50ml, stoppered measuring cylinders,
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Dispersion of the drugs, all of which are hydrophobic to some extent,
was achieved by triturating with the vehicle in a mortar and pestle; when
gurfactant solutions formed the vehicle, these were introduced as con-
centrated solutions in order to aid dispersion, and afterwards diluted.,

The suspension was transferred to a measuring cylinder, the pil measured

end adjusted as necessary, and then made up to volume,




SECTION %,

MICROELECTROPHORESIS OF POLYSTYRENE LATEX,

RESULTS AND DISCUSSION

h,1, Effect of vll on the electrophoretic mohility and zeta potential,

Using the procedure detailed in Section 3 examination was made of
the variation of mobility, and hence of zeta potential, of the poly-
styrene latex dispersion in 1(]“3 mol dmm3 sodium chloride solution,
as a function of pi at 2500. Adjustment of pH was made by addition of
hydrochlorie acid or sodium hydroxide solution, Results are given in
Table I and Tig, X1V, The plot in Pig, XIV, showa an increase in
mobility (the particle is negatively charged) over the pll range 2 to 5
which is consistent with the ionization of carboxyl groups (120) (121).
Above pH 5 the mobility is coustant indicating complete ionization of
the carboxyl grouns, After pi 9 the muliility rises again from 5.8 x
10"8 _m’2 =5 v el to 6,25 x 10 = 2 -"'1 .V-% at pll 11, the above references
indicate that this is atypical. Goodwin'et al (115)have shown that
ﬁrimary aleohol ,f;r.oup;s and/or hydroxyl grouﬁs may be present as the
result of acid hydrolysis of sulphate, but the primary alcohol groupings
are unlikely to ionise until a much higher pH is reached; the mobility
increage conld he due therefore to a surface excess of hydroxyl ions
as the concentrations of this species increases with pll,

The mobhility could be assumed to be constant, however, between
plI 6 and 9 provided that the ionic strength was kept constant, and
subgseaquent neasurenments were carried out between these pil limits and
where possible at ca pH 7,0. The sharp fall off in mobility as pH is
decreased below 5 is indicative of the presence of -CCOl groups only,
as Ottewill and Shaw (120) found that the mobiiity tailed off much more
slowly if sulphate groups (froia the persulphate used in the polymeris-—

ation process) were also present, These resuits confirm those found
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from conductometric titration that the only ienizing groups present on
the latex are carboxyl groups,

k,1.1, Surface and bulk dissociation constants

The problem of determining pK values from electrophoresis data and
possibly using them te identify surface groupings has been examined by
Ottewill & Shaw (120),

At the shear plane an acid surface dissociation constant can he

defined (neglecting activity coefficients) by

] o]

K = 11.1.
D
: ]

The hydrogen ion concentration at the shear plane EHS{]cnn be related

to the bulk hydrogen ion concentration [Hbf} by the Boltzmann distribution

[I-IB+] - [nb":]_ exp (- ef/xr). 4,92,

Combination of 4,1 and 4,2 gives

pi_ = 'P-“lb - log H.:s i : el £.3.
o 10 s _ T 305 5050

Considerinz ;mly monovalent charred oroups, the charge density o at the
shear plane is given by:

g = e

n—
As
where MAs  is the number of ionized groups per unit area contributing

to the eléctrokinetic charre,

If ¢ is the surface charge density under conditions of complete ion-

"

["s ] llyn L o8 S Lok,

rm] e
s

ization

At low potentials ¢ and { are proportional, therefore,

[[\;j] X _é_f_r_ 4.5,
A b
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where §5 is the limiting zeta potential corresponding to complete ion-

ization, P
s,
At the bulk pH where { = 1 o logln n = = 0,
[,
therefore pls = pﬂl(§‘=-§§b ) «+ el
’ 2, 503KT L6,

This expression will only be valid at low potentials since pro-
portionality between ¢ and { , and constant location of the shear plane
have been assumed,

The bulk digsociation constant, Kﬁ, is given (neglecting activity

coefficients) by

Wy =, = 10gy, l%bj‘t _ 5,7,

Assuming that logy, ‘Ab ] = 0ati=%¢,
[ |
combination of 4,6, & 4,7, gives
; = e
o A

.305%r | 4.8,
and P, = o (8 =3¢,). B9,
The mobility of the latex when ionization of the carboxyl groups

=8 2 =]l =1

is complete is 5.8 x 10 m's ™ V 7, interpolation of this value in table
L of Ottewill and Shaw (99) (Appendix 1) gives a value of {o of 103mV,
and the mobility vaiue for a ¢ of 51,5mV is 3,55 this corresponds to a
Pl value ﬁnd from 4,9, a pr of 2,75; this value agrees reasonably well
with that of ca 3.0 normally found for carboxyl groups,

Inserting the relevant valves into equation 4.8, gives a pKs value
of 3.62, which seems to be in agreement with that found by Ottewill &
Shaw (120), at that zeta potential, for carboxylated polystyrene latex
dispersions, They found, by extrapolation, a pKs of 4,064,{ =0, which

agrees well with the caleculated value of 4,31 for phenylacetic acid which



can be looled upon as the 'parent'! of the polystyrene carboxylic acid

group.

Owing to the neglect of activity coefficients, the assumption that

log i = 0 at ¢ =4¢, is probably not valid except perhaps

£10 =
Tf.\
|A4h]

at low zetn potential, pl values obtained from electrokinetic experiments

1

cannot, therefore, be related accurately to pK vaiues obtained by titra-~
tion especially at high potentials,

wle2, Calculalion of surface charse densities,
5,1.2 Calcul o urface charp ngities

1. Surface charce density at the surface

The steady state mobility above ca, pl5 indicates that ionization
of the carboxyl groups is,as far as can be detected by electrophoresis,
complete, The surface charge density at the surface can be estimated on
the basis of one electronic charge, e, per carboxyl group. TFrom conducto-
metric titration date it was found that the number of charged groups
(Ncoo’) per unit area was 1,84 x 1017 m"2 (area per group 5,4k nﬁz).

The surface charge density at the'suéfaqp g, is thus given by:

% “'('_11:.{30")e
R

2, Sarface charre density at the surface of shear

As shown in Section 2,4.4, equation 2,68, the charce density at the

surface of shear can be calculated from:

1/
o = {8nekl ) Sink 225
(Bnok Sinn 225

= 2 . zed
(BBKGkT sinh oKt

where N, is the Avogadro number, c¢ the concentration in mol m~ and e

.

rop st ~12 . . . !
the permittivity (8.85 x 10 times the value for the dielectric constant),

. - -3 -3 0
For 10~ mol dm ° (1 mol m ?) sodium chloride at 25°¢, % = 1,

3 -12 -3
€= 78,5 x 8,85 x 100~ and 3= 103 x 10"°V;

by

|
O 154 % 107 T @ 'm
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The electrolkinetic surface charge density is lower than the surface
char"e‘denSity at the surface because counter ion association talkes place
at the carboxyl groups,

The number of carboxyl groups ionized at any particular pH can be
found by use of the dissociation exponent sz:

e e

= % »
(1 - )
where ITA vepresents the unionized carboxyl group and « the fraction

ionized,

The dissociation constant

i A G e
, - e

g

- log KX = «log Efﬂ - loz o
& 1 -

taking logarithms:

or sz = pl = ]_o.glo

1o 4,10,
at @ = 0,5, pi, = pfl, pK_ as found previously is 3,62, Tence 507
i&nizntion of carboxyl groups has occurred afapH 3.62,

Bquation 4,10 can be used to calculate the degree of ionization for
a particular pll, the actual nwiber of carboxyl groups icnized will be

7

=1 =9
1.84 x 10 a m , Aplot of n versug pll is shown in Fig, XV

coo”
and the results in table II, The plot shows a rapid fall off to zero of
ionized groups between pll 5 and 2 again consistent with the presence of

carboxyl groups,

4,1,3, Caleulation of the notential at the surface,¥go

For a diffuse double layer equation 2,12, section 2,1,1,, gives the

surface charce density at the surface ¢, as

1z
_ 2 zevq
o ..(BnoekT) sinh &

zeWo

1,
- (8 NACEkT) 2 sinh 7%

3o
)
=
3
-
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Fig xv Polystyrene latex, variation in number of ionized
carboxyl groups with pH.
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' -2 -0
At complete ionization ¢, = 2,94 x 10 Cm , using the condition where
-3

-3 1 . o
we have 10 -~ mol dm sodium chloride at 25 C,

- -

0o = 2,94 x 100° C m

i

3,70 % 102 sinh 19.45 ¥,

U}

From which

W, = 0,142V = 142mV
The surface is negatively charged, hence this is a negative value, The
potential therefore drops from ~142mV to -103mV, the latter being the
zeta potential at the point where ionization is complete,

For each fraction o of the carboxyl groups ionized, there will
be a partial dissociation surface charge density o, ; where

o o
Tor each vaive of a reported in table IT a value of g4 was calculated.
From these values using equation 2,12, with ¢, replacing ¢, , the
corresnonding surface potential Wowas found, the ratio of each ¥ to
its corregponding zeta potential, i,e, %,‘.’ was then calculated, results
are shown in table II,

Davies and Ttideal (131) found that for several experimental systenms,
the ratio ,%was constant of value ca 0,5 provided that the ionic
strength or surface charge density were not lowered,when the value — 1,

The values of the ratio above pll 3.5 found here are €onstant, but
of the oxder of 0,7, & constant value would be expected if the assumption
is made that there is no speecific interaction within the Stern plane,
The difference in magnitude of the ratios found here from those reported
by Davies and Rideal may be due to the mnethod used in calculating the
zeta potentials, If the Smoluchowski equation (no account being talen
of Ka effects) is used here values of zeta potentials giving ratios

— 0,5 are obtained,



Deviations from the constant ratio which occur at low pH values
are due to the lowering of surface charge density and are as reported
by Davies and Rlideal, The ratio values > 1 may well be due to the
choice of p]{H value of 3,62 used in calculating ¢y the chosen value
relating to < §‘0 = =51,50V, Ottewill and Shaw (120), plotting pI{S
versus & Q’o for various carboxylated polystyrene latices, obtained an
extrapolated pICH value at zero zeta potential of 4,64, Estimating from
their results a pﬂs of 4.5 at %-Q)= ~14nV to calculate Jgﬁg at pt
2,25 rives a value of the ratio of ca 1,3 which, within the limits of
error involved, wonld seem a more realistic figpure than that of 1.86
reported in table II. Tt may well be necessary at the lower pll values

to choose a PKs value, for calculation of @ , corresponding to the

+¢, for that pH,

4,2, Effect of nonionic surface active arents on the electrophoretie

mobility and zeta votential,
The effect that adserption of nanion;c surface active asments of
the polyoxyethylene mono ailfyl ether class, Cx Iy, can be expected to
have on the electrophoretic mobility and zeta potential depends on their
affect on the structure of the double layer at the charred solid/liquid

interface, The situation may be represented pictorially as in Fiq. XVI

(132),
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Fi g. X V1 Schematic representation of the situation at a charged solid/liquid interface in t”
presence and absence of nontonic surfactants.
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Ilere two possible modes of adsorption at low surface coverages are
considered, In Fiﬂurexvoh) adsoerption has occurred via the hydrocarbon
chain leaving the ethylene oxide chain in the solution, In Figure (c)
adsorption has occurred mainly via the ethylene oxide chain, but in
addition there is also attachment by the alkyl chain; with both models
if the energy of adsorption of the nenionic surfactant is greater than
that of the cations in the Stern layer, some of the cations will be
displaced, caunsing a change of the Sterm potential., In both cases the
adsorbed nmolecules project some way beyond the original plane.of shear,
and anart from changes in the zeta potential occasioned by changes in
the Stern potential there will also be a chanze as a result of the
mechanical displacement of the plane of shear into the solution,

4.2,1, Effect of concentration,

The nonionics unsed were 016E10’ 016318’ CIGEBO’ CiéEks_and CIGEGG.
Nesults are given in Fig,XVII & Tables ITISIV, Measurerments were carried
out at ca, pi 7,0 at 25°C_in 10-3 mol dm-% sodium chloride, All curves
show the same effect with increasing éoncentrntion‘of-noniunic-aur-
factant, i.e. @ dcerease in mobility of the polystyrene particles to
a value at ca. 107 tol du> which then renains steady wntil ca, 107
nol dm_s, when, particularly as the number of ethylene oxide unit
increases, a falli off in mobility occurs as the concentration is
inereased to 10--'2 mol dm_s.

The indication is therefore, that, with all these nonionic sur-
factants, adsorption onto the latex particle takes plaece until a
limiting state is reached, presumably when some form of monolayer is
present, and then no further adsorption occurs, 1In all cases the

mobility shows no alteration in the region of the eritical micelle

concentration,
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Ottewill (133) hag reviewed the adsorption of certain nonionic
gurfactants of this type onto a negatively charged surface, Ie considered
that at low surface coverage, adsorption at the particle surface could
oceur via the hydrocarbon chain leaving the ethylene oxide chain in
solution, or hy adsorption mainly wia the ethylene oxide chain, but in
addition by the alkyl chain, i,e, as illustrated in the previous sub~
section, This would account for the gradual decrease in nobility uwntil
the plateau region is reached,

At higher coverage it is possgible that the adsorbed molecules
exist either:

(i) as a closely packed vertically oriented monolayer, or,

(ii) as a multilayer, or,
(iii) as a monolayer, with molecules looped arcund the particle
attached by both the hydrocarbon chain and the ethylene oxide groups,

4,2,1,1, Fvidence for a closely packed vertically oriented monolaver,

Mathai and Ottewill (134%) made elécﬁrokinetic-maasurements, using
mieroelectrophoresis, on silver iodide particles in the presence of a
series of homogenous polyoxyethylene monoalkyl ethers, CSEG’IGIOEG’
ICIQEG' CIGEG and 01639' At low concentrations of nonionie surfactant
the mobility decreased very slowly wiﬁh inerease in concentration,
However, just hefore the emc a sharp change of sradient occurred,
Comparisen of these results with adsorption isotherms for certain of the
nonionics used showed that the adsorption behaviour was reflected in the
form of the electrokinetic curves; in both cases the shape of the curve
conrieniced to change just below the eme, the wobility starting to decrease
sharply at almost the same concentration of nonionic surfactant as that
at which the number of molecules adscrbed per unit area commenced to rise,

They interpreted the results to mean that in the repgion of low

surface coverage the nonionic molecules are lying in a looped or extended
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form on the particle surface and only a small decrcase in mobility occurs,
Since the nonionic surface active arent does not itself contribute any
free charres to the electrical double layer, the decrease must occur
because of a shift of the plane of shear or of the zero point of charge,
Both in fact probably centribute to the decrease in electrokinetic
potential and ave accompanied by some displacement of ions from the
neichbonrhood of the surface, In the region of the cmc more extensive
adsorption takes place to form surface aggregates and a considerable
shift of the plane of § shear occurs - this surgests that the molecules
are vertically orientated., Above the cme the increase in amount
adsorbed is very small and hence only small changes of mobility were
ohserved - susgesting that multilayer formation has not occurred.

Wathai and Ottewill also found that the mobility asainst ¢oncen-—
tration nonionic surfactant plots were very similar for both negatively
charged and positivelf charged silver iodide sols, suzgpesting that the
adsorption of the nonionic material was not very sensitive to the
nature of the charge_bn the solid surface, |

Ottewill and Walker (29), in studies of the adsorption of C,,I¢ on
polystyrene latex, concluded, that from the adsorption curves obtained,
adsorption of a vertically orientated monolayer of CIBEG molecules was
completed on the latex particle surface at about the cmec of the surface
active agent, The area per nmolecule obtained at saturation was in
reasonable arrcement with this concent, The thiclkness of the adsorbed
layer on the latex surface as obtained by sedimentation studies appeared
to confirm that the molecules were vertically orientated, They also
survested that there was a nrobable change from horizontally “adsorbed
molecules to vertical orientation in the region of the cme, These
workers also found that the layer was heavily hydrated, probably owing

to hydrocen bonding between the ether oxygens of the ethylene oxide



units and the water molecules.

4,2,1.2. Twidence for multilayver formation

The gimplest form of multilayer would be a himolecular leaflet
formation, although agaresation may occur on the surface to give less
repular strnctures, It is however probably unlikely that such a bi-
molecular layer wonld form on polystyrene latex (135),

Iividence for the formation of multilayers does, however, exist.
Watenabe et al (136) measured the differential capacity of the mercury/
sodium sulphate solution interface at various concentrations of nonionies
of'ﬁhe polyoxyethylene type; their results showed that a transition
from monolayer to multilayer adsorption appeared to oceur in the region
of the cme, they also concluded that there was some attachment to the
surface by means of the ethylene oxide chains,

Daluja and Srivastava (137) examined the effect of polyoxyethylene
monoalkyl phenyl ethers on the mobilities of A92$3.and SbﬁS3 sols,
Whilst their results were similar to éhoée found by Mathai and Ottewill
(134), they attributed the fall off in mobility that occurred with
inereasing concentration to the adsorption of micelles, However no
values were piven to show that the mobility fall occurred at the cme
of the nonionic material, .

4,2,1,3. Ividence for menolaver formation with attachment by

hvdrocarbon chain and ethvlene oxide ocrouns,

Elworthy and Guthrie (119) carried out an investigation of the
adsorption of nonionic surface active agents at the Griseofulvin

solution interface, usinz C the

Y C ‘:: s i
lﬁrm’ 16723’ C]_érla-’j' €16%0’ (

3 i ilable forms oy € T.e Isothern i
comnercially available forms) Clbl? and 016 9 Isotherms for this

CIGEx series were of the Langmurian type over the concentration range
studied, the region of maxirmum adsorption eccurring in most cases

at or close to the cme,
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Experiments with polyethylene glycol 400 indicated that the ethylene
oxide groups had a tendeney to adsorb at the Griseofulvin surface and
the area per molecunle at monolayer coverage indicated that the glycol
is likely to be adsorbed flat on the surface. When the surface active
agent corresponding to the polyethylene glycol 400 i,e, Clsﬂg or
CIGHIO, was uqed the area per molecule decreased by factors of 4 to 5,
This indicated that the hydrocarbon chain is adsorbed at the surface,
if it were not, the area per molecule would not change significantly.
Increasing the ethylene oxide chain length of the surface active agent
had the effect of decreasing the maximum amount adsorbed and increasing
the area per molecule, They thoucht that the hydrocarbon chain was
adsorbed onto the surface and that the polyoxvethylene chain bent
towards it and was also attached to it, Comparison of the valucs fqr
the areas per molecule at the Griseofulvin interface with those for
the closest packing at the air water interface showed that the former
were greater, thus inﬂicating that the ekhylene oxide chain was con=-
tributing more to the area per molecule at the solution solid interface
than at the air water interface, and also that the surfactant containing
the ahortgst polyoxyethylene chain was most closely packed, which is
in accordance with the work of Corkill et al (138), (139).

5,2,1.%, Other evidence for the adsorntion of nonionic surfactants

on charsed particles,

Glazman (140) working with nonionic polyethers adsorbed onto
negatively charged particles, found that the zeta potential was reduced
with increasing concentration of nonionic material, A similar result
was obtained by Elworthy and Florence (141) with emulsion aystems,

On the other hand Glazman and Kabysh (142) found that adsorption of
polyethers on positively charged silver iodide sols resuited in charge

reversal; whilst ether oxygens in the ethylene oxide adducts may form
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oxonium jons (143) it is unlikely that positively charged chains could
accomplish the sirn change,

4,2,1,5. Conclusions concerning the form of the adsorbed layer

in this work,

The surface of Griseofulvin -~ the mieroelectrophoretic properties of
which have bheen examined and are reported in Section 5 -is predominately
hydrophobic, Indications are that its behaviour is similar to that of
polysityrene latex,

The polystyrene latex has one carboxylic acid group, area 0.205nm2,
per ’j.hhnmz of surface area, and although there is the possibility of
primaxy aleohol and or hydroxyl groups being present, this large area
is predominately hydrophobic in character, Adsorption of the alkyl
chains will occur om this hydrophobie surface by the hydrophobic effect,
The ether oxymens of the ethylene oxide units may also aaslocinte with
polar groupings by hydrogen bonding and this will oceur if primary
aleohol and or hydroxyl groups are present, llydrogen bonding ray also
oceur between the ether oxyzens and the solvation sheath surrounding
the ionized carvoxylic acid groups. It appears likely therefore that,
as indicated by the concentration against mobility plots, adsorption
of these nonionics occurs both by weans of the allkyl chain and the
ethylene oxide units, The molecules will thus loop themselves around
the particle with the ethylene oxide chains at the extreme edge of the
adsorbed layer, thus shielding the allkyl chains arainst further
adsorntion, Monolayer adsorntion would thus appear to he favoured and
this would account for the plateau region on the curves even above the
eme, .

The fall off in mobility which occurs at hipgh concentration, well
ahove the cme, is most probably due to the viscosity increase of the

bulk solution and its effect on mobility. Tor example the viscosity
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of solutions of CIGEFO at 2500 are as follows:
lﬂ_) mol dmj, 0,9612 ep (152)
& =

107" mol dmj, 1.35940 ep

L

the increase in viscosity with concentration would change the steady

-8 2 =1 =1
state mobility of 4,1 x 10 ¢ n s : V =~ to a calculated value of
2.8 x 10 m g 1 Vv : compared with the value of 35,0 x 10 8 m g 1 v A
-2 3
found at 10 = mol dn), Similarly for seolutions of CIGE30:

10~ mol dm’, 0.9172 ep.
10—2 mol dms, 1.04235 ep.

changing the steady state mobility of 5.0 x 10 0 m s V A to a

calculated value of 4,4 x 10-8 m2 3-1 Vrl, experimental 4.5 x 10-2

m2 3-1 v”l. There is good arreement with the caleulated and experimental
results in both cases which supports the above explanation,

4,2,2, Bffect of nunber of ethyvlene oxide wnits.

