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Summary 

The relationship between electrophoretic properties and suspension 

characteristics has been studied, A monodisperse polystyrene latex 

dispersion was used as a model system, the results found from this 

have been applied qualitatively, and where possible quantitatively, to 

suspensions of the drugs Betamethasone, Griseofulvin, Nalidixie Acid and 

Thiabendazole. 

The effect of adding anionic (sodium alkyl sulphates), cationic 

(alkyltrimethylammonium bromides) and nonionic (polyoxyethylene glycol 

monoethers of n alkanols) surface active agents, and mixtures of these 

ionic and nonionic species, on the electrophoretic properties of the 

above dispersions has been measured, and the results correlated with 

sedimentation volume studies of the drug suspensions. 

Mobility versus pH plots for the drugs showed that the charge on 

the particle varied with pl, suggesting 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 charge 

reversal, The free energy of adsorption was measured and depended 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



cationic 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 logy 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 Thiabendazole/sodiun 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, 

defloceulated and secondary minimum flocculated systens 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 for revision in the terminology 

describing coarse suspension systems, most suspensions described as 

flocculated being in fact coagulated,
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INTRODUCTION 

A pharmaceutical suspension is a coarse dispersion in which insoluble 

particles are dispersed in a liquid medium, usually aqueous, The dis— 

cussion 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 

size that pharmaceutical suspensions differ from colloidal dispersions, 

The accepted definition of a colloidal particle indicates that one or 

more of the components has at least one dimension within the range of 

about Inm to lum, There is however no sharp distinction between colloidal 

and non colloidal 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 is 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 contribute further 

to pharmacy and medicine, by supplying insoluble and often distasteful 

substances 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 dermatological 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 form, 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 uniform suspension, Suspensions 

thus constitute an important dosage form both in human 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 seen in the paint and 

printing industries, 

A pharmaceutically acceptable eoperadan possesses certain desirable 

qualities among which are the following (1): the suspended material should 

not settle too rapidly; the particles Which 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 flocculation approach to 

suspen. n formulation 

A theory which describes quantitatively some aspects of the stability 

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



Landau (2) and independently by Verwey and Overbeek (3). The basic 

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 Va (a 

measure of the magnitude of Vp 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, Vas 

These were considered to be additive so that the total potential 

energy of interaction, V, could be written as 

Ve VR + 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, ‘the coubination 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 strengths 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 secondary sy? 
ninimum,
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Fig I Potential energy curve (V = Ve + ne) against 

distance between particles 

Distance 

Ho 

Fig II Effect of electrolyte concentration, mol an > 

(e.g. Sodium Chloride) on Potential Energy of Interaction 

at constant surface potential (concentrations illustrative 

only)
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The kinetic energy barrier to particle association in the primary 

minimum is represented by Var + Vong 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 107M electrolyte), repulsion dominates and the 

secondary minimum Vene 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 Vis and also 

deepens Vous (this could also be described as moving the position of 

the secondary minimum closer to the particle surface) thus increasing 

the tendency of the particles to associate in the secondary minimum, 

Lowering of Ve to a critical value, as with the 107, and probably 

1074, 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 predominate, 

The terms coagulation and flocculation tend to be used indiscrimin- 

ately in the literature and no attempt has been made to correct terms 

used in the following review, however here, and in the report of the 

writer's experimental work, particle association in the primary minimum 

will be termed COAGULATION, association in the secondary minimem 

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 other hand coagulation leads to the formation of a compact agzrerate 

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 

dispersion 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 te be 

included in the potential energy of interaction for what is called, 

somewhat loosely, STERIC STABILIZATION Noe 

Thus Vev, + Vy + ve 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 thickness of the adsorbed layer, and hence 

passage into the primary minimum is inhibited, 

The effect of Vg is shown in Fig. III for the situations which occur 

in the presence and absence of an electrostatic barrier, 

A pharmaceutical suspension which would be thought of as a stable 

dispersion if considered in terms of the DLVO theory will be deflocculated 

but will sediment due to the size of the particles, When sedimentation 

is complete 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 contect 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 not easily 

achieved, dispersion forces greater than agitation usually being required, 

Yhysical 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 

microcrystals, a thin layer of supersaturated solution exists, The 

smaller crystals slowly dissolve and cause the larger crystals to grow. 

This phenomenon known as Ostwald ripening (7), leads to coarsening of 

the sediment and in some instances according to Kolthoff 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 floceulated in 

the secondary minimum, Voy form a loosely bonded structure which 

settles rapidly, caking does not normally occur, and the particles are 

easily resuspended, However with particles 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), Further, 

with such systems, Everett et al (15) 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 flocs 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 

assemblages 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 means) 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), (1%), (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. Tor example 

the addition of aluminium chloride to 2% eulphamerazine suspensions 

containing dioctyl sodium sulphosuccinate effectively lowered the zeta 

potential (estimated from microelectrophoretic mobilities) 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 Ecanow (16) and subsequently Eeanow 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 the solid 

was in an extremely fine state of subdivision (Cea, 2um) and that 

therefore flocculation in the secondary minimun with coarse suspension 

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



flocculation with large particles has been shown with 10um polystyrene 

latex particles (18), 34m paraffin wax particles (19) and 2-35um globules 

(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 

put 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 smooth sheets of 

muscovite mica, The presence of an aqueous medium between the particles 

does, however, reduce the van der Waals 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 “floceulation", deflocculation 

state of a suspension as, since "flocculation" was reported to have 

occurred spartencousty, 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 aluminium 