Ottewill (_132:) considered that, for alkyl polyoxvethylene compﬁmﬂs
having a straight alkyl chain and po}yogyethylene chains containing
3 or 9 ethylene oxide units, for constant alkyl chain lenzth, increasing
the length of the ethylene oxide chain decreased the extent of adsorp-
tion at a constant molar concentration, Mathai and Ottewill (1734%)
found that, at equimolar concentrations below the eme, electrophoretic
results sunrested that the order of adsorption for nelyoxyethylene
allianols was

®16% 2 ©16% 7 ©12% 2 %1075 > %%

Elworthy and Florence (1%.4) in considering the effect of poly=
oxyethylene chain length on the stabilization of oil-in-water emulsions
by nonionic surface active agents, found that increasing the number of
ethylene oxide units increased stability at a given surface active

arent concentration, The electrophoretic mobility, u, however decreased
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as the ethylene oxide chain lensth inereased, for example from ca, 4
units with 6 ethylene oxide units to ca, 1 unit with 24, Obviously
the electirical contribution to stability decreased as the series was
agscended and sieric stabilizing factors became important,

Daluja and Srivastava (137) who studied the effects of a neonionic
surfactant series on ﬂiﬁﬂj and Sh§?3 sols, concluded, that the degree
of inerease in mobility was directly proportional to the decrease in
chain length of the ethylene oxide chains for the same hyvdrocarbon
moiety.

FElworthy and Guthrie ( 119) found that increasing the number of
units in the ethylene oxide chain had the effect of decreasing the
maximum amount adsorbed and decreased the area per molecule, For the
polyoxyethylene mono hexadecyl ethers used,

©16%7> C16%9 > €16%10 > C16%45 > C16%60,

The sugzestion made in the present wnrklis:that, with the compounds
used a looped monolayer is formed at thé polystyrene latex surface,
Presumably the effect of the size of the nonionic molecule will be to
displace the plane of shear further out from the particle surface, The
greater the nunber of ethylene oxide units the greater will be this
displacement and the lower will be the mobility,

Figure XVII shows that the mobility falls as ethylene oxide chain

lensth ‘inereases

€36%10 2 ¢16%18 > C16%30 > “1675 > %1670,
A plot of mobility versus ethylene oxide chain lenoth - Fig, XVIII
is linear showing that the decrease in mobility is proportional to the
increase in ethylene oxide chain length as found by Daln ja and Srivastava.
A prediction of the decrease in mobility with increase in ethylene

chain length can be made by use of equation 2,10 in the form
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(expzeg/2kT + 1) (expze¢o/2kT - 1)
(exp2el/2kT = 1) (expZelo/2kT + 1)

KX =

where x the 'distance'! of the plane of shear ( { replacing ¢ ) from
the particle surface can be estimated (the assunption is made that there
is no change of ion adsorption within the Stern plane ).

Staudinger and other workers (153) have indicated that the con-
fipuration of ethylene oxide grouns in the ethylene oxide echain is most
probably a zigzag arrancement below © ethvlene oxide mnits and a meander
configuration above this numher, An averase value ohtained by these
workers for the 'lenpgth' of an ethylene oxide wnit in a meander chain
was 0.2nm, whercas the zipgzag - which is the fully extended condition =
gave a lensth of 0,%5nm,

The tlength' occupied by a mumber of such units can he calculated,
added to the value of x found and the zeta potential for a parficular
nuber of ethylene oxide wits predicted, For example, with 616330,
the value of u is 5,0 x 1070 n° 570 V'Y, this corresronds to a zeta
potential of 78mV, Calculation of x from the above equation gives a
value of 3,18nm, The effective 'length' (meander configurﬁti&n) of 30
extra ethylene oxide units is 6Gnn giﬁing for CIGEGO a total x of 9,18nm,
the expevimental vaiuve of zeta potential of 59mV for this compound gives
a calculated x of 5,29mm, These values confirm the surcestion that the
arrangéuent of nonionic surfactant around the particle is a looped
monolayer,

The paraffin chain groups of the surfactant molecule are also in
zigzac configuration, the distance between alternate -CHE— groups of
the chain being 0,25nm (153). The extended lenath of ClG”}O (meander
confizuration) is therefore ca, 8nm and CIGEGO ca, lhinm, These values
inserted into the above equation give zeta potentials of 41,54V and

22nV respectively, the corresponding experimental wvalues being 78mV



and 59mV, These calezlations supply further evidence in favour of the
looped monolayer configuration.

,2,3, Iffect of alterina the length of the alkyl chain,

In his review (133) Ottewill considered that, for alkyl poiyoxyethylene
compounds having a straight allyl chain and ethylene oxide chains contain-
ing 3 or 9 units, for constant ethylene oxide chain length inereasing the
alkyl chain length inecreased the extent of adsorption at a constant molar
concentration, This would be expected from a consideration of Traube's
rule and free energies of adsorption, Thus Mathai and Ottewill (134)
found the order of adsorption

C16% >12% > 106> %

In this work a comparison of the effect of two nonioniec surfactants
0121'123 and.clsﬂzj ig wmade, Their concentration nobility plots, Fig, XIX
are virtually identical, suzgesting ﬁhat; under the conditions used, the
difference in adsorption energies of the alkyl chains is masked by the
ethylene oxide chains the latter beins the main cause of shear plane dis-
piacemenﬁ, hence as the latter are of equal nﬁmber with the two compounds

the mobilities are virtunally the sane.

4,3, Iffect of ectionic surface active arents on the electrovhoretic

nohility and zeta potential,

The adsorption of cationic surface active agents at the polystyrene
solid - liquid interface is a two stane process (145) (146), Tirstly,
the polar head groups are gpecifically bound to the surface of the solid
- the ~C007 grouns of the polystyrene latex which interact with the
cationiec head proup of the surface active agent. Secondly the allyl
chaing adsorb onto hydrophobic sites on the latex so that the ions are
adsorbed in reverse orientation, This two stage adsorption is character=—

ised electrophoretically by the gradual neutralization of the negative
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charge of the latex with inecreasing concentration until the electro-
phoretic mobility is zero, followed by reversal of charge which gradually
inereases with concentration as reverse orientation adsnrption oceurs,
The adsorption of gurface active cations can thus be used to determine
the nuuber of carboxyl groups on the surface, the adsorption constant

and the free enerpgy of adsorption,

4L,5,1, General characteristics of the zeta notentiﬂl—loglo concentration

plots,

The cationic surface active agents used were alkyl trimethyl ammonium
bromides, CxTAB, with CIO’ 012, Cl& and 016 alkyl chains, Results are
shown in Figure XX and Tables Va and Vb, The curves have an extended
S shape as has been predicted and reported previously EJ Ottewill et al
(105) (147).

Generally, and as is shown by for example Clgfab over the concen-

-3 5

-6 -
tration range 10 mol dm ~ to 10

mol dm s there is a swall initial
decrease of negative zeta potential witﬁ iﬁcreasiﬁg concentration of
CxTAB, This is in keeping with the sumgestion (106) that adsorption in
this concentration region oceurs primarily by ion exchange between the
CxTA* jons and the inorganic cations, e.g, Ha+, already present in the
Stern layer of the latex particles, Soﬁe adsorption of CxTA ions by
direct transfer from the solution to the Stern laver probably accounts
for the small decrease in potential, Since the particle will only be
sparsely covered at this concentration tlie most probable orientation of
the surface active ion on the particle surface is a flat lying orien=-
tation, this would allow maximun interaction between the alkyl chain of
CxTA” and the particle surface through the hydrophobic cffcct.-

After this initial slow decrease in the negmative zeta potential,
with increasingz concentration, all plots are characterized by a rapid

decrease in negative potential wntil it becomes zero; with further increase
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in concentration a reversal of sign of zeta potential occurs, followed by
an increase of positive potential,

Connor and Ottewill (140) have shown that the adsorption process,
over the part of the curve where {—> 0, involves ioniec interaction between
the cationic head group and the negatively charzed carboxyl groups on the
surface of the particle, Infra red studies (145) indicated that the
association is a purely electrostatic one and that formation of a chenical
bond does not occur,

These worlers have shown, for these cationic surface active agents,
that Traube's rule is obeyed, i,e, that the free energy of adsorption
increases lincarly with increcase of —Cﬂéw grouns (calculntion of the
relevant free energies of adsorption are made in the next sub-gection),
This adherence to Traube's rule surgests that, in the rerion under
discussion, the alkyl chains are lyinz flat on the surface in hydrophobic
association with the surface, as mentioned above,

The positive zeta potential increaées;linearly with concentration
until a maximum value is reached, and then stays virtually constant with
further con;entration increases., The only way that this potential change
can oceur is for the CxTAY ions to be adsorbed in reverse orientation
with their head groups towards the solution phase, Saturation adsorption
should then be indicated by the zeta potential staying constant as
concentration increases, However, Chen has shown (106), that the zeta
potential appears to stay constant over a short concentration rance even
thoush adsorption studies show that adsorntion of CxTAT ions continues
to increase substantially, i.,e, that the maximum zeta votential expected
is not actually reached, The explanation for this could be two~fold,
firstly, as cxTA™ ions are being adsorbed, there could be an equivalent

adsorption of Br ions behind the shear plane thus accountine for the

apparent invariance of zeta potential, This might be expected as,
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initially when surface active agent is absent, counter ions e.r. Na* are
specifically adsorbed in the Stern layer of the negatively charsed particles,
In the concentration range where the particles are positively charged

the adsorption of anion occurs, Secondly ionic sirength effects at the
higher concentrations may also contribute to the value of zeta potential
being lower than expected, Furthermore, with inereasing adsorption of

CxTA" and Br~ ions, the displacement of the shear plane away from the
particle surface would also cause the zeta potential to decrease, These
effects would also account for the fall off in mobility which occurs,

with increasing concentration, after the 'flat' pﬁziiiig of the curve,

Since, over the positive zeta potential range, the number of OxTA"
ions adsorbed exceeds the surface charges, electrostatic contribution to
the free energy of adsorption is unfavourable to adsorption, Clearly the
main driving force for adsorption comes from the hydrophobic effect,

As concentration increases the adsorbed CxTA® ions tend to stand up
on the particle surface so that at satufaﬁion adsorption the indication
is (146) that a hiph proportion of them are vertically oriented, those
ions interacting with negatively chargmed carbox:-l groups having their
head groups towards the surface and these on hydrophobic sites having
their head group towards the solution fhase.

One of the zeta potential-log, concentration plots shows an inerease

“10
in zeta potential at high concentrations i.e. CIOTAB at 10"2 mol dm-j,
this result is difficult to explain, It secems possible that further
adsorption of cxTAY ions could occur, by the hydrophobic effect, onto
those ions associated with the carboxyl grouns of the particle - as the
concentration is ahove‘the critical micelle concentration some mmlti-
charned species is conceivable = this would inerease the number of charced

groups, increasing the zeta potential, but would also disnlace the shear

plane leadinz to a lowering of potential, However, adsorption measure-



ments (106) show no adsorption talting place over this concentration range,
It therefore secems more likely that the effect is due to difficulties

e.z, heating effects, encountered with the nicroelectrophoresis

technique at high ionic strengths,

4,3.2, Conversion of mobility to zeta potential,

Zeta potentials were obtainced from the observed mobilities by
interpolation from table 3 of the work of Ottewill and Shaw (99) (see
appendix 1), who presented the computation results of iersema in the

form of mobility as a function of zeta potential and ¥a, The limiting

b}

e

equivalent conductance of all ions was taken to bhe 70 Sl-l em” equiv -,
The differences caused by the limiting equivalent conductagce of the
other ions present e,g. CIOTA% 24,08 52-1 cm2 eQuiv"l; Na+, 50,15 Q =1
cm":3 eqniv-l; C1~ 76,35 9"1 cm2 equiv-l; Br , 78,17 9"1 crn2 equiv

was assumed to have nerligible efféct as has been shown, for exannle by
Chen (106), )

Since all measnrements were made in 10—3 nol dm_j sodium chloride
which, with the latex beins used, gives a value of Ka of 38, the effect
of additives below this concentration were preswaed to be negligihle,
hence valucs of mobility and zeta potential were calculated for Ka = 38,
When the concentration of additive was above 10-3 mol dmm3 the hirher
value was used to calculate Ka and the correspondin~ mobilities and
zeta potentials,

Values relating Ka, mobility and zeta potential for the various
concentrations used are siven in Tig, XXI,

4,35.3. Caleulntions from zeta potential-=los concentrotion CxTAR curves,

10

As discussed under Section 2,4,5, the slope of the curve of the

Stern potential against log, . concentration of CxTAB, equation 2,8,6, can

3

10

2
be used to calculate the number of sites Nl available per m~ when the

initial Stern potential is lnown. TFovr the present work, the Stern
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potential is replaced by the zeta potential and equation 2,86 becoties

1
{Bnoek'l‘)1 sinh Ze to

dr _ 4.606kT sinh Ze Co S ~1
d loglo (2 J Ze 2kT
L85 Z Np e

In addition the adsorption constant k, can be calculated from equation

2,81, e . %5 ZelNl e o \a
(Bngekm) * [sinh Z522 £ simh
and the ehemical free enerpy of adsorption O 6 from equation 2,73a,
ko = exp :%%;
55.6 x 10°

Results are shown in Table VI, As indicated in sub=section 4.,3,1,

the zeta potential-logl0 concentration plots are linear over the range
~{ —> 0<«<—% The theory outlined in Section 2,%,5, nredicts that all

curves should have the same slope in the region of zero zeta potential
provided N1, the number of adsorption sites remains constant, There is
however an increase in slope as allkyl chain length increases this mmst
be due to increased adsorption over and above that necessary to interact
with the carboxylic acid groupings on theZlatex and results from an
increase in adsorptionlenergy as the alkyl chain lenzth increases,

The concentr-tion required to reverse the charme decreases with
inereasing chain lensth, TFig, XXII shows a plot of the number of carbon
atoms in the chain arainst the reversal of charge concentration (RCC),

there is a linear relationship for chain lensths CIO)C10 and C_, but for

14
016 the RCC is much less influenced by increasing chain length,

The number of adsorption sites, N1, arpears to be only approximately
constant the best acreement beins for the C., and C, - chains, N1 can be

' 1% 16
2]

taken as the number of carboxyl groupinss per m , the values reported
here are at the hest an oxder of magnitude lower than the wvalue of

17

-2 ; : ; :
1,8% x 107" m = found by conductometrie titration, ihls may be due to

inconplete ionisation of the carboxylic acid or the adsorption of

- . : e S - ‘
inorganic counter ions e,p, Na within the Stern layer.
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No. of Carbon atoms

Fig. XXII Effect of hydrocarbon chain length of C TAB on
reversal of charge concentration (RCC)
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In calculating k, the adsorption constant from equation 2,81 an
additional value of the zeta potential is required, A value, +35mV,
the same for each alkyl chain length, was chosen which was on the linear
portion of the zeta potential versus lohl( concentration plots,

The change in chemical free energy of adsorption with change in
chain length is shown in Fig, XXIII, The increment in/\ G per CH, group
ig virtually constant up to ClG but above this chain length the /NG
increment per CII2 decreases, The increment in/\G per Cﬂg group over the
lineaxr part of the plot is 3,9kJ mol l. The reason for the decrease in

/A\G above € ,, is thourhtto be due to the partial dimerization of the

14
loncer chains in dilute solutions below the cme (145), The results

reported here forﬁxé'a;;ree with those reported by Comnor (145).

L,h, Effect of mixtures of cationic and nonionic surface active anents

on the electrophoretic mobility and zeta notential,

The effect of adding nonionic surface active agents, Clﬁh‘y, to the
cationic surface active agents used in Se;:tion 4,3, was examined;
constant concentrations of the nonicnic were used and the concentration
of cationic varied as previously, The order of mixing of surface active
agent with the latex did not seem to affect the adsorption pattern,

i,e, latex + cationic then nonionic added, gave the same resuits as
latex + nonionic and then cationic surfactant added,

The mixtures used were C, . TAB with C

10 1630
T'LB, 161 AD both with C 16

and. C 6.-1(0, 012T.m “'lth

¢.-2 . and C and C

C. 5. C. Beas il E. L. e
16 107 ~16730 16760 30 16 60

In addition, in order to obtain the comparitive effect of ethylene oxide

hai 134 di 2 L a4
chain lensth, stvndies were made of C TXB with 016 10? 016 187 Cl( 20

g 25 Gy d O
16 45 —r 6 6().
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Fig. XXIII BEffect of chain length on free energies of adsorption -
alkyl trimethyl ammonium bromides.



L ,k,1, General characteristics of the zeta potential- 10g1” concentration

CxTAD plots,
Results are shown in Figures XXIV to XXXII inclusive and Tables VII
to XVI inclusive, they all follow a pattern which can be studied by

examination of the results for C

lOTAB and 016E30 shown in Fig, XXVII and

Tables X and XI,
In the presence of the nonionic surface active ament the zeta

potential=log. . concentration plot is displaced to the right so that the

=10
reversal of charge concentration (RCC) of C1 TAD is higher than in the
absence of the nonionic surfactant, for example, with 10"2 mol dmﬂj
Cy¢5 the "CC is displaced from 10 = ol dn™ to 7 x 16" S ) 2.,
This sugecests that both species are adsorbed onto the latex particle and
that the nonionic specics is hindering the cationic adsorption which
brings about charge reversal,

The effect of the adsorption of the nonionic surfactant will be to
"push out" the shear plane and hence reduce the zeta potential; it will
not neutralize the charge on the particle, The only way that the non-
ionic surfactant counld reduce the zeta potential towards zero would be
by multilayer adsorption and, as has been shown in Section 4,2, that
does not ccceur with the nonionic systéms under exanination., This
lowering of the zeta potential due to the presence of the nonionie
surfactant is seen over the major portion of all plots,

As the concentration of cationic material increases so it must
displace the nonionic and eventually charge reversal occurs, If it
is assumed that the nonionic is nore strongly adsorbed than the cationic
- the alkyl chain lensth of the nonionic is 016’ a greater free energy
of adsorption by the hydrophobic effect would therefore be expected
than say from the alkyl chain of FlnTiH ~ whilst the cationic only

agssociates with the ionized carboxygylic acid groups, then after
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neutralization of the charge by the cationic gpecies the particle would
remain uncharged and this is not the case, If, however, this mechanism
of adsorption was correct an explanation of the positive charge could bhe
due to reverse orientation by hydrophobic association of two cationic
allkyl chains; one cation associated with the carboxyl group and the

other with its charge group orientated towards the agqueouns medium, If
this was the case it does not seem likely that there would he a dependence
of displacement of NCC on the concentration of norionic, as after a
certain concentration of nonionic was reached no further displacement of
NCC with concentration would oceur,

The controlling factors seem to be therefore a dependence on relative
allyl chain length of cationie, and concentration of nonionic, surfactant,
which supports the view of displacenent of nonieonic by cationic species,
The fact that the RCC depends on the relative concentrations of cationic

and nonionic, so that as the concentration of nonionic is increased there

is further dispiaceuent of the IICC is shoym by C,,TAB:
TR Al Ve Cygfzy TCC is 1.1 x 167" poitan .,
with 10“3 nol dm—3 CIGESO ROC 38 1,55 x 10-4 mol dmﬂj, and

VIO e du Ci Pz RCC is 7 x 10" mo) .

At hizh concentrations of cationic, as shown with 016E30 10"'3 mol
dm_3 and concentrations of CIQTAB > 10“2 mol dm-B, the curve anproaches
that for CIQTJR alone on latex, surgesting either complete displacement
of the nonionie or bimolecular layer formation by the cationic adsorbed
in reverse orientation as indicated ahove,

VVhilst it would seem possible, in the case where the nonionie
surfactant has a lonrer alkyl chain than the cationic, that the former
should be more strongly adsorbed onto the hydrophobic surface of the

latex due to the hydrophobic effect, it may he that the adsorption

enerxy of the nonionic is a balance hetween the hydrophobie effect with
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the allyl chain for, and the heavily hydrated ethylene oxide chains
against, and that the resultant total energy is less than that of the

cationic snrfactant, i,e, it can be displaced by the latter species,

h,%,2, Calculations from zeta potential-lnglo concentration surfactant

plots.,

L, 4,2,1, TLffect of concentration of nonionic surfactant on the reversal

of charse concentration,

The effect the concentration of nonionic surfactant has on the IICC
has heen indicated in the previouns subsection and is shown in a general
way in Pigs, XTIV to XIXII,

Bxamination of these fipures sugpests that the displacement of the
ilLC is proportional to the concentration of nonionic species and depends
on the alkyl chain length of the cationic surfactant used,

Table XVII records the variation of 1ICC's of the cationics used
with varying concentrations of ClﬁEy. Figs, XXXIII and XKXIV rive a
tynical set of results for the 816E30/012TAB system and Fig, XXIV shows
how CxTAD NCC's alter with varring concentration of C16E30’ these results
confirm the surcested proportionality. ;

It is noticed, in Fip, XXXV, tha{ the slope of the 1lo concen=

%10
tration 016?30 versus loglo tCC CxTAB plots decreases as the allkyl
. 3 IR Jg o g

chain lencth of the cationic eamcreases, indicating that the longer the
alkyl chain the more stronzly is the cationic adsorbed, as was found.
in Section %&,3.,3, and presumably the more easily is the nonionic dis-
placed,

Negression analysis of the concentration values for each combination

of eationic and nonionic surfactant was made and the results for the

glopes of the lines for the nlots log,  concentration Clﬁﬂy - log

10 <10

CC CxTAB are shown in Table XVII, A plot of the values of slope of

line versus number of fatoms in the allkyl chain of CxTAB is shown in
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Fig, XXXVI, The plot is linear over the ranpge Clﬂ_nlh but there is
deviation from linearity at greater C values; this plot is of similar form
to that found in section 4,33 for the adsorption energies of cationics

on polystyrene latex versus alkyl chain lenzth, The slope of line =0.k&L
indicates that for each CWP group of the cationie alkyl chain the slope

of the RCC versus Cléﬂy concentration Plot will vary by a factor of 0,44,
It is thus possible to prediet the RCC for various concentrations of non-

ionic of the series ClGEy wvhen a single value isknown,

k,4,2,2, Tffect of ethylene oxide chain length on the reversal of

charme concentration,

The effect of ethylene oxide chain length on RCC is shown by examining
the results given in Fig. XXOVII and table XVIII, for the effect of 1072
—3 ™ D i ¥ T 1 .
mol dm 016”10’ CIGBIS’ CIGEBO' C16D45’ 016260 on the zeta potential

log  concentration plot of CIQTAB. The most significant feature of the

10
curves is that the ICC for all species occurs, within the limits of
experimental error, at about the same concentration — all results lie

: e s
between 1,15 x 10  mol dm

and 1.8 x 10-4 mol dmnj. This suzgests that
the ethylene oxide chain portion of the molecule plays no direct part in
the adsorption pattern of mixed surfactants., Confirmation is given by
reference to the resuits in the last section for different nonionics and
the same cationiec and to figure XXXV where the slope values for all the
log10 concentration Clﬁﬁy—loglo concentrétion CxTAR plots are plotted
against alkyl chain length of cationic surfactant, All points lie on

the same line and as the only variant in the nonionic range is the number

of ethylene oxide groups they can have no direct effect on the adsorption

pattern,
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%,5, Effect of anionic surface active aments on the electronhoretic

mohility and zeta potential,

The adsorption of anionic surface active agents at the polystyrene
solid-liquid interface differs from the system with cationic surface active
agents in that the situation is one in which a negatively charged molecule
is beinn adsorbed onto a negatively charged surface, After adsorption,
the driving foree for which will be the hydrophobic effect, the alkyl
chain of the molecule associating with the hydrophobie surface of the
latex 'between' the carboxpeylie acid groups, the adsorbed molecules will
be orientated with the charge group directed towards the diffuse layer,
so that there will be an increase of potential at the shear plane, The
zeta potential should consequently increase with inereasing concentration
of surface active agent until the surface of the latex is 'full' and should

then remain constant,

4,5,1, General characteristics of the zecta potential—loglG concentration
The anionic surfacé active agents used were sodium alkyl sulphates;
. sodium decyl sulphate, SDeS; sodium dodecyl sulphate, SDS; and sodiun
tetradecyl sulphate, 5TS, Variation in mobility with increasing concen=—
tration of surface active agent was meaéured and zeta potentials calculated,
results are shown in Figures XIXVIII, XXXIX, XL and Table XIX,
Zeta potentials were calculated, as in Section 4.3.2, via Anpendix 1
(99). In a number of cases the observed mobilities were too high to
enable zeta potentials to-be calculated frou these computed tables,
However mobilities with the three swriactants all followed the same pattern,

Complete zeta potential-logz, . concentration curves are presented for

10
SDeS, Fig, XXXVIII and SDS, Fig, XXXIX, and the results for STS, Fig, XI,

have been plotied as far as conversion of wmobility values allows, The

errors involved in measurcment of mobility at these high zeta potentials
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are sreatly magnified and Fig, XXXIX for 8DS, has been plotted including
error estimation to illustrate this point.

As indicated, curves are of the same form and will be discussed
wainly by reference to that for SD3, Fig, XXIX,

Detween the concentrations of SDS 1(1—31 mol dm_3 to 1[3“.:3 mol dm_3
the zeta potential increases very slowly and here there is probably dis-
placenent by the surfactant moleenles of ions already present in the Stern
layer, Above 10-3 nol dm_3 the potential rises rapidly, as adsorption of
§DS by the hydrophobic effect occurs, and reaches a maximum at or hefore
about 10~2 mol dm -, The eme of SPS in water was found to 7.8 x 1072
mol dr:':m3 g0 that there anpears to be a relationship between this maximun
and the ecritical micelle concentration. The plot for SDeS, Tig, XOIVIIT,
shows that the maximun occurs before the eme, 3.5 x 1().“2 mol dm-3 in water,
This fact was noticed by Shaw (148) with polystyrene latex and sodium
dedecanoate and is nrobably due to the fact that the surface concentration
of surfactant molecules is higher than £he:bulk concentration, consequently
the ‘eme! at the surface, with optimum conditions for the hydrophobic effect,
occurs at a‘lower concentration than in the 'bulk' solution, as was dis=-
cussed in Section 2,4.6, on hydrophobic bonding,

After the maximum the zeta potential falls off with increasing con-

centration of anionic dve to ionic strength effects,

4,5,2, Calculations frem zeta potential-loglo concentration sodium

allyl sulphate curves,

In Section 4,3.3. equation 2,86, with zeta potentials replacing Stern
potentials was used to calculate the number of adsorption sites N1 available
per unit area and from this, the adsorption constant k, and the chemical

free energy of adsorptionﬁmeWCro obtained,
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The adsorption of the anionic surfactant molecules onto the negatively
charged latex particle oceurs by the hydrophobic effect, The adsorption
enercies involved should therefore depend on allyl chain length and be
similar to thhse found with cationie surfactants in Section 4,3.3,
However opposing adsorption will be the elecctrostatic repulsion between
the =007 eoroup of the latex and the()—sf' group of the anionic sur-

oy
factant,

If the slope of the zeta potential—loglo concentration sodium allyl
sulphate line is talten as it begins to rise rapidly, i.e, as adsorption
due to the hydrophobic effect is taking place, then equation 2,85, with

zeta potentials replacing Stern potentials, can be used to calculate the

nunber of adsorption sites N1

sinh Ze §; =~ sinh Ze ;2(8noekT)a sinh Ze £; =~ sinh Ze Iy
- 4.606kT 2KT 2KT 2KT SRT
C R
0 Ze c;oshI Ze C 2 Ze Nl - ]

where.; and 32 are zeta potentials on the line,

Turther,l, the adsorption constant, can then be calculated from enquation

2,81, ’ '
Ze Nl . =1
/e = Ky (8noekT)% [sinh Ze T - sinh Ze L2
2KkT 2kT

whiere C ig chosen as the concentration at the zeta potential midpoint
between & and J,.

and the chemical free energy of adsorptionlb.é from equation 2,73a

I . .‘?.’E%Azkﬂ =
o BB.G x b x 10)

If one assumes that the AG obtained above is the specific chemical free
energy of adsorption A¢ of equation 2,87 -

AG = Ad + Ze\["s
then a measure of the adsorption energy counteracting the electrostatic

repulsion can bhe obtained fromzeJ , where the vaiue of S is the midpoint
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value between -g, and 32 as mentioned above; thus a value for AG can then
be found., Ilesultis are shown in Table XX, The number of adsorption sites
N1 is constant which sugrests that this method of calculation is applicable,
The total chemical free energy of adsorption:&a (the last column of table
XX) increases as alkyl chain length increases, The results found agree
very well with those for adsorption of cationic surfactants of the same
alkyl chain length (Table V1), showinz that it is the length of the

allgyl chain which is the important factor in considering adsorption of
these compounds onto hydrophobic surfaces. Similar apreement was found
by Ottewill & ‘“atanabe (112) -AG = 8,800 cal mole-l for SDS on silver
iodide and Ottewill and Rastogi (14?)-—63 = 9,200 cal mole-l for CIQTAB

on silver iodide,

4,6, Bffect of mixtures of anionic and nonionie surface active agents

on the electrovhoretic mobilitv and zeta potential,

The effect of adding nonionic surface active agents, CISEy to the
anionic surface active azents used in Section 4,5, and the combined effect
on the mohility of the polystyrene latex was exanined, Constant concen-
trations of tle nonionic were used and the concentration of anionic
varied as previously: '

The surface active agent mixtures used were SDeS with CIGRGO;

NS wi B o s T SR S T &4 ad €C.-B-
SDS with C]_G 10? (‘16 50 and (‘16 60’ with ClG 10 and (‘16 60

4,6,1, General characteristics of the zeta notential-lor concentration

10

sodiun allkyl sul-hate nlots,

lesults are shovm in Figures XLI to XLVI and Tables XXI to XXV,
esults for the various anionic nonionic mixtures follow a pattern
which can be studied by examination of the resulis for SDS shown in

Pig, XLII, SDS with C Fig, XLIXIXI, SDS with 0161"!_(‘ ; and Pig. XI.IV
9

16™10°

SDS with C

e Iy
16 °6o°



ZL vy 85°2T ASE A 69°L o|OT ¥ L8°E 50T X 7°T 0"z~ SIS
09°€€ S9°L $6°ST ££9°0 g70T X ¥2°2 ¢_OT 0°z1- sas
oL*TE £5°6 L1222 8€T°0 o|OT X €5°€ = OTX ¢ 5L - s ea s
-Touw oY -Touw £y c-Tow oY 1-Tow cu z-u M|E Touw AW
ov- 2 3z (¢V) 2V~ oy i % 5 %Tsor p/ap punoduco
sjusbe aAT30® @oevIIns oTuoTue uoradrospe Jo satbisus 981

XX {TEVYL




- 103 =

(a) Sodium dodecyl sulphate with C, B, .

The zeta potential - 105*,1O concentration plot is displaced to the right,
with this short ethylene oxide chain compound only a hipgh concentration
is really effective in altering the pattern, however the marmitude of
displacement would appear to be proportional to concentration of non-
jonic, The sugmestion is that both species are adsorbed onto the latex
particle and that the nonionic species is hindering anionic adsorption,
The effect of the adsorption of the nonionic surfactant will he to
displace the shear plane and hence reduce the zeta potential, As the
concentration of anionic increases it must displace the nonionic so that
at 10"1 mol dmrj ang all concentrations show virtually the same potential
as that of SDS on latex alone indicating that the nonionie molecules have
been removed,

The explanation of the reason for displacement of the nonionic by
the anionic surfactant, i.e. that the adsorption energy of the anionic
is greater than that of the nonionic,'muét be substantially the same as
that given for cationic/nonionic systems in Section 4,4,1,

(b) - Sodium dodecyl sulphate with CIGEBO’ and

(¢) Sodium dodecyl sulphate with CIGEGO'

Both Fig, XLIIT, SDS with CIGESO; and Fig, XLIV, SDS with ClGEGO'
show the same characteristics and so can be considered together, As
with (a) there is displacement of the zeta potential-loglo concentration
curve by the various concentrations of nonionics used, The marnitude
of lowerine of zeta potential at lﬂ_k mol dm_3 5DS follows the effect
found by nonionic surfactant on latex alene, i.e, the longer. the ethylene
oxide ‘chain lensth the lower the zeta potential, as was discussed in
Section 4.,2; so that with CJGHSO the zeta potential is lowered from

) -
=74mV to =53mV and with CIGRGH from =74mV to ~29mV both at 10 = mol dm 3

concentration of nonionic surfactant.
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Nowever as the concentration of SHS is increased the zeta potential
falls still further to a minimum of, with 10_2 mol dm‘“'5 CIGRBO’ ~=39mY
at a concentration of 1.5 x 10—2 mol dm;j SDS, and with the same concen-
tration of CIGEGO to =10V at a concentration of 35 x 10“2 mol dm_j SDS.,
The potential then rises as SDS concentration is increased to 10_1 mol
de3, apparently towards the line for SDS on latex alone, but concentration
diffienlties would not allow investigation beyond this concentration, At
lower concentrations of nonionic the minima occur at lower concentrations
of SDS and there is asproximate proportionality between the concentrations
of 5DS at the minima and concentrations of nonionic surfactants,which
varies with ethylene oxide chain lensth, The fall off in zeta potential
which occurs with increasing concentration of SDS as shown in Fig, XLIII,

SDS with ClGEBO’ and Fig, XLIV, SD3 with CIGEGO is not shown in Fig, XLli,

SDS with 016510.

The explanation for the lowering F“SP be that some form of complexation
occurs between the nonionic and anienic surfactants, As the effect is
reversible, i,e, the zeta potential riscs acain as SDS concentration is
increased, the sus~estion is that first of all a predominately-noninnic
layer is adsorbed onto the particle, takine,for example Pig, XLIV, SD3
with ClGEGG' this is the effect bctwegn the concentrations 1(1'“1i and
10~3 mol dm_3 530S, As further 8D3 is added these molecules must complex
with ihe nonionic in such a way that their nonpolar rroups are directed
towards the aqueous phase, the effect would be of bilayer foruation with
the nlane of shear disnlaced still further out from the particle surface
and a consequent fall in zeta potential, 'hen the concentration of 8DS
is further increased presumably the effect of concentration and the
differins adsorption energies of the complex and the DS allows gradual
displacenrient of the former from the particle surface and therefore a rise

in the zeta potentials, With C presumably no such complex is formed.

1D
16 10



Complex formation between nenionic polymers and ionic surfactants has
been well established, Thus!loto et al (149) report complexation between
aps and an ethylene oxide block copolymer, Tadros (150} found interaction
between both GlGTﬁB and sodium dodecylbenzene sulphonate with polyvinyl
alcohol, he considers that a complex can form by orientated adsorption of
the surfactant ions throurh hydrophobic bonding between the hydrophobic
end of the surfactant ion and the hydrophobic part of the polymer chain,
Schwuzer (151) points out that polymers such as polyvinyl py?ﬁlidone,
nolyazlyecol ethers and polyvinyl aleohol form complexes with ionic
surfactants in agueous solution and that especially strong interactions
are ohserved with anionic surfactants, In contrast, cationic surfactants

show only very weak effects, which sometimes cannot be detected using a
nunber of general colloid chenistry techniques; this would exvlain the
apparent lack of complexation effects found in this work with cationic and
nonionie surfactant mixtures.

Whilet hydrophobie bonding is one Qf ihe contributory factors in
corplex formation Schwurer points to evidence that with polyethylene
clycols comnlex formation is stronzly denendent upon the lenpth of the
glycol chain, A nolyethylene alycol of fifteen units shows only a low
tendency towards complex formation{}as ihe nunber of units in the chain
increases complex formation stronzly increases, Obviously a factor other
than hydrophobic bonding is involved., Schwuger's work indicates that
there is associ tion between the polar narts of the two nolecules, lle
surrests that the oxygen atom of the ether linkarme of the ethylene oxide
chain could possibly become slightly positively charped,which would favour
an adsorption of the negatively charped surfactant anion, The basis
for this sucrcestion seems a little obscure; a possible alternative is
that of hydrozen bonding between the ether oxygens and solvent molecules

and similar bonding between the solvent molecules and the—o..sf rroup

o~
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of the anionic surface active avent, Schwuger snrpests that his findings,
with polyethylenglycol-ionic surfactant complexes, can be applied to
complexes formed between nonionic surfactants with ethylene oxide chains
and ionic species,

Irrespective of the mechanism it therefore seems well founded that
comnlexation between nonionic and ionic surfactants can occur because of
association beiween polar resions, This supports the suggestion in this
work that the anionic surfactant's polar group is associated with the
ethylene oxide groups of the adsorbed nonionie thus bringing about a
reduction in zeta potential due to shear plane displacement,

The fact that the lowering of zeta potential is reversed as con-
centration of SDS is increased, supports the hydrogen bonding theory as-
such association is velatively weak, and would be broken by the stronjer
adsorption enercy of the anionic surfactant when a sufficient concen-
tration of the latter was achieved,

The fact that Schwurer found no cémpiex formﬁtion with a polyethylene
olycol of 15 units sives a possible reason why no lowering of zeta

potential ocecurs with the Clﬁr anionic systems i.,e, no complex is

10

formed, :

4,6,2, Uffect of anionie surface active acent tyne, and nonionic

surfoce active avent ethvlene oxide chain len~th, on the

zota nntential=lor. . concentration nlots,

10

The gencral effect the increase of concentration of nonionic surface
active agent has on the zeta potcntial-loglo concentration curves has
been indicated in the previous subsection, There is a general indication
of nronortional displacement of piot with increasing concentrakion of
nonionic, but it is difficult to decide how to select a particular

pronerty for cormarison to confirm this and to decide the effect of

other factors such as anionic type and ethylene oxide chain length,



However in subsection 4.5,2,, when calculating energies of adsorption of
the three anionics a mid point potential of the slope of the line was used,
for SDeS 98,5mV; SDS 79mV and STS 130mV. These values enable a compargtive
lowering of the zeta potential by, for example, 016260 to be made, The
results are shown below (the figures in brackets are calculated values to
gstandardise the 8DeS and STS values for comparison with the figures for
sps).

Lowerine of zeta potential produced by ClSRBO

Concentration ClGEGD SDeS SDS STS
wol dm > v v o~

0™ - 50 65 (%0)

107 38 (31) 35 58 (35)

1072 30 (24) 23 45 (27)

There is good agyeement between the standardised figures and the
values for SDS and the results show that the lowering of zeta potential
produced by a concentration of CIGEGO is the same irrespective of the
anionic used, Similar results would bé expected with other nonionics,

With SDS and the various nonionics at a 10-2 mol dm—3 concentration
a comparison of the effect of the length of the etliylene oxide chain
can be made by measuring the lowering of the zeta potential at the 79mV

point as indicated above, The values are 5,5mV for C : HImV for

T
16 10
C]ﬁEjﬂ and 56mV for CIGﬂGO' These valnes plotted arainst ethvlene
oxide chain length show a direct proportionality between chain lenath
and lowering produced, Fig, NLVII. This shows, that at this point, it

is the displacement of the plane of shear by the nonionic which is

important. The slope of the line is very near to 1 indicating a lowering
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of luV for each additional ethylene oxide unit in the chain, It should

thus be possible to predict the effect similar mixtures of anionic/mon—

ionic surfactants will have on other disperse systems,
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SECTION 5,

MICROBLECTIOPONETIC STUDINS ON GRISEOFULVIN, BETAMNTTHASONE,
NALIDIXIC ACID AND THIABENDAZOLE SUSPENSIONS,

RESULTS AND DISCUSSICN,

The drugs chosen for this Study are all of low water solubility,
Betamethasone, Nalidixic Acid and Thiabendazole are available commercially
as formmlated suspensions. They all differ in chemical composition and
hence a comrarison can be made with this and their electrophoretic
bhehaviour,

Suspensions of the drugs were nade in solutions of the surface active
agents used in the previous section with the polystyrene latex model
system, The suspensions were shalten for 24 hours in a constant temper-
ature water bath to allow time for complete adsorption of the surface
active agent - Dlyorthy & Guthrie (119) had found that 16 hours was
necessary for counlete adsorption of nonionic surfactants, CxCy, on
Griseofulvin, After storace of the suspe;sipns at constant temperature
for three davs the sedimentation volume was measured in terms of the
ultimate settled volume Vﬁ to the orig}nal volume Vo:

Vh/v

Sedimentation Volune = 0
The results are exrressed as percentages., The anpearance of the
snanensions was examined and the ease of redispersion by shaking noted,

The electrophoretic mobility of the particles was then mneasured,

5,1, Dffect of pll on the electrophoretic mobility and zeta potential,

A suitable fraction of the susnension was placed in the flat cell
asseribly of the microelectrophoresis apparatus and the wobility of the
drus particles measured as detailed in Section 3, Adjustuent of pil
was made by the addition of hydrochloric acid or sodium hydroxide and

the suspension was shalien overnight in a constant temperature water
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bath to equilibrate, the pll being checked before measurement, as above,
was made,

Results are given in Table XXVI and the mobility/zeta potential -
P plots, which are discussed below in 5.1.2., in Figs, XLVIII to LI.

5.1.1. Conversion of mobility to zeta notential,

All measurcments were carried out in 10“'3 mol dm-3 (1 mol n1_3) NaCl

<k 3% i
which gives a K value of 1,039 x lﬂs\,c I 1, or 1,039 x 10 m 1, 80

that
1 -3
/K = 1x10 mor 10nm,
-2 =3 : 1
for 107 mol dm ° solutions /K =~ 3nm
sad 307 ol du " 1/1( X 1nm
If the particle diameter is 2um then a values in above concentrations

are;

10"3 mol dmﬂ3, Ka = 100

107 st dm'3, Ka = 333

1()-1 nol dm-j, Fa & 1000

With the results found for these drus systems when mobilities are himh;

8 2 <] -1 . " el
m s V", then Ka is 2 335, The majority of

fe, 2%.0x 10
mobilities ared{d 4,0 where, when Ka is.large 2 100, variation in

mobility with Ka has little effect on éonversion of mobhilities to zeta
potentials (see tables of Ottewill and Shaw (99) Apmendix I). It would

gseem therefore that the error invelved in usins the Smoluchowski equation
o q : H

92,58,

)
n

for conversion of mobilities to zeta potentials would be small and it

u =

was decided to use this conversion for all the drug systems. The equation
reduces for aqueous solutions to:

S = 12.85xu mv at 25°C,
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T Vnhilitv/zntn notential - pll plots,

(a) Griseofulvin,

The plot Pig, YLVIIT shows a positive charge of ‘f = 4+25mV at
pll 1,5 which rapidly decreases to zero at pll 2,4, there is then reversal
of charre followed by an increase over the pll range 2.4 to 7.0 the zeta
potential at the latter pH is =45mV. The potential then stays constant

over the pil range 7 to 10, The chemical structure of Griseofulvin is (154%)

CHy*D

0-CHy

Griseofulvin is (4)=7-chloro=i,6-dinethoxycounaran=3=-one~2~
spiro-l'—(2'-methoxy—ﬁ'-methylcyclohex—Z'-eu—h'none), an anti=-
fungal substance produced by the growth of certain strains of

Penicillium griseofulvum,

and the positive charze at low pH can be attributed to the »nrotonation
of theag wnsaturated ketone aided by the positive donating mesomerie

effect, (the +! effect) of the methoxyl group,

CH
3\0 o S
WY

as v increases this effect will diminish,

Above pll 2,4 where there is a gradual inerease in negative potvential
to pll 7,0, which then stays constant, this must be due to adsorption of
hydrexyl ions as discussed in ‘ection 2,1(b). As the zeta potential
stays steady at pll 7.0 and above further studies were carried out

at this pll,
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(b) DBetamethasone,

Betamethasone Fig, XLIX shows little variation in mobility with
plI, There is evidence that the particles are positively charged below
pll 3.0, but movement was so slow even at high voltages that it was
difficult to make measurement of the mobility. Reversal of charge
occurs at ca, pHl 3,0 and then from pH 3,0 to 5,0 there is a rradual
increase in negative potential to a zeta potential of =6,5mV which then
stays steady as pll is increased to 10,0, Such a pattern of mobility

can only be due to ion adsorption as is expected from its structure (154):

CH, CC_}‘CH,OH

=OH
3

Betamethasone is 9a -fluoro-11 g ,17a,21-trihvdroxy~16 g -nethylpresna—
1,4=~diene~3,20~dione, AV
As a steady state mobility oceurs above pIl 5,0, further studies

were carried out at ca, pH 7.0,

(e) Nalidixie Acid

For Nalidixie Acid, Fie, L, the plot shows a positive zeta potential,
virtually constant over the pl range 2-3,5, of +12ﬁv.ihis decreases with
increasing pH to charce reversal at pll 4,9, The zeta potential then
ra»idly inereases with pll to pH 7,0 to a steady state value of ~22mV,
Above pH 8,0 the drug goes slowly into solution and it was not possible
to achieve a steady »ll above this value,

The structure of Nalidixie Acid is (15%);

N L

@l

= COM
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Nalidixic Aeid is l~ethyl=7-methyl-l-oxo0-1,8-naphthyridine-3-
carhoxylic acid,

The positive charge at low pil is attributed to protonation of the
immino group, =N-, this effect would decrease as pl is increased, The
gradual increase of necative potential over the pll ranpe 4,9 to 7 is
conzistent with the ionization of the carboxyl group, -~C00H, In section
L,1,1, it was shown that the bulk dissociation congtant kb of the
carboxyl groups of the polystyrene latex could be obtained using equation
5.9

pe, = po (¢ =%g)
use of this equation here gives a pkb for Nalidixie Acid of 5,75 which
aorees well with the value of 6,0 reported by Yinnincham ét al (156).
For further study, due to the rapid change of nobility over the pi
range %,0 to 7,0, a choice of either;the steady states i,e, 2,5 to 3.5
or 7.0 to 8.0 was necessary, it wos decided to choose p'T 7,0 as being

the most suitable for the othar additives: to he used,

(d), Thiahendazole

The mobility/zeta potential = pll plot for Thiabendazole, Fis LI,
shows a positive pnotential at low nil o} +335mV which oradually decreases
to the p'm for charge reversal at 5,65, The potential then inerecases
to a value of -27nV at 7 7,5, is steady over the range 7.5 to 8,5 and
again infronses to ~37.50V at pl 9,0, the zeta potential stays steady
at this value over the pll range 9 to 11,

Thinhendazole has two immino grouns =N= in its structure (15%5):

o )
\Lr‘u

Thiabendazole is 2-(4-thiazolyl)benzimidazole,
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and these would acconnt for the positive charge at low plI, The fact that
the zeta potential here at pll 2,5 is ca., +33mV, with two immino groups

in the structure, whilst with Nalidixie Acid at pH 2,5 it is +12nV with
one immino group, supports this suggestion, The increase in negative
potential which occurs over the pHd ranze 5,65 to 7.5 is attributed to
hydroxyl ion adsorption as discussed with Griseofulvin, and the step~
wise increase between p!f 8,5 and 9,0 to ionization of the =NH, secondary
amino croup, Again the pll for further studies was chosen to be in the
steady state resion close to pH 7.0, here pIf 7.5,

5.2, Effect of nonionic surface active arents on the mobility and

zeta notential,

To find if the effect of nonionic surfactant on the mobility of the
drug particles was similar to that found with the polystyrene model
system discussed in Section 4.2, one of the nonionicg,Clﬁﬂjo)was used
with all four drug systems, Results are shown in tables XXVII to XXX
and Figs, LII to LV, In all cases the‘piots show the characteristic
fall off in mobility with increasing concentration of nonionic to a
steady state value, This sucgests that the adsorption pattern of the
nonionic surfactant is similar to that of the nonionic onto polystyrene
latex i,e, that there is adsorption of the alkyl chain onto a hydro-
phobic portion of the surface, by the hydrophobic effect, and alseo
association of the ethylene oxide grouvs with some polar group at the .
surface probably by hydrozen bonding, As pointed out in Section 4,2,
Elworthy and Guthrie (119) have shown that such adsorption does ocecur
with these nonionics on Griseofulvin,

The fact that, although the surfaces of the particles are to some
extent hydrophobic but also possess polar groups, are still different
from each other, is typified by the fact that the percentace displace-

ment of mobility at the steady state is not equal:~ Griseofulvin steady
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-1 .-l 8 2 =1

-8 2 : -
state mobility -3,5 x 10 m s =~ V = displaced to -1,20 x 10 m s V

a 67% displacement,

-8 2 -1 _-1
Betamethasone =0,45 t0=0,35 x 10 m 8 ~ V ~227%

Nalidixic Acid =1,68 to =1.25 x 1070 m> &~ vy~ -26¢

Thiabendazole -2,10 to =1.25 x 10°C n2 &+ vt ~40%

Differences would in fact be exnected from the differences in
chemical composition, but the results point to the nonionics being more
strongly adsorbed onto Griseofulvin and Thiabendazole; this point is in
fact suggested by the mobility -pll plots for Griseofulvin and Thiaben-
dazole which show a rise to a fairly hich negative value apparently
solely by hydroxyl ion adsorption, Some difference in adsorntion

energies is also shown with anionic and cationie surfactants and is

discussed later,

5.3. Effect of dodecyl trimethvl ammonium bromide on the alectro-

phoretic mobility and zeta notential,

The adsorption of CIQTAB at the particle-liquid interface is
dependent on the chemical structure of the particle and its chgrging
mechanism, At the pll's used the chargins mechanism of Griseofulvin,
Betamethasone and Thiabendazole is ionjadsorption. Nalidixic Aeid
acquires its charge by ionization of carboxsylic acid groups,

The case of Nalidixic Acid is analagous to that of the polystyrene

latex used in Section 4, i,e, adsorption is a two stare process. Firstly

there is gradual neutralization of the negative charge as the charge
groun of the CIQTAB molecule associates with the =C0N' of the Nalidixic
Aeid, Secondly the cationic is adsorbed in reverse orientation by the
allkyl chain associating with the hydrophobic areas of the particle
surface by the hydrophobic effcct, this gives rise to a positive zeta

potential which will increase to a maximum as concentration of cationic

inereases,
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With the other three drups the CIOTAB ions will adsorb onto the
particle surface in reverse orientation by the hydrophobic effect,
charging ions will thus be displaced from the Stern plane, In the early

stares (at low concentration of C._TAB) as a small number only of surface
— 2 W

1
active molecules will be nﬂsorbed, the net effect will be reduction of
the Stern potentialy this will be progressive as concentration of cat—
ionic is increased until charge reversal occurs, As the concentration
of ClETAD is increased still further the ions must displace all other
ions from the Stern plane and thus the zeta potential should reach a
maximum positive value,

As with cationic surface active acents and polystyrene latex,
Section 4.3.3, the slope of the zeta potential-loglo concentration
CIQTAB plot at zero potential can be used to calculate the energy of

adsorption of the surface active agent on the particle surface,

5¢3.1, General characteristics of the zeta notential—loglo

L3

concentration CIQTAB plots,
The resuits for the systems Griseofulvin, CI2TAB; Betamethasone,

L. TAD:, Nalidixie Acid, ClQTﬁn; and Thiabendazole, C, TAD; are.shown

12 12
in tables XXXI to XXXIV and Figs, LV]to LIX resrectively, They all
follow the pattern outlined above and detailed with polystyrene latex
in section 4,5, A similar pattern of results has been obtained by
Takarmura et al who studied the adsorption of CIGTAB on sulphadiazine,
sulphanhenazole and sulfisomidine and correlated their results with
zeta potential measurements (157). The reversal of charge concentra-
tions for the four druss are showvn below together with their steady

state zeta potentials in the absence of C., TAE,

12
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R.C.C, of CIQTAB Zeta potential mV
DG -3 , , ,L
: mol dm ~ i (without CIOTAB) '
? . !
i {
_15 i
Griseofulvin T3 230 ; =15
Betanmethasone 5,0 x 107 ~6.5
i '
Nalidixic deid 3.2 x 107" 22
i -5 i "
Thiabendazole 9.0 x 10 =27

R.C,C's follow the original zeta potential for Griseofulvin,
Betamethasone and Thiabendazole as might be exnected from the ion
adsorption charge mechanism, Nalidixic Acid is presumably different,
i.e. the concentration for 1,C,C, is greater than the others, dne to

the charge neutralization required - the corresrondins concentration for

5

(¥ |

CIQTAB polystyrene latex is 10 ° mol dm .. The maximum values for zeta

—0 " .
potentials found at 2,5 x 10 = mol dn 3 CléTAB ares=

Griseofulvin ~54,06mV
Betamethasone ~46,6rV
Nalidixic Acid =25mV
Thiabendazole =44,3mV,

These results sungest that approximately the same amount of €, T\B adsorbs

12
onto Griseofulvin, Betanethasone and Thiabendazole but that Nalidixic
Acid because of its chemical structure, i,e, presence of =COOI croups,
is not able to take up the saze quantity of CIQTJB molecules adsorbed

in reverse orientation i,e, with their charze grouns towards the aqueous
phase, As those molecules adsorbed with their charge srouns towards

-C00* will have their allyl chains towards the aqueous phase consequently

the 'saturation' potential will be lower than if they were all orientated
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with their charpe croups towards the aqueous phase,

5.3.2. Caleulation of free energries of adsorption from zeta potential-

lnr-r,]U concentration ClnTiB nlots,

As shown in Section 4,3.3. the siope of the zeta pntential—loglo
concentration plot can he unged to calculate the free energics of adsorp-
tion of cationic surface active agents using equation 2,86, The results
are shown in table XXXV, The values of AGare all of the same order,
however it is interesting that the values for Griseofulvin and Thia-

bendazole are higher than the other two and that this patterns the results

found with nonionie surfactants in Section 5.2,

5.4k, Effect of mixtures of cationic and nonionic surface active arents

on the electronhoretic mohility and zeta notential,

The effect of adding nonionie snrface active agents to the GIQTAB
drue suspension systems used in Section 5,3 was examined, As previously}
constant concentrations of the nonionic were used. and the concentration

of C. TAR varied, The mixtures used were Oriseofulvin with C,.T'2 and

18 12
5 B ne . 4 ) 'alidixic Aei iabenda-
016 10° ClG 30 and 016 60° and Betamethasone, Nalidixic Acid, Thiahenda
1 +h M 3 S
gole with C Eldn and 16750,

5.4.1, General characteristies of the zeta wotential«loglo concentration

B wi Ay 8
212223 with FIC': nlots

Desults are shown in Firmres LVI to LIX and Tables XXXI to XI{IV,

The zeta notential=lor,  concentration plots follow a nattern

10
sinilar to that for the polystyrene latex/CxT:B/nonionic systens studied
in Section 4,4, lowever there is one nain difference in that the 1I0C

is not disnlaced to the same extent as with the nolystyrene systems;

he actual magnitudes of dispincement are shown helow:
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PCC with GIETAH nNCC with ClngB RCC
DG : =2 and C, I Jisplacen
A [0 mol dm ind 16 30 Displacement
mol dm-B
Griseofulvin 1.5%10 2 x 10 0.7
5 L
Retanmethasone k x 10 - 2 x 10 1.6
- =k
Nalidixic Aeid DR x 10 b k.5 x 10 1.3
_l"
Thiabendazole 9 x 1077 VS e 0.3
-N i
(polystyrene latex 10 6.¢ x 10 5.9)
Lo

It is sipnificant that the displacement values follow the adsorntion
encrgies of CloTjB on the various drupgs as reported in 5.3.2, showing
that the form of the plot nroduced depends on the relative adsorntion
energies of the two surfactonts on any partienlar drus systen,

Fig, 1VI Griseofulvin with 016 107 %1630 660 and lgf\B

shows that there is little significant difference prodnced hy altering

and C

1
the ethylene oxide chain length, A sinilar result was found with
polystyrene srstems,

5.3 Effect of sodium dodecyl sulvhate on the electrorhoretic

mobility and zeta notential,

At the pli's at which investizations were made all particles carry
a nerative charge - Griseofulvin, Detamethasone and Thiabendazole by ion
adsorption and Nalidixic Acid by ionization of carboxgylic acid croups,
The charging mechanism of the latter is analagous to that of the poly-
styrene iatex previously used and the adsorption pattern of the SDS is
As with

therefore likely to be affected in the same way, he poly-

styrene system the driving force for adsorption is the hydronhobic effect,
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the molecules of 5DS being adsorbed 'between' the ~CO0N zroups in the case
of Nalidixic Acid, and onto the surface of the other three druss replacing
charging ions already present within the Stern layer, The zeta potential
gshould consequently increase with inereasing concentration of surface
active agent until the surface is 'full' and should then remain constant,

As with anionic surface active agents and polystyrene latex, section
4,5,2, the slope of the zeta potential—loglo concentration SDS plot, as
adsorption begins to occur rapidly, can be used to calculate energy of
adsorption of the surface active agent on the particle surface,

5.5.,1, General characteristice of the zeta notential-IOglo concentration

SDS nlots,

The results for the systens Griseofulvin/SDB; Betamethasone/SDﬁ;
Nalidixic Aeid/SDS; and Thiabendazole/SDS; are shown in tables O0VI,
XXVIII to XXX and Figs, LII to LV respectively.

All plots show the eame pattern as found with anioniec surface active
agents and polystyrene 1atex, i.e, a small;increase in negative zeta
potential as concentration of SDS is increased, probably due to replace-
ment of ions in the Stern layer by the SDS, followed by a fairly ranid
rise to a maximum, The zeta potential then stays constant with inereasing
concentration of SDS or falls off slightly due to ioniec strencth effects,
In all cases the maximum in potential occurs at about 10._2 mol dm”3 SDS
which is in the region of the cme of this surfactant, in water at 2500.'

A similar concentration for maximum zeta potential was found with the
polystyrene latex/SDS system (Section 4,5,1),

The maximum values for zeta potentials found with the four drugs,

when it can be assumed that the surface of the narticles is covered with

(g ] =

vertically orientated molecules of SDS, taken at 10™~ mol dm ~ SDS are:
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Griseofulvin -~ 89V

Betamethasone - S5hmV

Nalidixic Acid - @7mV

Thiabendazole = 59mV
it would be expected that all results would be of the same order at
maximum adsorption = the -C00' groups of Nalidixic Acid contributing

an effeet of the same magnitude as the —303' group of SNDS,

5.5.2, Calculation of free enermies of adsorption from zeta notentinl-

log10 concentration SDS nplots,

The calenlation of the free energies of adsorption of anionic surface
active agents onto the surface of negatively charged polystyrene latex
particles is discussed in Section 4,5,2, The situation here would seem
to be analagous in the case of Nalidixic Acid, Iowever for firiseofulvin,
Betamethasone and Thiabendazole, where the nerative charring mechanism
is due solely to ion adsorption, there will not be any contribution due
to electrostatic repulsion and the adsorption encrgies will be due solely
to the hydrephobic effect, The slope of the zeta potential—logln con=
centration SN3 plot was talen at the point where ranid rise in notential
ocenrred i.e. 1072 mol dm™> SNS in all cases, The results are shown in
Table XOXXVII, there is good agreement between the Q& values for the

four drugs with those found for ¢, TAB (see Table VI), The results

12
confirm those found for CIOTAD and S5 on polystyrene latex, i,e, that
it is the allyyl chain which is the factor which controls the adsorption
of these surfactants onte a hydrophobie surface,

5.6, Effect of nixtures of sodium dodeeyl sulphate and nonionic surface

active aments on the electrophoretic nnhiljﬁy and zeta notential,

The effect of adding nonionic surface active agents to the SDS -
drug systems used in the previous sub-scetion was examined, Constant

concentration of nonionic surfactant was used and the concentration of
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8PS varied and the chanse in mobility was measured, The systems used
Grise in with SDS 3l il B Ho. e Jetame sone
were Griseofulvin with 3 and Plﬁ 10° 016 50 and 016 6o’} and Betamethasone,
Nalidixiec Acid and Thiabendazole with SDS and Clﬁr?"ﬂ' Hesults are shown
2
in tables XXXVIXI, XXXIX, XXVIII, XXIX, XXX and Figs. LX, LIII, LIV, LV
respectively,

5.6,1, General characteristics of the zeta pntential—loglo concentration

8NS with C. I3 %
8SNDS with 216X plots,
The results for the SDS nonionic mixtures follow the pattern found
with the polystyreno/SDS/ClGEy systems examined in Section %,6,1, Study

: : 5 : 3 -
of Fig, IX which gives results for Griseofulvin, SDS with ClGElo’ Clﬁujﬁ,

and CIGEGO shows that displacement of the zeta potential-loglo concentra-

tion plot oceurs, the magnitude of displacement depending on ethylene
oxide chain length, For example the displacement with ]0-2 rol dﬁ_BClGEBO

was of 29nV and with the same concentration of 016260 LOmV, both at

=3

SDS 10_'!‘l mol dm ~ concentration, The increased lovering of potential

- ._ff .” . & 2 < L L3 E E
found with slightly hizher concentrations ?f $DS with 016 50 and Cl6 60?

ig similar to that found with polystyrene latex/SDS/C and C

10 B
1630 16 6o

and is due to complex forration hetween the surfactants, as discussed in

Section 4,6,1, As expected no such complexation effect was found with

sns/c. . .
5/%16"10

-2 - i :
The effect of SNS/107° mol dm 3 mixtures on the zeta potentials

c._ E
16 30

of DNetamethasonc, Malidixie Acid and Thiabendazole is shown in Figs,

-9
LIIY, LIV, and V. The lowerinz of zeta potential »roduced by 10 = mol

-
-

— -
dn ~ at 107" nol dm ” SDS is shown below, for polystyrene latex

T
%6 50

and all the four drurs:

Polystyrene latex 21V
Griseofulvin 29mV
Betamethasone 1lmV
Nalidixic Acid 21V

Thiahendazole 21mV
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s 1, L

These results are in good agreement (the zeta potential values for Deta-
methasone are go low that it is diffienlt to make an accurate estinate
of the effect). It is possible therefore to predict the lowering of
zeta potential of a drue particle on addition of a nonionic surface
active agent, Clﬁﬁy, providing the same dispersion medium is used, this

would be expected from the adsorption pattern discussed in Section 4,2,

5.6,2, Tffect of sodium dodecyl sulphate with nonionie surface active

arents of varying ethylene oxide chain length,

In Section 4,6,2, the effect of ethylene oxide chain iength on the
zeta potential of polystyrene latex in the system nolystyrene 1ntex/SDS/
ClGEy was investigated and a direct proportionality hetweep chain length
and loweriny of zeta potential produced was found,

At 10-4 mol dm_j ShS, Fip, IXI shows a plot of zeta potential

lowering produced by 1072 ok dn . O By, arainst ethylene oxide chain

16
length in Clﬁﬁy for polystyrene/SDS/ClGEy systens (results talen frou

Section %,6,2), With the Griseofulvin/ﬂnS/CIGEy systen showm in Tig, IX

-
the lowerin~ of zeta potentials produced by 10 = mol dm 3 CISEY at 8DS

] o .
concentration of 107 mol dm 3 are, 016210 25mV; C 31mV; and C

45 )
16730 16760

BCnV; these results are included in Fiﬁ. IXXI, There is reasonable

arrcemnent with the predicted line for C,,."., and C_ T ._ but the result
4 : P 16 30 16 °60

for CIGEIF shows wide variation; this is an anonalous result probably

due to experinental errnr, as arart from the acreement just noted ahove,

excellent agreement was found in the nrevious subsection for CIGE“D’ at
g 2

-

5]
-2 =3 . -
10 7 nol dm ', with nolystyrene iatex and all fouwr drucgs,
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SECTION 6.
RETATIONSHIP RRTWEEN ZETA POTINTIAL, SEDRMTENTATION
VOTLINE AND REDISPERSIBILITY OF BRTAMETHASONE,
GRISEOFULVIN, NALIDIXIC ACID AND THIABENDAZOLE SUSPENSIONS,

6.1 General Considerations

6.1l.1 Sedimentation Volume

When sedimentation is studied in agrregated systems, it is
observed that the az~resates tend to fall together, producine a distinet
boundary between the sediment and the supernatant liquid, The liquid
ahove the sediment is clear because even the small particles present in
the sysltem are asgociated with the apmeresates, Sueh is not the case in
deflocculated suspensions havinm a range of particle sizes, where, in
accordance with Stoke: ¢ law, the larmer particles sediment more ranidly
than the smaller particles, No clear boundary is formed, sormetimes not
even on standing for some days,and the snpernatant remaine furbid for a
conziderable time = as found with the susnensions stndied in this werk,
(se'e, for exannle tables XXVIII and Wﬂ. The apnearance of the suner-
natant liquid can give therefore a pood indication of an apererated or
deflocenlated systen,

A useful parameter whichluay be derived fron sedimentation studies
is that of sedimentation volume, Dy itself the sedimentation wvolmme is
rmeanin~less for lack of a reference value, To avoid this difficulty
Fobinson (158) and vard and Xammermayer (159) used the ratio of the

ultimate volume of the settled heicht to the oririnal heircht:

s Ih%ﬁ[o 6.1,
IIu is the apparent height of the solids after sedimentation ané o is
the total height of the original suspension before settling,
Distenfass (160). used iha—t&me ratio in terms of volumes to describe

sedimentation volume:



F = Vun

/Vo 6,25

and this expression with F expressed as a percentare is used in this work,
The ratio F thus gives a measure of the aggregated-—deflocculated
gstate of the system,

6,1.2. Yedispersibility

An attempt was made to evaluate the suspension, by visual examination
of the sediment, and by redispersion, invertinz the container by hand,
in ne standard a way as nossible, wntil the sediment was dispersed,
Where necegsary the time needed for redisversion was recorded., The term
tcalzed' was used here to indicate a deflecculated system which needs
shaking for some time to dismerse the sediment,

Results for sedimentation volumes and redispersibility of the
suspensions deseribed in Section 5 are shown in tables XXVII to XXXIV,
XXXVi, XXXVIII & XOXXIX,

6.1.3. Zeta potential, sedinentation voluue and susnension stability,

The significance of the zeta potentisl to, and its relationship with,
tﬁe sedimentation volume can be seen by plotﬁing these paramocters versus
concentration of surfactant, In simple systems, as, for examnle, Fig, IXII
for Thiabendazole and 8SDS, it is secen éhat as the sedimentation volume
falls with inereasinz concentration of SDS, i,e, the system becones
deflocculated, so the zeta potential rises, The effect of nnnionic/
ionic surfactant mixtures is shown in the same way, see for example
Fig, IXIII, Thiabcndazolc/GDS/Clﬁﬁ3n.

Consideration of the total potential energy of interaction betwoen
the particles:

V = VA + VR 1.1

or in the case of nonionic and nonionic/ionic surfactant mixtures:

V = YA + VH + Vé 1.0,
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gives a teasure of the coagulated or deflocculated state of the system,
If the heicht of the potential energy barrier Vﬁ (Fig, I) i,e, the
distance, 1o, between particles where V is at a maximw, is > 20kT (161)
where the zeta potential is approximately 50mV; then the particles will
not be able to get close enough to enter the primary minimum, P, where
coagnlation occurs,

The results quoted in this section enable an estimate of V to bhe
made, thus VA can be caleulated from equation 2,4,1, (provided Hoéz 15nm,

at creater distances the retardation effect is important and equation

2,45 must be used):

v A = = /\a
12170 il

for the simple particle/ionic surfactant systems (where A is the Hamaler
constant of the solid in water), For particle/nonionic and particle/

nonionic/ionic'surfactant mixtures, equation 2,55 must be used:

1
Y= = Ot et Bimet ot ng b e,
Ottewill and Walker (79) have indicated that this equation can be gimnli=-
fied, without causing sreat error, by putting A”=A3= Vel X lﬂ-gn J 1 e
the Hamaker constant of the adsorbed layer AS may be talen to he equal
to the value for water AM - the error involved here is not likely to be
ereat as for example tle lamaker constant of the nonionic [riton X35

as

(an alkyl aryl poivetiier alcohol) has a value of 3,32 x IU-QnJa/Visser.

(62). Iquation 2,55 then becomes

( % 42
V, = =1 AL e ATSYTR 6.1,
.\ '1'2 Ab p ) P

As showvn in Section 2,3,3., the function H can be approxiuated to

I = y
[Ry s o e
x=vor = x(lsy) 2,97
where, for Ii
Dy
ot | AL and y = 1.

2a



AL s

In the case of two anproaching particles both covered with an adsorhed
- 1 5

layer as they toueh A =0 and x is given by & (the thickness of the

adsorbed layer) divided by the zarticle radius a, An estimate of the

thickness of the layver of C on the Thishendazole particles can be

B
16 30

made using equation 2,10:

I 1 exp Ze r/2kT + 1 exp Ze Yo/2kT =~ 1 5 10
- B exp Ze ;/2kT - 1 exp Ze Yo/2kT + 1 )

For the 'steady state' zeta potential of C on Thiabendazole

16730

; -3 -
JHos ~16,5uV; "bo = ~27uV¢§ so that in 10 = mol dm = NaC

1

x = 4,70m = §
The mean radius of the Thiabendazole particle is 5.,5um, so thai the value
0
of Ip is 5,9 x 107, taking the value of the Hamaker constant for Thia-

k)
bendazole as 8,55 x 10 JOJ.(Schenkel and Witchener (18) and o and

-t
THisuchi (163) have indicated that 1 x 10 “OJ is a reasonahle value for

the Tanaker constant of an orranic substance in waters Visser (62) qurotes

-0
values for hydrocarbons of 6-7 x 10 qu so the above would appear reason-

able). VA is then evaiuated as -120kT,

An estimote. of V., can be obtained from equation 2.31:

14

Y. = €a .'f‘l_____ in (1 + exp—mto)
2 1

where ¥, is replaced by the zeta potential., The stabilizing effect
of steric and solvation laycrs Vs can he caleulated using equation 2,54

in the form:

Vs 4mNc? Ho 2 Ho
Rk 7 [0.5 -x] [s - 5 [3a + 26 + 5 62,

b 4

where N is Avoradroe's number,

The thiclness of the adsorbed layer of C is &,7nm=p, if inter-

16 30
penetration of layersis assumed to a small extent then Ilo the distance

between the particles will he, say 2 x 4,7 = 1,0 = 8.4nm, The particle

; " : o p .
radius a is 5,5um, 2 § and 2 are small compared with this wvalue so
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that the right hand bracket of equation 6,2 can be modified to be 3a.
Ilorence and liorers (162) report values for the interaction parameter
X, for agueous solutions of polyoxyethylene compounds and give, for
CIGEEI a value of 0,497, using these figures a value of 4118 kT is
ohtained for Vs, A number of calculations of V have been made and the

results are given in the detailed discussion below,

6.2, Characteristics of the zeta notential/sedimentation volume versna

concentration of surface active ament plots, and calculation, in

scelected cases, of the total potential enerpy of interaction

hetween narticles,

6,2,1, Drut narticle, nonioniec snrfactant svstens,

lesults for Thiabendazole/c and Grisenfnlvin/c are shovm

T ™
16 30 16 30
in Pips, IXIV and 1V and talles XXX and XXVII resrectively,

The resnlts are similar, that for Thiabendazole shows a fall off of

F and zeta potential as conecentration of nonionic is increased, so that

for example at a concentration of 10_4 mol; am ~ CI

deflocculated even thoush the zeta potential is only =16.5uV. It is

6E3O’ the system is

likely therefore that the particles are sterically stabilized,
Calculation of V at the above concentration, assuming that a full layer
of 016330 is vresent on the particles:

V = VA + ‘GL + Vé

=102 + 43 + 104
= +45 kT,
sitnifying as found a deflocculated system,

6

However at 10 mol dm_3 assuning no contribution from VS (i.e.
Vv, is unmodified) then at 1 = 10nm
P

Wt

= =112,5 + 88 = 24 5KkT,

i.e, the system should be coagulated,
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Fxnerimentally the particles formed light fluffy agoregates and it
is possible that flocculation due to polymer bridging had occurred
because of the low concentration of nonionic surfactant, rather than
coamnlation,

The plot for Griseofulvin differs at concentrations of ClﬁESO above
lﬂ_j mol dm--'j when the sedimentation volume increases, This suspension
was easily resuspended and the particles were not agaregated into groups,
it is probable therefore that this suspension is showing controlled
coagulation as surrested in Section 1. WWhilst the layer of adsorbed
nonionic surfactant will prevent coaguiation of the particles deep in the
primary minimum there will be a large enouzh attractive force to cause
agorezation as soon as the distance between perticles is greater than
twice the thiclmess of the adsorbed layer, For example with Griseofulvin
at llo = 15nn, vh = +3,6k7T, YA
disiance - it contributes a "eut off" effect at 9.4nn (i.e. twice the

= =30KT, Vé will not he effective at this

thiclnoss of the adsorbed layer). V is therefore ~31,4KT vhich is a

larce enouch attraction for agereration to occur,

6.2.2., Drues narticle, cationic surfactant systens

Neanlts are miven for 'Bhia’benﬂazolg/Clo'i’s‘J’,, iz, IXVI, table XXXIV;

-4

L

Griseofulvin/ TiB, Fiz. IXVII, table XXI; Nalidixie ieid/C), 1D,

Piz, ILXVIII, tabhle XXIII.

e}

e results all follow the same pattern and can be discussed by
exarining the plot for Thiabendnzole/ClnTﬁn, Fig, ILXVI. This shows a
rise in T as the zeta notential rasses from the negative valuwe to zero,
at zoro F is at a naximum, F then falls to a minimum as the positive

zeta potential increases. Reference to table XXXIV  shows tHat at
-5 ~l =3 : : g
10 © and 10 ~ mol dm C]OTAB licht fluffy accrecates are present, the

system sradually becomes deflocculated as the zeta potential increases,

-
mol dm - f_‘.l‘)T‘Jl was deflocculated but easily

=

The susnension at 10
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dignercsed,

At zero zeta potential V, is zero hence

N S VA—a =450kT as Ud—'ﬂ.inm and the system is coagulated,
At ]0_9 mol dm_j, S = +35.5mV; ‘here

YV = VA - Vh, the mamnitude of V depends on distance such
that at:—
HO = 2,5nm V = =105 kT,
Ho = 5 nm Y = +55 kT,
H, = 10nm V = +66,5kT,
H0 = 15nm V = +34,135kT

This system must he deflocculated with a value for Vﬁ of ca 466,517 at
o about 10nm,

6,2,3., Drur narticle, cationiq/nonionic surfactant svstems

Sngnensions exanined were Thiabendazole, Malidixic Acid and

) “
Griseofulvin with CIGTAB and 1077 mol dm Clﬁnﬁﬂ’ and Griseofulvin with
) =% g 3
: T 2 w . o : . s
CIETAB and 10 7 mol dm 016“1n and 016”60’ results are given in Piss,
IXTX to LXXTII and tables XXXIV, XXXIII and XXXT,
The results for Thiabendazole, Tig, IXTX, are repre:entative of

them all, The sedimentation volume stayvs constant with incresze in

concentration of C, . TAB as the zeta potential moves fror the value of ~5mV

12
-5 =3 = -2 =3 i :
at 10 © nol dm CIOLHB to +14mV at 10 ~ noel dm Cloqu, thus showing
e =
that the presence of 10 ~ mol dm £ 016P30 confers stability upon the

3

Sl e
particles, C(Caleulation of V at 10 ; mol dn © C,,TAB, i,e., at zero zeta

1

potential, where V is zero, can be made from:-
itk

] =

h! Vh o+ Vé
= =102 + 104
= 4+2kT

This vaiue of nositive potential energy would not alone be sufficient

to prevent coagniation, however the presence of the absorbed layer
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prevents closer association of the particles, this is therefore an example
of controlled coasulation i,e, primary minimum coagulation restricted by

the steric layer,

Changing the ethylene oxide chain length as with Griseofulvin/ClGWIU,
ClGEBO and Clﬁnﬁﬂ’ TFios, LXXI, ILXXII and LXXIII respectively shows that

as the ethylene oxide chain length is increased, so is the steric

stabilizing effect, i.,e., C at zero zeta potential gives a coagulated

R
16 10

systen whilst C and C sterically stabilize, Increasing

16E30 1GE60
stability with inereasing ethylene oxide chain length has been found
by other worlkers and is reported in Section 4,2,1, This effect with
clﬁﬁlo is due to a thinner adsorhed layer, 6 which will lead to a lower
value for Ys such that Vh, at the resulting distance of aﬁproach G
will also be smaller), will have a bizger effect leading to a primary
minimum deep enousgh to cause coapulation even thourh some protection is

riven by the adsorbed layer,

6.2,4, Dru~ varticle, anionic surfactant. svstenms,

Results for ThiaLendazole/SDS; Betamethasone/SDS; Nolidixic Acid/
DS and Gri%eofnlvin/ﬁ’ﬁ are shown in Figs, IXTI, IXXIV to IXXVY and
tables XO0¥, XXVIII, XXIX and XXXVI., Examination of the zeta potential/
sedimentation volume versus concentration SDS plot for Thiabendazole
Fig, IXII shows a lowering of F as the zeta potential increases) this
plot is twpical of the zroup,
Fig, LXXVII shovs how V, calcuiated from

V = VR + V

A

varies with distance o between particles, equations 2,41 and 2,45 being
uzed to calculate VA at distances of { 15nm and ) 15nm respectively,
.i‘xt.; = =18mV the system shows an attractive potential enerrgy at all
distances, the sngpensions should therefore be coapulated and this was

found experimentally.
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With j'==-ﬁhmv, V is positive at distances less than 50nm,a maximum
Vm of potential energy is reached of ca +GLT which should be sufficient
to prevent primary minimum coagnlation, A shallow secondary minimun is
seen at ca 70nm of about -2kT, this suspension showed a sedimentation
agjregates
volume of 33%, amsregation of particles had occurrcd but these/were
easily dispersed, it is possible that this is secondary minimm floccula=-
tion, althouzh a value of 5-10kT would be expected before such floccula=-
tion occurred, MHowever Verwey and (verbeek (3) give an example of a

=3

guspension of lum particles in a solution of a 10-3 mol dm ~ 1:1 clectro-
lyte where tiere was a secondary minimum of 6kT and where loose aggregation
occurred. In view of the approxinmations made in calenlating V it wmay

well be that the true secondary minimum is larser than that calenlated,

At £ = -60mV, V is always positive to ca. 60nm, A maximum of +558KkT

is veached at Snm, The depth of the secondary minimum barely reaches

~1kT and as expected the suspension was coupletely deflocculated and

caled, S

i
6.2,5., Drux particle, anionie/nonionic surfactant svstens,

Here results are very siuilar in pattern to those found for cat-
jonic/nonionic surfactant mixtures, Fix, 1XTII ard table XX show
results for Thiabendnzole/ﬁﬁ%/CIG?Sn and Tigs, JTXXVIII to LYXTXII and
tables XXVIII, XXIX and XXKVIII for Hetnmethnsone/%ﬂ?/clﬁﬂsn, Yalidixic

Acid/3SD3/C, B @ i in/SDS/C_ B B, and € spect-
Acid/3n3/ 16750 and Griseofulvin/sH/ 1610° C1J and respect

50 1660°
ively.
The plot for Thiabendazole shows that the sedimentation volume T
stays virtually constant as the concentration of 8D3 is increased, This
indicates that this concentration of ClGnBO is adsorbed sufliciently to

sterically stablise the suspension with little or no help from electro-

static repulsion, All sauples show a cloundy sunernatant,
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Calewlation of ¥ at 10™ mol dn™ S35 gives 430KT a value sufficiently
high to stabilize the an'ap.ens;linn.

The results for ;e:'-'-isfeomv.infsns/elsml;o s Cyglsq @nd C(Req confirm
the findin-s of the Gr;i-seofnlvi%qf.’(}mﬂﬁfhanibnie systems that increasing
the ethylene oxide chain length increases the sterie stabilizing effect

nonionic surface active asent.
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SECTION 7.

GENERAL DISCUSSION AND CONCLUSIONS

The effect surface active azents of various ionie types have on the
electrophoretic mobility and zeta potential of polystyrene latex has
been studied, Similar experiments were cavried out with the four drugs
etamethasone, Griseofulvin, Nalidixic Aeid and Thiabendazole, Suspensions
of these drurg in solutiong of the same surface active agents, as used
with the nolystyrene latex,beins nrepared so that sedimentation volumes
could also be studied,

The results found with microelectrophoresis of the drug systems were
similar to those fonnd with the nolystyrene latex dispersion, indicating
that the latter is a suitable model system,

The effect nonionic surface active agents had on the various systens
was to lower the electrophoretic mobility and zeta potential, the plane
of shear around the particle beinz displaced by the adsorbed nonionic
surfactant moleenles, It was Tfound that the nonionic surfactant molecnle
looned itself around the particle so that adsorntion occurred until the
particle was covered and then there was no further adsorption és there
was a plateau in the electrophoretic mﬁbility - log10 concentration
surface active agent plot, The mobility of the particle was corresponde
ingly less as ethylene oxide chain length was increased showins that the
incrensé in '"hulk' of the nolecule further disnlaced the shear plane,
i.e, the thiclkness of the adsorbed layer increased, Adsorption of the
nonionic surfactant occurred by the hydrophobic effect with the alkyl
chain on the bydronhobiec arcas of particle surface and by association of
the ethylene oxide groups of that chain with suitable sites on the
particle surface by hydrozen bonding, On studying sedinmentation volumes
e.r, Fir, 1XIV for Thiabendazole, it is seen that such a layer is

sufficient to storically stabilize the suspended particles, the protection



improvine as ethylene oxide chain lensth is increased,

With cationic surface active arents adsorption is a two stage process,
first sufficient cationic molecules are adsorbed, either within the Stern
layer or, in the case of polystyrene latex and Nalidixic Acid electro-
statically associated with the charge group, to effectively neutralize
the particle charge, TFurther adsorption.then oceurs by the hydrophobic
effect, with the allyyl chain on the particle surface, and the particle
acquires a positive charge which rises to a maximum as the surface
eventually becomes packed with vertically orientated molecules, Consid-
eration of the slope of the zeta potential—loglo concentration CxTAB
plot enables the free energy of adsorption of the surface active agent to
be obtained, this increases as alkyl chain length increases, The driving
force for the adsorvtion of cationics onte the narticle surface is the
hrdrophobic effect, Suspensions of this group were cosgulated at low

concentrations of Cx™D (low positive or negative potential) but becase

deflocculated as cationic adsorption increased and the zeta potential
increased - such suspensions were deflocculated and calked,

The addition of nonionic surface active arents to the eationic
systems cansed a displacenent of the zeta potential-logl0 concentration
plot to the richt, the i1.C.C, increasing depending on the relative con-
centrations, In the first nlace the conceniration of nonioniec is higher
and more is adsorbed but this is rradually displaced as the concentration
of cationic is increased, The magnitude of displaceuent of the R.C.C.
is provortional both to concentration of nonionic and to the alkyl chain
length of cationic used, The len~th of the ethvlene oxide chain has no
effect on the 11,0.C, Prediction of disnlacement of the 1,C.C, with
specified systems is possible., Sedimentation volume results for the

cationic nonionic svstens shows that all suspensions are sterically

stahilized by the adsorbed nonionic, the effect being pronortional to
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ethylene oxide chain length, ﬂl(ﬂlﬂ only partially stabilizes the system
)

to cnaﬂnlntion)hhe presence of a charce on the particle also being

necessary, wvhilst

y Clﬁﬁﬁﬂ and C

1(Erp stabilize at zero zeta potential,
) LU

The adsorption of a negatively charged surface active molecule,

3

i,es SDeS, D3 and STS, onto the negatively charged particles causes a

-

inerense in zeta potential, The alkyl chains are adsorbed onto the

hydrophobic surface of the porticlcs; the driving force beiny the hydro-

phobic effeect, In the case of polystyrene latex and Nalidixic Acid

the electrostatic repuisive force between the carboxyl group and the —ﬁP“3
melecale

of the surfactant melecule has to he overcome before the pawticie can

be adsorbed, As adsorption of molecules increases the zeta potential

increases to a maximum; this maximum occurs just before tﬁe cme of the

bulk surfactant i.,e. the snrface is '"full' hefore ithe bulk eme, This is

due to the concentration of molecules at the narticle surfoce being

~yeater than in the bulk of the solution, The slone of the zeta potential-

logln concentration anionie nlot just as it begins to rise steeply, i.e.

as adsorntion was oceurring strongly,‘was nged to caleulate the adsorp-
tion enersies, allowance being made, where applicable, for the elcctro-
static repulsion effect, 1&939 energies increased as allyl chain lengzth
increased but were reasonably constant for one surfactant species on
various surfaces, DILVO potential energy curves were calculated for the
systen SHS/Thiabendazole, Fig, 1X0VII and show that the coagulatinn/ :
deflocculation state depended on the zeta potential of the particle,
For mixtures of anionic/nonionic surface active aﬁentslcertain interest-
ine characteristies were found.

With nonionic/SNS systems the zeta pofentinl—loglo concentration SDS

pPlot was dignlaced to the right, the C beins displaced by the

i
16 10
anionic at hicher concentrations of the latter, However, with CleBn

and ClGEfn there was evidence of complex formation occurring at median
8 3
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concentration of anionic between the anionic and nonionie molecunles, This
complexation denended on the ethylene oxide chain length of the nonionic

gpecies and was not shown by C16”1n; association appeared to be between

the ~CIi, CI - and =057 Se groups by a weal hydrosen
;,+\ /ax N

04
bond prebably throuszh water molecules, The wealk bond was hrolten and the
complex d€stroyed hy the effeet of the more sitrongly adsorbed anionic
as the concentration of this latter increased,

The magnitude of displacement of the zeta potential—lqgln concen—
tration anionic plot at low concentration of anionic is proportional to
the ethylene oxide chain length, Ilere it is the displacement of the
plane of shear which is the important effeet ard, at such low concentra-
tions, it woulid seem possible to predict the effect such mixtures wounld
have on other systems,

The mobility - pl plots for Hctaueﬁhasone, Griseofnlvin, Malidixic
Acid and Thiabendazole show that it is on]:y over certain well defined
pll regions - characteristic to a partienlar druy - that the charge of the
sartiele is constant, e.g.lﬂalidixic Acid between pif 2,5 and 3,5 and »l”
7.0-8,0, Griseofulvin pH 7.0 to 10,0, This suzgests that wlien considering
pharmaceutical suspension formuiations a mobility-pil plot for the druc
should be made and where necessary the pi of the forrmiantion should he
strictly controlled, It is interesting that the il of the comiercially
available form of Nalidixic Acid is 6.5, just at the commencement of the
platean rerion,

Study of the zeta potential/sedirientation volume - concentration
surfactant plots shows that avparently only coagulated, deflocculated or

sterically stabilized systens were found, As in most cases the storically

stabilized systens were produced from mixturee of ionic/monionie snrfactants,
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1%@30 are examples of controlled coagrlation as discussed in the intro-
duction of Seection 1, Trom the size of the particles, and magnitude of
charre, secondary minimmm flocculation would have heen expected in certain
cases, as shown by the calculations for the £DS/Thiabendazole systen,

The method used for investigation of the sedimentation volume of the
sugnensions was to allow them to stand for 3 days after shaking in a water
bath for 24 hours; the suspensions were not ohserved over this neriod,

It is therefore possible that secondary minimum flocculation did occur,
but, due to the weirht, size and size distribution of the particles (the
assunptions made in calculations are that they are monodisperse and
spherical) on settling the particles are able to exclude water from between
the flocs and to overcome the forces separating them such that they become
defloceulated and caking occurs,'1his is particuliarly likely with large
particles (164), Further factors involved could be the tunnel (12) and
desorntion effects (13) discussed in Section 1,

The results of this work show tha£ tﬁe investication of the charge
characteristics of a drus particle, with or without additives, is an
important factor to be consid red in susnension formulation,

The use of nolystyrene iantex dispersions as model systeiis iins heen
Justified, the results found can be applied to drug systeiis qualitatively
but the suricce characteristics and size distributions of drug varticles
vary, so that t'ie results cannot be a»plied quantitatively in all resnects,

Nonionic surfactants would seem able to comnletely stabilize coarse
suspensions azainst caking, but further long term stndies with these and
different ty,es of nonionic staliiiiser are necoded,

The worlk confirms thati of ''athews & Thodes (28) that the DILVO vheory
of colloid stability and its modification to include a steric term, can
be apnlicd to coarse susnension syvstens, Iilowever the existence and

importance of secondary minimum floceulation in coarse nolydisperse



suspensions needs further investisation.

The terminolory used in discussing coarse susnensions needs revision,
1t would seen that most susvensions described as floceulated are really
coagulated, that the so called "eontrolled flocenlation® apnroach is

perhaps more correctly termed controlled coamuiation, with added

poimeria substance prwentm access to ﬁhe true primary minimum, Tt
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Table 3 of Reference 99

THEORETICAL VALUES OF MOBILITY {um em s~ VI AS A FUNCTION OF -POTENTIAL {mV) AND ka
FOR A POSITIVELY OR NEGATIVELY CHARGED SPHERE IN THE PRESENCE OF A 1:1 LLLCTROLYTE
WITH m, =0.184 AT 25°C

¢ ka=001 002 005 01 02 05 1 S 5 10 20 50 100 200 300 1030
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Table 4 of Reference 99

THEORETICAL VALUES OF MOBILITY {umems™! V7 ')AS A FUNCTION OF -POTENTIAL (mV) AND xa
FOR A NEGATIVELY CHARGED SPHERICAL PARTICLE IN SODIUN CHLORIDL SOLUTIONS AT 25°C
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TABLE I

Mobility and zeta potential of polystyrene latex in 10
=3
mol dm

3

Na Cl and varying pH at 25%

pH Mobility 10™° nf Gk g Zeta potential mV
1.5 0 0
2.0 -0.69 * 0.03 -9.5
2.6 -4,01 + 0.14 -61.0
3.4 -4.63 + 0.23 ~73.5
3.8 -5.15 * 0.25 -86.5
4.5 -5.47 * 0.30 -98.0
5.0 ~5.96 £ 0,21 -130.0
5.6 -5.85 + 0.21 -117.5
6.4 -5.86 + 0.31 -117.5
Tl -5.56 + 0.25 -101.0
7.5 -5.82 + 0.19 : -115,0
9.1 -5.86 + 0.20 -117.5
10.1 -6.21 * 0.19 -
10.9 -6.27 + 0.12 -




91°0 % L6 V- €T O T Le-S~ 6170 F 29°S- NaoH
LTI*0 5 82°S~ 9¢°0 F IF 5= : B0l £ L9715~ m:oH
Ve O % SE 8= TIE"O § BE G~ Bt gl 5= v|oH
Q0 9T 4= OE"0 325~ B0 TLTG= mloﬂ
G20 = 9ES= 9% Oz EE S~ LT°0 5 18°5= mloH
¥E'O F §0°9- BZ°O ¥ ¥5°S~ 92°0 T 6B*G-— nlOH
€2q 9T, 8Tg 915 Olg 91, . T 1o%
X = el : - = A5 9T,
e T P2 gl i =Pre g g - t=P1-"0 8- 30
TeT3uRj0d e38g ATTTIOOH TeT3uUsjod ®B19Z AJTTTAON TeT3ua3cd eilag A3 T1T90M UOTIRIUSDOUSD

0°L Hd pue D 57 3® ’
120 BN wp Touw OT UT hm 915 uoT3exljuUedUOD DHUTSROIDUT UITM X93eT auaxAlsATod Fo. TRTlU230d ®12Z pur AITTTICOW

£ €

III dTdVL




LT°0 F 00°G- 20T
0Z°0 ¥ 87°S- ¢ 0T
¥Z°O ¥ 6T°G- 20T
9L O T 0T "5~ mnoH
BIQI % 955 mnoH
91°0 F LO°9- n|oa
S i
61°0 7 ZO°E- LT*O 7 8% ¢~ 1€°0 ¥ 7 - /0T
(ol 9 R S 5T S 5 90°0 F OF°¥- 9Z2°0 ¥ 88° %~ mnoﬁ
€2°0 ¥ B "t~ ¥Z2°0 ¥ 6%~ PETO ¥ 06" 7— wloﬂ
ST°Q ¥ QT = 6270 ¥ 6V - B¢°0 ¥ 0O°G- m!OH
LE O E R Rl 470 F 1970~ 6Z2°0 F ¥6°7- wioa
2O T ST ¥= 6I°C = 9L p= 9¢°'0 F ¥I°S~ mloﬂ
09, 91 59, By _ Ok BT, c_ED Tou
hg ¥
- H|>H|mmﬁw|oH e H1>HrmmsmloH o Hl>ﬁ|mN5©:oH 3o
1eTauazod BR9Z AaTTIgeH TeTausajod ®18Z A3TTITqO! TeT3usjod e3eg A3TTTCO0H UOTIBIJUIDOTOD

0°L Hd puR D g7 3T
TO BN | wWwp Tow _ OT Ut Ag. %5 uoTIeIUSOUCD DUTISESIDUT YITH Xo3e] musxAasAtod Jo TeTiualod B3z pur AFTTIGON

€ €

AT TTdYL




0S+ 98 "€+ 10T
89+ 61°G+ 9+ 78 ¢+ N|OA X g
TL+ TE*S+ Ot+ ZECF N|OH X g°¢C
s v EE* G+ Stk g9 ct N|OH
m.vm+ 18" S+ muoH X g
OL+ 16" v+ 8E+ LT mloa X 5°¢C
§°28+ GBI P4, GE+ Ly et m1oH
S°LL+ Sk leH X 9
S9+ TG 59T+ 1T+ @lOﬁ X gt
A LE B 8+ 85O+ wloa
STYE+ Sk ek mlOﬁ X g
ac+ S8° T+ mlOH K G2
JUBUSAOU ON Le= S6°T- mloa
ZI- gz 1= AR
Hedie 65" ¢~ 62- 60°¢C- o|oH
L= =T i h|OH
HVL avz %o e
avy <o
i 1-"1-"7 g="" i -A1-77"g-0t 3 Plipiz B="" 30
12Tausa0d elag AaTTIOON TeTaua30d ©lag huﬂpﬁnoz Tetausiod el8y AITTTCON UOTIBRIFUSOUVOD
0°L ud pue D gz 3® £
0 ®©eN m;EU TOoW £ OT ur g9YL xU_GOHpmquwuaoo BuTsesxdUT UY3TM X93eT suaxAasitod Jo TeTjusjod eisz pue AITTTOON

BA HIGVL




OTT+ 69" L+ N|OH
STT+ 2S L+ ¢ OT X 0°S
66+ Zh o+ e OT X 5°¢2
- - 20T
STEB+ 90°G+ OTT+ 96°G+ L OTX 52
STEB+ GO° G+ 7 EE"9F quH
L+ G5 I+ v6+ 8E *G+ c-O0T X §5°2
29+ 60"+ 6L+ 98 " v+ 0T
8z+ T0"Z+ 9z+ G8° T+ g-OT ¥ §°2
OT+ 9L "0+ ¢abzeyo aaT3gsod TTRUS 9-0T
¢obxeyo aatyybsu TTRUS nloﬂ X 0°S
o= LO f= 9E= AT A hsoﬂ X st
6L~ 98 v~ 65- 16°€- , 0T
avI, w.mu T, «.HU MIF.,U To®R
i 1-"r-"7 8-t = 1-A1-"2" -1 & 1-"1-"z g-°" mmﬁuwu
TeTIuR3ed ejleg A3TTTAOR Tetausjod ejaz A3TTTAOW TeTau23cd eiag A3 TTTOOH UOT3IRIJUIDUOD

up Tow

O BN
E-

0°L HA pue O

JSC 3®

OT uT 9¥IL *O noavmnquomou BburseaIdouT UITM X93BT mcmnhumhaoﬁ Jo TeT3uslod 38z pur ATTTOON

A JTEYL




CT+ 70°0 ¥ T6°0+ , 0T
8+ 10°0 F T19°0+ g O X5°2
E= Gz 0+ ®D 0T
T2~ 90°0 ¥ 2§S°1- P01 X G°Z
L= pO*0 ¥ 9%5°¢C- wsoﬁ
por 2zl %a 7%
syzbuails oTudr ybTy e S$3093F° BuT3iesy YITM SPTITNOTIITA G G+ Gy 0+ ®©D 10T
9+ SpO+ ®D # 0T %G
S 9+ 200 ¥ 0G0+ Nso.ﬁ XiGg
cT+ €0°0 ¥ T6°0O+ 6+ c0°0 F OL"O+ 7+ £E€°0+ ®BD Nloﬂ
S+ ¢0°0 ¥ gL 0O+ O ¢v"0+ @®=D = EE 0= BD M|OH X Gg°C
- 10°0 F 8Z°0- ¢obreyn sATapbau TTRWS L- £€0°0 F gp°O- ¢ 0T
TE= ¥0°0 ¥ 2S°1- ce= ¥0°0 ¥ LS 1= G 9g= GO0*0 ¥ 98° 1~ wnoﬂ X g*°C
LE= LO*0 F 252~ LE= 90°0 ¥ LS T~ LE= G000 F §§9°¢C- w|OH
LT TR IO Otz 9Tp TP TR o OF Rk PP Tom o1 QEg 910 ¢ TP ﬁwm
a 11"z gt 53 t-A1-Fg gt & 1-"1-"¢"8-" o
TeTauo10d 233z A3 TTTOOY TeTIUSj0od B3SZ FatT1Tqo) TeTaua30d easy AaTTTq0H UOTIBIJUSOUOD

IO eN _ Wp oW

3

o°L Hd pue 5 Gz 3e Omm mau JO UOTIBIFUDOUOD JUPISUOD YITM pue

€

°

IIA HT19VYL

OT uT gviOlp uoTjexjueouod SUTSRAIOUT YITM X93eT auaxAysAtod -Jo TeTiual

d B39z pue A3TTTICON



o - - o1 Z+ LT°O+ ® _OT X §°C

8+ T0°0 ¥ LG O+ G 8+ 20'0 ¥ 850+ L b+ €€°0+ ®D Muoa
S 9+ 200 F 67°O+ G+ T0°0 ¥ Iv O+ sbzeyd oN m-oH X 6°2
abaeysl oN §°Z= 0z°0- ®D g8~ 200 F Z9°0- ¢ 0T
LT- €0°0 ¥ TZ°I- g0z~ G0°0 ¥ SP°I- 8T- £0°0 F OE°T- 5. 01 X 672
62- p0°0 ¥ TO°Z- 9Z- S0°0 F ¥8°T- e op= £0°0 ¥ 50°Z- 50T
. Tom o 095 91 . mo Tou ot 09, 9T, w0 Tou ot 09, 9T, - W 1o
~ vz 9o
i i P = s By Sl g g27-"7 gt z0
TeTauelod e3ag A3TTTa0H Tetauszod e3ez AITTTGON TeTausaod viag KatTTC0A UOTFBIIUDOUOD

o°L ud pue D gz 3e 997 914 10 uoTaeaaUEOUOD JUPASUOD YITM DU
— o -
T0 BN _ wWp TOUW _ OT UT gurCln UOT3RIJUSDOUOD DUTSEDIDUT YITM X93e] ausxiysAtod 3o TeT3uaacd ea39z pue A3TTTICOM

€ €

IIIA ETdYL



98+ ET°0 ¥ TV 9+ T8+ 0Z'0 ¥ 70" 9+ 65+ ¥Z'0 ¥ LS ¥+ NlOH X 0°g9
= = = = €5+ 71°0 ¥ 20°p+ Nnoa x 57
85+ ET"0 ¥ €E 7+ 7S+ OT°0 F LO"P+ 25+ OT"0 ¥ O6°E+ NlOH
G DG~ 80°0 ¥ I "I+ TS+ TIT1°0 F BL'E+ S°BY+ 600 ¥ BG E+ M|OH X 0°¢
- - = s L T 600 ¥ PCE+ M|OH X G°C
G*Ly+ CLQ.F TE &k S v+ 600 ¥ TT €+ of + 90°0 F €T1°7+ M|OH
= = o-IE+ 90°0 F* L¢ T+ EEE £0°0 ¥ ¥€ 0O+ leH A0
S Ect G0°0 ¥ ZL T+ S°6T+ 8070 F T¥ 1+ JuauaLom ON wloﬂ X gt
cabxeuys satytsed TrEUS ¢abreys safraebsu TrRUS G YL~ QOO F 96" T~ v:OH
LE= 90°0 ¥ P6°TI- R SO0 * G GBS = 60°0 F Z6°€E- nnOa X g°¢
= OT"0 F Z¢°€- 8v- 60°0 ¥ PE'E- Gifi= ST'0 ¥ OL"¥~ mlOH
G Evs 9T°0 ¥ ¥O°E- BE= BO°0O ¥ 9L°C- 06— IT1°0 ¥ S2°G- QIOH X Gg°¢
- .. & = 1L~ €1°0 ¥ 0§ V- o0t
e T8 sor P 2@ T8 ol i N ot Pl s
a - ,nmmawloh i A:mmacioﬂ . a:>a1mmﬁmloa mﬁWa ®
TeTauszod el9z A TTTq0H TeTauarod eaez mpﬁaﬂnoz TeTauazed e3ay KaT1T90H UOTIRIAUDDOUOD
e I

T3 BN wp Todu

M|

o°L HA pue D

5o

oL A%

5 JO UOTARIJUSOUCD JUPISUOD YIFTM pue
0T UT gyr’ 'y UOTARIZUDOUOD mﬁamﬁmuonﬁ yaTs xo3eT ausxiisArod jo. TeTjuezoed e3ez pue A3TTTOOW

XI

dTEYL




S T+ £8°0+ 0T
JUSUIDAOW ON vloﬂ <
bs L0 v|oa X g°¢
€2~ §9°T- 50T
g Tow m:uH e ey 7
- - S EE+ LO°0 F SE£°ZH SE+ LO"O ¥ 0G°Z+ 0T
ET1+ £0°0 F Z6°0O+ 9Z+ P00 T S8°TH 8+ V00 ¥ L6 T+ g Ot X 0°5
0°G+ ®©2 8€°0+ ®0 ST+ 70'0 T 80°TH LT+ $0°0 F TZ T+ 3 0T X 5°C
S PI- LO"0 F 90°T~ ¢abIeyd satpebsu Treus JUSWSACU ON 50T
8v- 80°0 F 69°C- ve- 7O°0 ¥ EL°T- S pe- P00 F LL T~ ¢-OT * §°C
= - 9€ - 80°0 ¥ ¥°GZ- S pE- LO°0 ¥ Ly 2~ 0T
ml.u@ Tou m..o.ﬁ Xz m..n.:m Tou -OTXS Ommm.ﬁu mlﬁﬁ Tou .01 o, o.ﬁu mn-,_r ﬁmw |
Al H:bﬂlmmﬁ@!OH AW Almmﬁmloﬂ Al l>a:mm£maoﬂ mmumo o
TeTauazod B3 AATTTIGOH TeTauRq0d B397 NUAAHQOE TeT3auslod elsy XaTTTOON UOTIEIJUDDUC
0L pd pue'n mo ae Omu mFU I0 UOTILAJUIDUOD JUPISUOD UITM pue
A3TTTO0]

0 N WP

Tou

0T uT avLllD nodumnunmuaou butsesxouT Y3TA xa3e] suaalysAtod Fo TeTiusjod eiez puw

E=

X E719YL



|
LL+ ST O % EL"GE 85+ TT70 5 o it S e+ ¥0°0 ¥ 29T+ NlOH X 0°§
L+ 910 ¥ G¥'S+ T+ P1°0 % ET°C+ 8 ETH GO0 ¥ 09°1+ N|OH £ 5
Ot+ 90°0 ¥ SEZ°Z+ og+ S0fQ = el Cr S ECH §0°0 F L9 T+ NIOH
S GE+ 80°0 F g8+ GSE T 90°0 7 TE"Z+ 9c+ £0°0 3 LL T+ MIO._” X 0°S
9t + 80°0 F B8S°Z+ SEEEE 800 % LE"CT+ ze+ 700 ¥ 858 T+ mlOH X S°¢C
T S 80°0 F ZE"Z+ S 8¢+ GO0 ¥ S0O°Z+ S g+ 10°0 F 89°0+ mnOH
o+ PO"0 ¥ ¥8° T+ G 20g+ ¥P0°0 7 L? T+ JusWsAOU ON le._.. X 0°g
ST+ £€0°0 ¥ LO T+ 65 + €00 H.wm.o+ £~ 70°0 ¥ §6°0- leH X S°C
¢ebreyo safyebau TTRWS g B= ¥0°0 ¥ 6570~ SBE- 700 ¥ 00°C~ wtoﬂ
L= 70°0 * £6°1- VE- LOTO = Epir= 9y=- LOTO F SE e~ - 01T X G°¢
= IT'0 % 6B ¢~ SH0G= 60%0! # BE “E- QLG 80°0 F LLE~ M|OH
Seoas E1°0 ¥ 9L €= £ES- OT"0 ¥ LS €= - = w|OH X g°C
= 60°0C ¥ 6B C- 2 3 BO"O F ¥6°C- £9- IT°0 ¥ TT1°¥- @|OH
M|ﬁﬁ Toum vloﬂ ot 91, mlEU.HOﬁ mlOH Ot wHU mlEﬁ Tou .0t ot 9T, maﬁd Tom
l . CI
=3 ﬁlmmEmIOH g = HlmmEQ;OH Y Hlbﬂlmmﬁnloﬂ mﬁLun_ 2
TeTaus30d BROT bpﬂdﬂnr> TeTaua30d BIA9T AQTTTGON TeTauL30od vlog AaATTIg0H uoTIRIAUIOUDD
0"/ nd pue 0,62 3e 094 wHU JO UOTRLI3UWIOUCD JUPISUOD UJTM pue
10 BN _ Wp oW _ QT UT mdamﬂu roduMHJcmunoo butsesxdouT YaTM Xe3er suaxfisATod yo TeTiuszod Blez pue A3TTICCH

m.l.

m.-l

IX dTEVL




69+ €T°0 F TZ°G+ 6E+ G0*0 F 08°C+ 8 + OO0 F £9°0+ Ot x5
65+ 81°0 ¥ G°p+ §°zZ+ P0°0 ¥ 65°T+ OT+ ZO*0 F OL O+ z-0T ¥ §°Z
LT+ 90°0 F 0Z° 1+ ST+ 700 ¥ 60° T+ ZTI+ Z20°0 ¥ B8 O+ N:OH
S g+ Y0°0 F 69°T+ S 12+ €0°0 F €5°T+ éTerjusjod garjebsu TTeus 0T
8T+ 90°0 ¥ 6T°T+ S I+ TO"0 F €0°T+ ¢Tetaus3zod atiebau TTRUS 501
obxeyo sAaTyrsod TTeUWS 0°G6~ ®D LE"O- ®D 6T~ 90°0 F SE°T- 5 o1
S*g- T9°0~ ®> G ST~ €0°0 ¥ OT°'T- G°cZ~ G0°0 F L9°T~ c.Ot X 5
S LZ= 90°0 ¥ S0°Z- ve- 80°0 ¥ Z¥ 2~ 2 80°0 F LO*Z- 0T
- 80°0 ¥ £€6°2- op- OTI"0 ¥ 98°2- S 62~ LO"0 ¥ TT1°2- 501
G TH- 90°0 F S6°2-~ op- LO°0 F B Z- og - 90°0 F 91°2Z- 39T
goe TSR -0t Sig 2 muﬁm_ﬂom g0l Rl 2t et B 201 P2 9% gl 1o
A
i -2z e s o B Mol i e B B
TeTausr0d B3z ZATTTOON TeT3u=s30d ©33Z A3 TTTOO) IeTauszod vleg A TT IO UOTIBIJUIDUOD
09 91

0L HE pue JSC 3® 3 IO UOTAPIRUSOUOD IPISUOD YITM PuUR

D ©N c up Tou - o1 ut awalls qoaumnucmurOU mnﬂmmmsu UT YaTm XeoaeT ausaxizsAtod Jo TeTausjod easz pue A3TTTCON

IIX HI9YL



ov+ 60°0 ¥ £L°C+ - , - £OT
91+ T30, F S 1+h = = Ot X G°C
wmumku on 12+ 90°0 F 0OG°T+ 50T
SZ- 99°0 F 9L T~ obaeyd aaTiTsod TTRUS Ot = 9°¢C
9°6E- OT°0 ¥ TL ¢~ 5.6 = GZ°0 = B0 mlOH
= .2 [ 900 ¥ 08 1~ | . @:oH X G5E
5 mlSd Tou mloH X7 Omm oHU mle Tou vtoH X g Omm wHU
(A% LO"0 F TE"T+ Nloa
TE+ 60°0 F €T C+ mnOH X 0°S
6C+ 80°0 ¥ 60°Z+ mlOH X G°¢
ST+ 700 ¥ 60" T+ M|OH
8t+ OT"0 ¥ OL 2+ Of= Z0"0 F ¥L°O- @loa = 8=
STESE 99°0 * OL° T+ g 9070 ¥ ¥ 1+ ol 20°0 ¥ ¥6° T~ vnOH
S SO0°0 ¥ ¥¥ O+ ¢ebzeun aaThebou TrRWS §°97~= GO F LT E= m:OH X §°E
cabreys saThebsu TTRUS 77— 900 ¥ BG° T~ G GG~ 0T "0 /B9 E= n|o.ﬁ
§°Te= GO0 F S9°T= oF- 80°0 ¥ 08°¢- G*99= ?1°0 ¥ 6C°%- wloa X S°C
gL P1°0 ¥ PE V- oloﬂ
69- e e A nloﬂ 2 ol
g, PP 1o ot Of, 9F ee Tou ot og, 9T, Fa Tou ot Og 9T ¢ o Wnﬂ
: gL 9]
i 1-21-77 =" i 1-"1-72"g-" 9 1-"1-"2"g-"" 30
TeT3usl0d el97 AATTTOON TeTauazod e38z AITTTIOOR TeTaua10d vlaz KaTTTOou UOT3BIJUSOUCD
0°L ud pue D gz 3® Omm wHU JO UOTIBIJUSOUOD JUPJISUOD YITM pue

1D BN . Wp oW _ OT uT avs?To coﬂumumcwucou HuTSEPaIDUT YITA %o3BT auaxkysAtod Jo TeT3usiyod eiez pue A3TTTCOW

€ €

IIIX dT9YL



- - S°LTH £0°0 ¥ LZ T+ p Ot X 57T
ZE+ GO*0 F O€£°Z+ ¥ - ®©0 0£"0- ®D 501
9 + vpr0~ BD Gl T~ G0'0 ¥ L6°T1- cat ¥ S°C
TI- Z0'0 ¥ 8L*O- 9€~ 90°0 F ¥S°¢- 0T
62~ L0 = Gt 2= = - 90T * 5°C
g-UP TOW £ OT|X 2 09, 2k ¢-WP TOW o QT X ¢ 09y 91,
88+ PTI°0 F 29°9+ o+ LO°O F LTI°t+ 6T+ 00 F 67 T+ Nuo.m
99+ €T°0 F LL ¥+ T+ 90°0 ¥ TO°E£+ oz+ 90°0 ¥ TG T+ £.0T % 0°g
S v+ 80°0 F 6T E+ Zr+ 800 F LO°E+ 6T+ GO0 ¥ €V T+ g0 XiS°T
67+ 90°0 F 6E£°¢g+ S+ S0°0 ¥ 9T°€+ 6 + ZO*0 F 99°0+ .01
Sh+ 90°0 F EI°E+ ZE+ 60°0 F 8Z° T+ = 200 ¥ §9°0- g0l X 5°C
G ZE+ {00 T pE'Z+ G ZT* FO'0 T T6°0+ oz- PO°0C F LV T~ v...DH
T+ y0°0 ¥ 68°0+ vi- $0°0 ¥ PO°1- A GO'0 F LE°C- g 0T X S°C
y0- B0 0£°0- ®D G 0E~ G0°0 ¥ 6T1°C- oy~ RO°0 ¥ 08°2- g0T
8z~ 90°0 ¥ £0°Z- G99~ 80°0 ¥ LT €~ Sv- LO°0 F £1°E~ 401 X §°¢
G TE~ 60°0 F SZ°Z- G"ZS- 80°0 ¥ 79°€- - 90%0 F TZ°€~ 9-0T
fL 2 1el 50T 09, 9T, mnaw.aon .0t 09 9T £ 2P Tomt S0 09 91 e HQM
A A5, % OT Au W A iy B0, OF mmwxuw u
TeT3us30d 327 L1100 Tetauszod ©397 ATTTAOH TeTIua30d 2397 ATTTO0U UOTIRIJUIOUGD
0*L ud pue D gz 2ae Omm mHU IO UOT3IVIAJUSOUOD JULISUOD U3 TM pue
10 ©N m..ﬂ..nu Tom mlo.H uT m.ﬂﬁ_q.ﬁu ao,ﬁumnmamuconv HUTSeDIOUT Y3TM Xo3eT ausxAzsAtod FJo TeTausjod eisz pue AJTTTAOM

AIX FI19YL




65+ 600 F €6°E+ = = v|OH
vt S0°0 ¥ 69° T+ Se+ SO0 ¥ B6E’CH+ mnOH X §°C
9+ €00 FEP O+ 81+ P00 ¥ GZ° 1+ mlOH
Tz SO0 F8V° T~ obxeyd oN 90T ¥ §°C
og- LO*OF8Z"C- oz- $0*0 ¥ 8€°T- a0t
ap= SO0 FCTE~ 92— LO°0 F TI8°T- h|0a X 9°C
5P Tom 0T Xz o'’ 7 . tou ot %a 7T
- ze+ G0°0 ¥ 8L T+ 2 OT
s+ LO°0 ¥ T9°E+ S9+ 90°0 ¥ TZ v+ T+ £E0°0 ¥ 98°0F mIOH
6T+ VOO0 F LE' T+ ov+ mO.OHﬂOM.m+ B = z0'0 F 85°'0- wloH X G°¢
abxeys oN oZ+ vo.O“mOv.d+ Sd= G0°0 F 9L"T~ W|OH
I+ 70°C ¥ 87" 1~ oT1- c0°0 F2CL 0= e 800 ¥ S8 ¢- mlOH X G*'C
YE= 90°0 ¥ g£°Z- " 9g= G0*0F98°T~ 27 = mlo.m
& = €V~ LOTO F 6" C— RS OT"0 * LB'"E~ w|OH X S°¢t
% 2 9~ 60°0 ¥ TT €~ ~ - 90T
= - - - 9= P10 ¥ LO P~ ﬁ|OH xI5°C
M|ﬁﬁ Tout M|0Axm 0mm wHU mlﬂﬁ.ﬂoﬁ M|OH Omﬂ mau m|Eﬁ Touw NloH Ot OHU mlﬁﬂ 101
- gvr 2Tp
e 1-20-"g g Ly 1-%1-"7 -1 i =T~ 2 8- 70
pTaus0d B197 fAATTTOOH 1eTaunqod Bl9Z AITTECGON TeTauszod vloyg A3 TTTO04 UOTALIZUDDOVOD

T BN

up Tou
e T

€

o°L nd pue 9 gz 3e Oftg
OT UT gyz’ 'y UOTARX

o

4
m,U IO UOTIBIIUSOUOD JUPISUOD UITM pue

AX dTdYL

Juoouocd HursesxOUT YITA xo3BT suazAasAted Jo TeTiuelod e3az pue A3TTTICOH




- = S SR+ T2 e SitTet S b+ SpE O+ mloa
= = S*0e+ O ¥ I c+ ¢obaeyd asatipbau TTRUS vnoﬂ X Gg°¢
S 09+ T1°0 ¥ S8°Z+ OT+ £0°0 ¥ PLO+ 8T G0"0 F 62 T- wuoH
Lol 2 LO®*0O F B9° T+ SR g GO0 ¥ GE°T- b oBE- Q"0 F TO"C- mroﬂ X g°C
5 91+ FO°0 ¥ 9% 0O+ e DOV S el = G- LU0 LT 0= mloH
L R GO0 ¥ £€8°0~- = = = = wuoﬂ X g'C
e = ov- 60°0 ¥ Z8°C- S VES 80°0 F ¥¥°C- m:oH
T S0°0 ¥ 08°1- = = GoEE= LO"0 ¥ OP°C- nlOH KAG>T
mrﬁw Tou wloﬂ owm mru mlﬂv Tou m:OH me wHU muﬁﬁ Tou NloH Omm wau mlﬁﬂ Tou
i A s W ur A 5 W OT Aut AL S .u_ OT avr, 910
i ok el i 1-*1-"z e- =1z g- 30
1eTIusjod e397 AATTTOON TeTausjod ©319Z ATTTOoN TeTauanod elaz AaTT1TO0N UOTIBIJUIDOUOD

o°s ud pue o sz 3¢ 9% 215 70 uoraezjusouos jue3suoo yzTM pue
10 =N wp Tou 0T UT gvi?2lH GOﬁpmgMQQQGOU BbuTsesxouUT UITM Xo3eT ausziysAtod Fo Tetjuojod ejsz pue AJITTTUOW

5 €

IAX HT9YL




= . e { 5 b - L
LOST i g-OT * 2 Pt %9 pOT X G q FD
g8°0 x 0" 3 X B : . = OE_ 91

90T * 0°vf  OREIEN] vy c BT x z°B , y-OT X 5% 2"
HIATAN OH.U
. 09_ 9T
z°1 OT % G¥°T| _ 0T X oT X OT X S0° OT X §° e
A ¢ OT ¥ SH TEE 2 o 01X 9 ] 01X S0 » 0T X S°¥
LEST OT X 9°%% OL X Z°7 OT X ¥ oT | |1 OF % Z % Omm wau
0 G- S- G- 7= v
gL .\.HU
17°2 0T K S%6 OT % 9°% 0T X §°9 @95 24
g= P - . e
O 1
T Z L OF X906, OFERETNT OT XGS°T ot X Z OT X £E°F OT X L mm 2 )
- p- . - v- _ V- V-
T . y . oT, 9T
o L MIOH x w vlo.ﬁ x -n .ﬂ Vlo.ﬁ X m N a2 0
VL NHU
LZ€ o1 oT X Pt OT X € 834 %,
£ E £=
vz o1 OT X 2°1 | OT % € 0ty 91,
E= £- £- § -
. | nioa wIOH w|OH Xz mloﬂ mlOa X Z M|oﬁ - S N|Oa DTUOT UON
JTUOT ucu
OT SnsIaa =
501 70 2doTs -:10TUOT UOU JO SUCTIVIJUSIUCD UITHA ¢ WP Tow °H *D ¥ avr 9o

L9715 waTA QUL ¥H aULRSRIXNS OTUOT UOU JO UOTIRIJUODUOCD UZTM OO¥ JO UOTIRTICA

g5




|
|
|

T+ 00 T670+ ﬁ o+ ¥0°"0 ¥ €S° 1+ NlOﬁ
OT+ £00 F ELOF G2+ 90°0 ¥ 88°T+ mIOH X g°¢
ebxeys sAT3fsod reus S 6T+ S0°0 F 8E€°T+ ¢ 01
Jjusmaaoul Jtexedde o quaueaAocn juaxedde ON w|OH X G2
I~ 20'0 ¥ 6V O- 6= T0°0 ¥ G9°0- 50T
SE= 90°0 F ¢bh ¢~ GE= 80°0 ¥ 8£°C- mlOH X g°C
BE= LO®0 F LSTC- (7 KO0 + E8'C~ mIOH
oS- ZE0 150 b= g5 = 80°0 ¥ TLE- wnoH
cwe tou | ot @z 7% o tou| ot *a %%
gZ+ 70°0 F Z6° T+ S-O0E+ LO°0 T SL° g+ SIS+ 80°0 ¥ ¥8°E+ Nloa
- - ~ i 3 - - e O ¥ 572
et GO0 F LS'T+ oc+ GO0 ¥ LO"Z+ S Tht 60°0 ¥ GB8°CZ+ M|OH
L+ Z0°0 F ES°O+ 0T+ €0°0 ¥ E€L°O+ S°9T+ P0°0 ¥ 02° T+ v|OH X 5%
L= 00 + &5 0= 9= TO*0 ¥ €¥°0- E= SZ°0- ®D ¢|OH
ot~ 90°0 ¥ 90°¢— (58 S LO0°0 F E€1°¢— §ES= 90°0 ¥ OE* ¢~ mlOH X S°¢
138 OT"0 * €6°C~ vy- 60°0 F 66°C-— PS- 600 ' Z59°E~ mlOH
S 19= 60°0 ¥ EO°F— 86— SO TIEB S~ Gi= 55 ELC T e @|OH
M|E@ TOu m:OH 0t, 91, mlﬂu.ﬂoﬁ mlOH 8T, 91, mlﬂﬂ ot . OT ot 91, i
ZT
_ I T-r=z B i 12"z gt o =S 8-t e
%amau:muom e397 AATTTOOH TeT3uazed 2397 AATTTOoN TeTauazed vlez KaTTTq0M UOTIRIJUIOUCD
Ay 9T

10 BN

£

mwp Tou

0°,L ud pue D Gz 3®

€

OT UT gwlllp uoTrjeijuasucd

=

IIIAX FI9YL

5 JO UOTIBAZUSDOUOD JUPISUOD YITM DuE
Butseaxout YITM Xo3e] auaxilasitod Jo TeTiudlzed B3z pur AJTTTGON



G°60T- S°L6- | LE'O ¥ TLL-} AL
L6- ST°0 ¥ 62°L- ,OT X €£°8
SETR=EGE ZOT= TIE°0 ¥ TO"B- NIOH X g
ZE'0 ¥ LO°8- IQTE= OT°0 ¥ 8979~ NIOH X GLOT
OTT- ©00T- | 6£°0 F LB°L- »_OT
T01- LT*O F 25°9- ¢ 0T X £°8
S 8IT= COl— 6E°0 T TL°1- mtOﬂ X 0°8
L6— 58~ vE@ 3 989 mlOH X 0'S
T % V92 09= §6- (5 EE70 2T T G~ mloH X G2
5°L6- €10 + €€°9~ mlOH £ SLOYE
S0 & g9 0= 8- L A 2¢°0 ¥ w8 - mtOH
96— 0 +.0T°9= ¢|OH X €£°8
PET- €C'0 ¥ LB*S- _ vtOH X GY¢
OET- ST*0 ¥ €6°S- S csr o LE*O F 29°¥- wIOH
S6- LT°0 ¥ TP°S- @IOF X €78
cll= I¢°0 F S6 5= mlOH £ 55
S e ¥1°0 ¥ 80"9~- mIOH
80T~- cl’0 + OL*S~ mloﬁ
ST s °a s gt
DTUOTUY
Al A|>H|mmﬁwioﬂ Al A|>H1mNEm|OH Al Hl?aimmﬁwsoﬂ -0
TeTausjod elaz K3t1TOoH Tetausnod B30z A3TTTAON Tetausiod elaz KtrTa0u UOT3RIIUBOUO

10 BN

wp Tow
- P T

13

0°L ud pue NG 32

XIX dT8VYL

OT UT OTUOTIR UOTI2IJUSOUOCD HUTSBOIOUT YIFM X93e] duaxAzsAtod yo Terausiod ejaz pue A3TTTCOM




68~ OF 1@ B artg- SO v0°0 60 T~ O ~-E-8

Ee~ 90°0 BL°T- S*9T- v0°0  97°1- N:MH X GL0°C
e g8o°0 LO°T- g zE~ P00 E£L°1T- g 0T * £°8
S°Cv- 010 N2l i~ g€~ LOTO0  SP°Z-| . OT X SLO°C
€5 80°0  G§°g- 6€- 90°0 69°C- 0T ¥°€°8
Z9= LO°0  SO°p- S vy LO*O €O°g- el G
mnnuru Tou m..ﬁmu Tou m..o.m omwm .w.ﬁu m1m€ Tou NIOH Oom m.mu m....ﬁ._d Tou
: 2 S 2a s
A 1055, R, O Ji bl B OT Al b 5.3, OT e
TeTausyod ©39Z RATTTCOOH TeT3uazod ejez A3TTTUON TeT3usnod vlay A3TTTO00 UOT3RIIUBDUDD
9T

o°L 5d pu® D _5z 3® 09 JO UOTIBIIUSOUOD UPISUOD YATM pue
120 BN _ wp Tou OT UT S JO UOTIRIJUSOUOCD SUTSLIIDUT YITM Xo3e] ausxiysdAtod yo Terjusjod w38z pue A3TTTCON

£ £

IXX FI49VYL



TOT- £€2°0 ¥ TI8°L- 00T~ 8T°0 ¥ OL" L~ b 97°0 F 08 L~ ,TOH
= = SOT- T 0 F Se L= 00T~ E2°0 ¥ S¥°L- NnoH X g
1T~ 2¢'0 ¥ 66°L~ §°LOT- LTTO: ¥ £Ot8= 06— BT'0C ¥ #9°9- NloH £ G°¢
TILT= TE°0 F pl b= 80T- IT°0 & 89°L- 5 18- T12°0 ¥ €6°6G- mlo)m
60T~ 9T1°0 ¥ §9°L- 66— €20 F BT ML— o8- 81°0 F #¥8°6- m|oH X g
g6~ TI°0 7 05°9= 16~ 910 F S¥°9- L= 91=0 -F T£°S— m|o.ﬁ X g
98- CLTO F LLS= G8=- 010 £ 285 T ZT°0 ¥ ¥vP°S— mno.m X G'¢C
= = = = 9L~ ¢I"C % 98" 7= & 01
i =5 vl= OT*0 ¥ G8°p- B9~ 8T°0 ¥ CV b~ w|o.ﬁ
T e oI 9T . ot 91 oT. 9T <o g
up ou T ol wp oul : W ToX
e [ wlo, qAL=5D muav £ m..o.h o] gm T T N..Oa T =0 fe o L
s u 44 A S W OT AUI A w_ OT e
I \ 1 . T Al S 1
5 19" gl : =t~ o~ ol 0
T2Tauslod Blag A3 TTTAOH TeTaus3od elag AATTTOON TeT3uajzod e3ag ATTTC0OM UOTIRIJUSDUOD
0°L HA pue Uomm =] O\m mHU Jo uoraexjtsouod JueasSuUOd UJTM pue
T0 BN ° up Tou ¢ OT UT ggg FO UOTIRIIUDDUOD ButseaIouT UITM Xo3eT suaxiasitod Jo Terauszod easz pur AFTTIAON

IIXX HTdYL




Al 6110 + L97TL= SigtiL = C1°0z £9°G= 0= T0°0 ¥ S9°%- HlOH
Lop= 8E°0 F 06°L- TR= €1°0 ¥ 26°G- - §0S0 & 9E°E- Nlo.n X 0§
LOT- ST°0 & 18 &= c8~ s sl S s e £ DL~ 90°0 F 98°¢~ NlOﬂ X Gg
G *90T~ 1170 F Lyt £9= 60°0 ¥ 29°¥%- BLE LO°0 ¥ §8°¢C- Nloﬂ
L&= ¢l°0 ¥ 88°9- S ES= 60°0 ¥ 20 9- ¥ 8E- 90°0 ¥ 68°¢~ mtOH X 0°8
S L9= IT°0 ¥ 06" ¥~ QL= LO QT EG E~ ov- SO0 F 2Ot~ maDH X 0%g
§°GG- OT1°0 F 86°€E- Golb= 60°0 T Lp°E- Zir= 80°0 'F gZ €~ TOH X G°C
§° LG~ ZI°0 ¥ Z8°E- geLs= ¢1°0 FUESTE~ 6~ OT*0 F bE €~ ¢ 0T
S°65- CL™D F LeE= £5= LO*O F 95°E- o LO°0 F 9%°E- waOﬂ
M|r¢ Tou o og, 9T, mlﬂﬁ.ﬂoﬁ M|Oa 0g, 91, maﬁﬁ Tou ,.OT ot 91, e 50 Tou
— sas
& 1-"1-"7 82" i 1="1-"g 87" & 1-"1-"¢ 8-0" 70
TeTauazod BaSZ A3TTTQON TeTauazed Bl97 AATTTOoN TeTauajod vlagz AATTTOON UOTARIIUIDOUDD
0°. ud pue Uomm ae Omm wHU JO UOT3IEBI3USOUCD JUPASUOD YITM pue
10 ©N mlﬁu Tou m..o.ﬁ UT SIS JO UOT3eX3USOUOD HurseaxduT Y3ITM xo3eT suaxlysAtod Jo. TeTiuejod ej3ez pue A3TTTCOOM

ITIXX HI9YL




06— $T°0C ¥ £€8°9~ Gl §2°0 ¥ 65°G- 9Ss T= EO 0 F 6T 1~ HsoH
L6~ STI°0 ¥ 6T L= Bl= 0£°0 F £6°G~ T B 70°0 ¥ ¥8 O- mlOH X 0°9
g6- TN = Bl G~ LZO ¥ Op°S— L y0°*0 ¥ ZL*0O- Naoﬂ X g°2
GrEOT= 8T°0 ¥ O "L— g gg- I OFIOL 2= 9°91- LOTE F 92 = NLOH
c6—- ZT°0 ¥ 096~ TE= TEQ F+ e 6= 8% 0*0 ¥ 9€°1- mloﬂ X 0°8
LS= 807 & ST P Le= P10 + O ¢~ ozZ- 00 ¥ £9°1- maoH X 0°§
7 e DI &= €I g OE= 0Z°0 F ¥Z2°Z~ P og- 90"0 ¥ ¥S°1- mnoﬂ X g°Z
oG- 80°0 ¥ BE“E~ 9g- A e NS | R G- G0*0 ¥ ¥9°1- muOH
TG OT°0C + I E— gE- e B o 5 - R 987~ 60°0 ¥ B6°1- vuoa
MIF__._.O Tou ot me O._”U m.l.E.mu Tow oT mem mw.HU mlmﬂmu Tou o1 Oo_m— OHU m.lv.n_u 101
= E= G | & sds
o1 s u I . s ul o A.sw 0O
. =Tz o 2 ¢ o S e 4 s et 30
TeT3u=a3eod Blag AATTIqoN TeTauajod e39y AJTTITOON TeTausaod vaag A TTTq0M UCTILAJUIDUOD

O ®BN

up Tou
mll

€

0°L ud pue D gz 3e
OT UT SAS IO UOTABIZU3DUOD DUTSPIIDUT YATA XogeT auaxfisitod jo. Terausjod e3az pue A3TTTAON

094 wﬂu 30 UOTILIZUSOUCD JULISUOD YITM pUR

ATIXX

dTEYL




66— gl 0 = LOiL= 06— L0 £ 2579~ NtOH
i P10 ¥ L6°9- £0T~ ETTO % 2B"G~ M|OH XGAE
OET~ €10 ¥ €279~ T6= =10 = TE°G~ mioa
GLOT= GT'0 ¥ 99°G- SeTn= ZIl°0 ¥ 00°g- wnoa X 6 2
S8 #1°0 ¥ 60°G~ 8L- G S vloa
wp tou _for Ta 7T wp tou| o1 %z 7Ty
E= : € G-
ooT~ 61°0 T O - e LT1°0C ¥ BE"9~ L= 70°0 ¥ 90°¢Z- N|OH
é6= ST1°0 ¥ 01°9- 09 LOO F BE - e LOMO F 05°2~ M|0a X G°¢C
o8- OT*0 + 06 7~ £9~ OT°0 ¥ 21 7~ = LO*O ¥ 08°2- erH
88= 90*0 ¥ 8%~ G5 60°0 ¥ 06°E- vv- 80°0 F L6°C- w|OH X 6°¢
Co= LO%O F 9 V= GRS 80°0 ¥ 08°g- 747 OO ¥ Lp°C= wloﬂ _
mlﬁﬁ Tow wloa me mHU mlﬂ@ Tou M|OH Dwm oau mlﬁ@ Tou NnOH me mHU M|nﬁ Tou
SLS
[ A S 3 g 1 ARSI T At S D o)
¥ =78 A 1= -2t o e B 30 _
T2Tausz0d ealp RaTTIqon TeTauszod e397 ATTTOR Terauszod vilaz A3 TTIq0M UOTIBIJUIOUCD

10 BN _ wp Tou

£

£

0°L ud pue D ST 3%

hm 9%

AXX HTEYL

D JO UOTIBIZIUROUCD JUPISUCD YITM pue
OT UT §IS IO UOTIBA3USOUOD DBUTSBSIOUT Y3TH Xajel auaxAlsATod Jo Teriuoaod ejez pue A3TTTCOM



TABLE XXVI

-8 2
m

Mobility of drug particles in 10*3 mol dm_3 Na Cl and varying pH at 250C, 10

W
8)]
~
[y]
=
4]
]
>
= B
i o
=] - e
=] — 0]
(@] ) (@]
g g 0 U Py
& el - 000000 B
= & 00000000
52 d O
= I I I = S T
@ n o
= S0~ Wi s
E E«UN-crvr-rr-r:-q'w
QOO0 000000
AR T S TR R R
f NOoOO0OO0O OO™NO
o] Nt WSO O
,_.i
N MO MOMNWO
oy OC O00O0OO0 0~
a ﬂ OO0 Q0000000
U -'-_|1 I B A S S S S
[N £ N WO oW LN o ®
& o] M oW W
= @ & & * s+ = & e
H OO0~~~
b e
H
o
3
=,
N oA OWnOo
i s & & & 8 ®» = = #
o P s TR LI o I Yo i Sl SN o
N o a oy MW DOOONNYN
= ~ O 0O ggOOOOOH:—!HOH
« @ & a e @ & & % ¢ 8 % 8 »
@ ﬂ ODOOOQ%OOOOOOOOOO
6’: :1 + o F HH §g+l+l+!+l+l+l+l+l+i+l
S o] \oﬁam@hgomﬁ*:oh\ooommm
g o NN Hm A EO0O000ONOGOOGOD
ot “«- & = @ e @ & 2 e 2 8 = s
= ¥ NNl A OO0 Mood oy
-'Egl C I A S RS LR T S T e R S T R
b
ue]
o
IO OODOMO MO O MO
2] s % & & & B 8 B 8 8 &8 * 82 8 & 8 »
ot} NS SO~ O0000 0 A
—
SOV AHAMW O
5 000+ O~MN
_4'-_-: 00000000 O0
= -j o H A H L FH H
- -
= Q N AN WO
I | o M P OO ML < <P
.E’. . N.—i(_)..—immmrv;mm
Q o I TR TR S e (P S S|
]
0
3
o N~ O0O=xO™N™NOO
[o .—|.-|m-:rmmr-mm3




b {
Ha Cl at 25 C and

Griseofulvin in ]uhj 1ol
pH 7 with C16 h30
wcontsattl C sadi Eatio:
SEQLTIENICAaTLO
Ci16 E
10°° 50
107° 50
j0 9
103 11
10™% 30
e =

=230

-2.14

-1.18

=1.17

=-1.14

H

I+

H

I+

PLOT OpliCe 7
case of
mersibility et

Highly
aggregated

Cloudy
supernatant,
caked

Clear supernatant
easily redispersed




ZXVIIT

1
Betamethasone in 10 - nol dn ~ Na ClL at 25 C and |I
pil 7.0, with ! !
L O SDS and C16 E30 |
|
_:.__ s by _]- e L e e ___‘....__._.-._l_'._l....-._.__— s ',
Caoncenty 1 Of : Hobility il
sDS | Sedinentation |
'oLune -8 2 -1 -1 !
% ST Ll R Sl estarenni bty s
|
a) SDs alone '
1077 72 ~0.82 4 0.04 Highly ‘
10_4 60 -1.30 + 0.05 aggregated i
1072 37 ~2.16 * 0,10 Supernatant
=3
2e80x 10 20 ~2.65 * 0,07 cloudy
-2
10 4 =417 20,17 Supernatant cloudy
caked
2.5 % 10-2 4 -4.22 £ 0.19 Supernatant i
opalescent caked
b) SDS with Ci1g ¥30 1072 mol dm~3
10-5 4 =0.31 + 0.02 Supernatant contains
10—4 4 ~0.43 + 0.03 suspension of sma}l
-3 ) i particles.Presumably
10 -4 -1.18 = 0.04 sterically stabilized
2.5 % 10> 4 -1.57 + 0.04 Supernatant cloudy
=2 :
10 4 -1.73 + 0.04 Supernatant opalescent
-2 -
2ao % 10 2 =127 + 0.08 Supernatant almost
clear
c) Ci1g E3p alone
-6
10 -0.46 * 0.04
107> -0.51 * 0.04
107 -0.36 * 0.02
1072 -0.35 * 0.02
1074 ~0.34 + 0.0l
|
|
|
i
i




Nalidixic Acid

St XXIX

- "3
e g s

i 10 msd s o hla el At 25

-1.99
-1.97
=1.28
=1.22
-1.24

I+

0.11
0.06

I+

I+

0.03
0.07

I+

+

0.08

pH 7.0, with SDS and C16 B
e ————— s S it b P e e — -~k
i =3yt D Ton ol | I Y ‘ j
aps 3 stion o ‘”'n
ol d 't‘_arlzs.-lV—J i
a) SDS alone l
=5 . i
e} 12 =2.13 +10.09 Highly |
- o) |
1072 12 ~2.15 + 0.09 RegTeoatsd i
1073 10 -2.40 + 0.12 Slightly aggregated E
205 %103 6 «3.18 ¥ 0,15 It e
easily resuspended
1072 6 ~5.30 % ©.19 peflocculated caked
2.5 % 10 * 6 -5.48 * 0.23
b) SDS with Cig E3g 1072 mol dm™;
107> 5 -0.81 + 0.05
jo™4 5 -0.68 + 0,02
=3
o +
10_3 D Ae37 & 0:04 Deflocculated
1072 5 -1.98 + 0.09
o8 ix 10 - 5 -2,02 + 0.09
c) Ci6 E3o alone




'+ XXX

-3 -3 0N
Thiabendazole in 10 T 0l an Ha Cl at 25°C and
% - N sDs ) )
p 7.5, with DS and (‘16 1330
.7 0 W el =L SRBS L it o s |
Cehecartraticn of A s S e L, Mobility Sucuensicn GppeaAraiice |
eDs weCAmenaTiLon J J ! cote of |
pe ey ypnes -—-Eh, :_ -] e nt A k 1
pol e \O_%HM' 10 ms V redispersibility etc
a) SDS alone
)
lO_4 32 =T 3 X 0e0Y Hichlv i
10, 54 ~2.05 * 0.04 B Sggregese
10 18 ~-3.65 £ 0.09 Aggregated
2.5 x 10—3 11 ~4.41 * 0.16 Caked'but easily
-2 redispersed
10_2 8 -4.64 * 0.23 Caked
2.5 x 10 ) =-4.54 £ 0.20 Caked
? ~2 -3
b) SbS with 10 mol dm Ci1g Eap
1022 8 -0.39 * 0.03 Cloudy Caked
10_3 7 -0.46 £ 0.04 Supernatant Caked
10_3 7 -1l.15 * 0.05 Caked
25 = 10_2 7 ~-1.63 £ 0.05 Caked
10_2 8 -1.93 £ 0.04 Caked
2B 310 10 -2.18 £ 0,07 Easily resuspended
¢) Cig E3p alone
-6
lO_5 68 =1.92 * 0.C9 g
lo_, 17 -1.93 * 0.12 Aggregated
10_3 4 -1.28 £ 0.04 Deflocculated
10__2 5 -1.27 +* 0,03 E and
10 7 -0.96 * 0.006 caked




AXXT

£y i
Griseofulvin in 34 T ael dwm 7 Ha €1 st 25°5¢ and ;
nip 140, yith C12 TAB and C16 Ey lom2 nmol dm-3 i
|
i
UL NN
e e R R .
S Heg i GO -'IJ (34 11 bt %1 1' X i (R
Cl? Tf-‘-aB:‘ N s e M o s Cans 01
o W g 1G0T ms N (Std b=y sisy i
a)
=0
2.5 x 10_, 50 ~1.76 % 0.07 ;
2o X% :LO_L1 80 +0.51 * 0.04 Highly aggregated i
6.25 % 10 70 +2 37 = 011
25 < io 40 +2.87 * 0.10 PUGEEGRLRN 7 105
satisfactory :
6.25 x 107> 30 +3.85 * 0.23 Aggragated |
satisfactory. |
2 Deflocculated, |
Ve e ) 4 +4,26 + 0,10 caked, opalescent
supernatant i
b) Ci16 E1o
2.5 x mj 30 -0.34 Aggregated
2.5 x 1o_, 18 +0.45 Sediment 'two layered'i
G.25 /% 10__3 8 +1.12 + 0.03 Caked !
2.5 x 1o_3 8 +1.58 + 0.04 Caked i
6.25 x ltf)‘_2 8 +1.89 £ 0.06 Caked
S A ) 8 +2.02 * 0.04 Caked
|
c) Ci6 Ezo E
2.5 %1077 20.5 -0.43 + 0.04 |Immediately dispersed !
- |
2s5 % 10 y 8 " sma%l Immediately dispersed |
' " negative charge} i
6,25 % 10_3 8 +0.55 £ 0,01 Inmediately dispersed :
2.5 x 1o} 8 +0.80 £ 0.02 |Caked |
6.25 x 10_) 7 +0.90 £ 0.02 |Caked :
2.5 % lo0 7 +0.90 ¥ 0.02 |caked i
i
|
i
d) €16 Beo !
1
2.5 % 10—5 12 -0.46 * 0.04 |Cloudy supernatant ;
- ? gi }
2.5 x 10 4 12 . sma}l easily ; ;} |
o negative charge|resuspended
6200 % 10_3 9 Ca +0.2
2o X 10"3 7 +0.58 + 0.02 Clear, caked
625X 10_2 6 +0.64 + 0.01 g Cloudy supernatant, |
2,5 x 10 6 +0.65 * 0.01 caked '




+1.11

B LS i 2, . e e
Betamethasone in 10 3 ol d Na Cl at 257°C and l
SIS prith Co o S \
PH 7.0 , with C,, TAB and (‘16 26 |
|
ek T, T Y - - e
Concentration of | . Fobility 12715 .0 ¢!
- 1 2 (2 1ron St }
Gl e =8 2 =1 =] ” ’
nok dm™ 10 "ms ¥ redisners ates U
-5 !
a) 10 -0.43 + 0.04 :
= Aggregated '
10 +0.38 * 0.02
10“3 +1.53 & 0,05 Partial aggregation
2.5 x 107> +2.17 * 0.07
= |
10 2 +3.24 4+ 0.08 Deflocculated ]
- |
2.5 x 1077 +3,67 * 0,05 |
!
ieh 1o-2 -3 '
b) Cyo TAB with 107“ mol dm™ C;d Ejq
-5
10 -0.35 + 0.04
10 * -0.22 * 0,01
=3
+
10_3 i s All deflocculated
2.5 % 10 +1.07 = 0.03
1072 +1.14 £ 0.0l
BaEix 10 + 0.03




. XXXIII

PSRRI e e R el e e e e | - ‘
i .G
Nalidixic Acid in 10 ol dm ey £F Ak ,)” aned {
pil 7.0 , with cl2 TAB and Ce By E
i
sy e e ey e L A e e L ok
Concentracion oi AR .5 s llobilic Suspension Za
C TAB S EGLNSN A eLOn - |
12 2 Volume -Q 2 =1 -1 '
Eih el 1 ¥ 8 !
S e T Sl s
a) C12 TAB alone ,_
-5 !
10_4 12 ~1.56 * 0.06 !
10_, 8 -0.85 * 0.03 aggregated
10_3 8 +0.23 £ 0,03
Pl o 4 10_2 05 +l,61 £ 0,03 ? slightly aggregated
10 5 + .98 * 0.03 X
2.5 % 10 2 12,44 & 0,06 |§ Deflocculated
: =2 = |
b) C12 TAB with 10 mol dm Cle E30
=5
10 5 ~-0.5 + 0.03
- ?
10 4 5 ? smaJ:l
negative charge
10—3 5 ? small All
-3 positive charge deflocculated
2253 10‘_2 5 057 & OUOZ
10_2 5 +0.73 * 0.04
2 % EO 5 +0.90 * 0.04




XXXIV

g yienl an

Thiabendazole in 10 ° Wa €1 al it ¢
e 5 Lrnr] o
pH LB, C,, TAB and ClG Eap |
Concertraticn of | . .. . Mebilit Suspension appen
C TAR e Matior o 0F
12_ -3 vl soamB 2 =1 -1 i 7z
el dmn LGS pG N redispois (3 05 By P A A
a) Cj;, TAB alone

10 45 -1.81 * 0.07 Light 'Eluffy’

10.__3 54 No movement aggregates

10_3 24 +1.83 & 0,07 Aggregaces

2.5 x 10_; 20 +1.93 % 0,05 not so 'loose’

10 10 +2.78 * 0.11 | Deflocculated easily
dispersed 'good'
suspension

2e5 X lC)-2 10 +3.52 % 017 Deflocculated slightly

caked
b) Cj2 TAB with 10 © mol dm Ci16 E3o

10:2 7 -0.39 + 0,03
10_3 7 No movement All deflocculated
10_3 8 +0,60 * 0.01 and caked

2.5 % 10_2 7 t#+1.00 & 0.02
lC}r_2 8 #l 05+ 0._04

2.5 'x 10 8 +1.05 + 0.04 Most easily dispersed




Griseofulvin

I 1 XXXVI

=3 . -3 O .
in 10 mnd I €l a 255E  and
SDS
Hobility Suspension apPOeArAnGe;!
eila i g E S

52 =3.90 &
52 =415
30 ~4,51 * ©,12
9 =5257 N a
6 ~6.82 * 0.15

6 ~BR BT+

redis)

case of

eraibility ete.




17 XXXVIII

= ey,
oz y -4

Griseofulvin n 1o 1101« Ma Glooat 2% 0 and !
pit 7, vith SDS and C,, By io " ol dn ’
| Conconteation OF | oo o)
SDS sedinentation e
(e ¥ e - " i} — g =
pol G g B 10 e ibility ebs
e LSS T TG e e el e . 2 UM A e et ey .
7 e 1
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10:2 24.5 -1.07 * 0.11 Immediate resuspension
10 8 =2.22 £ 0.08 §
10_2’ 7 -2.42 * 0.05 s
4 x lO_2 7 -4.40 * 0,07 Caked f
lO_2 7! ~4.95 £ 0,09 Clear
4 x 10 8 ~5.42 + 0.11 |
|
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0.3 %0 e Rl glmmedi te resuspension
107, 15 -1.71 * 0.05 | = & |
10_3 8 -1.37 * 0.04 10 seconds resuspension
4 x 10_2 8 =1.98 £ 0,06 10 seconds resuspension
10_2 8 =2.33 % 0405 15 seconds resuspension
4,5 % 10 8 ~2.83 £ 6.05 15 seccnds resuspension
c) C16 E60
10:2 26 -1.22 % 0.03 E Innediate
10_3 . 16 =1.11 £ 0.04 resuspension
10 8 -1.40 £ 0.04 Resuspended by shaking:
-3 5 seconds
4 x l()__2 7 -1.70 0.06 Caked 20 seconds
10_2 6 -1.86 0.04 Caked 20 seconds E
4 x 10 B -2.26 0.06 “|Caked 30 seconds |
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Griseofulvin inoloe T m a - Ha CL ot 25

pil 7.0 , with SDS and 10_2 mol dm-3 c16 E

Sedimentation
J 0y Volume RS,
ol dr e ¢
-5 : : : 3:
10_4 25 Immediate dispersion |
lD'_'3 15 Immediate dispersion |
lO_3 8 10 seconds shaking |
4 x 10_2 8 10 seconds shaking !
10_2 8 15 seconds shaking i
4 x 10 8 15 seconds shaking I
10"3 "Cloudy"
l supernatant
, =3 | =3 N
with 10 © mol dm C16 LBO
10;51 11 -1.40 £ 0.06 | Immediate dispersion
10_3 7 =207 £:0.01 5 seconds shaking
10_3 7 =3.32 =010 5 seconds shaking
4 x 10_2 7 =3.53 £ 0.10 5 seconds shaking
lO~2 6 =531 009 10+ seconds shaking
4 x 10 7 =596 & 0,18 10+ seconds shaking
All 'Cloudy'
supernatant
with 107 ol an> ¢ _ &
16 30
10:2 8 -2.03 * 0.04 All deflocculated
10 7 -2.96 * 0.07
103 9 "3.55 zoggr U0 Sty
gz 10_2 8 =6.13 T 0.14 caked
10 8 -6.24 £ 0.11 i i
4 x 107° 8 T R TR

supernatant