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 sulphate, 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 chemical bridging, and coagulation 

resulting 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~kum "flocculation" was 

essentially similar in character to that in lyophobic colloids, and that 

such "flocculation" 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 

"controlled 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 including griseofulvin, fine and 

coarse particle, sulphamerazine and hydrocortisone as drugs for suspension, 

ammonium and sodium dioxyethylated dodecyl sulphates as surface active 

agents, and aluminium, ealcium,and 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 vy 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 Nee which they 

obtained from calculations of chain length and data taken from the work 

of Ottewill and Walker (29); Va was obtained from zeta potential measure- 

ments and AN calculated using accepted values of the Hamaker constant, 

Their work is further supported by that of Short & Rhodes (30) who
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carried out stability studies on suspensions of hydrocortisone and 

norgestrol and 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 concentration, 

Their results emphasise the importance of Imowing 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 

éatabliehed as a means of producing an acceptable pharmaceutical 

suspension, However the term “controlled flocculation" is perhaps a 

misnomer, as it covers:— 

(a) secondary minimum flocculation - particularly where Vs is 

reduced by addition of an electrolyte thus deepening Vou - this is 

controlled flocculation; 

(b) flocculation produced by bridging, either by polymers or by 

metal ion - polyelectrolyte» és could also be called controlled 

flocculation; and Ta 

(c) 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 Naeger (33) who studied silica 

‘dispersions with electrolytes and surface active agents; James and 

Goddard (34), (35) barium sulphate preparations, used as x-ray opaque 

media, in the presence of hydrophilic colloidal material; Uno and Tanaka
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(56) 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, a alumina and 

graphite suspensions (38). 

1.5. Outline of present work 

The importance of the use of surface active agents and more partic 

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 suspension system is therefore of importance 

and worthy of investigation; Mathews and Phaes (26) having demonstrated 

that comparisons may be made between coagulation in a model disperse 

§ system and in heterogenous drug suspensions, it was decided to choose a 

monodisperse Galystyraue 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 knowledge 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 section.
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SECTION 2, 

2.1. The Electric Double Layer 

Most solids, when in contact with an aqueous medium, acquire a 

surface electric charge. 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 postively charged at low pH and 

carry a negative charge at high pi; 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) Ion adsorption. A net surface charge can be acquired by the unequal 

adsorption of oppositely charged 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 interface as closely as the anions i.e. it is not usually necessary 

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

order to explain qualitatively the negative zeta potentials, This 

situation is a general one and holds in various degrees 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, 

(ce) Ion dissolution, 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 

was 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 apace charge 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 negative ions are concentrated and the positive 

ones are repelled, whereas for places of negative potential the reverse 

is the case, 

ni = No exp (-Zi e /kT) 
2.1 

where n; is the concentration of ions of kind j ata point x where the
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potential is y 31% is the concentration in the bulk of the solution; 

Zjis the valency (sign of the charge included); eis the electronic 

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= 223 2 ni 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 

ay _ -p 2 
dx? ~ € 2 

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 obtain the Poisson-Boltzmann equation 

2 
SF = - 5 Bt eno exp (2 © v/kn) 2.4 

A first integration of (2.4%) can be made after multiplying both sides 

of the equation by 2d¥/dx to give 

2 
@) a ae Eno (exp (-Zi e W/kT-1) 265 

where the condition that for x9. 004-0and $Y» QO 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: 

ay _ _,fankr Z fi 
ae 7 = (exp (Zey/2kT) -exp (-Zey/2kT)   

  

or _ [Sek cin Zew 
€ 2kT 2

 

2.6 

From this equation a relation between the surface charge density, o 

and the surface potential, ~), 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 

o 

o = - f po 2.7 
° 

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

2 
aa ese oe 

o = +f ¢ Spa = ce (x = 0) 2.8 

° 

: : : dy , 
inserting the value of dx from 2.6 

4 s Zepo G AJ 8nkTe sinh eT 2.9 

A second integration of equation 2,6 with the condition Way, for x=0 

gives 

- (exp (Ze_W/2kT) + 1) (exp (Ze _Yo/2kT) -1) 
kx = In (expe ¥/akt) - 1) (exp Ze Vo/2kT) #1) 2.10 

where « is identical to the reciprocal length parameter of Debye-Hiickel 

theory; i.e. for a symmetrical electrolyte 

k (2524 2.11 

At low potentials, ifze¥o ,2kt «1 5 equations 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, Iquation 2,9 then becomes 

~ | Zevo _ /2nz2e2 = 
o = 8nkTe 3kr = EN ato, yo EKYO 2,12 

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 = In yo/p or p= wo exp ** 2.13 

showing that at low potentials the potential decreases exponentially 

over a distance of the order of magnitudel/x , It is customary to refer
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tol/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, K the reciprocal length 

parameter is dependent on concentration, c, of added electrolyte, 

throughn, the number of ions, or 

K a /n ave 

hencel/x, "the double layer thickness", & lave, increasing the 

concentration of added electrolyte means therefore thatl/c"the double 

layer thiclmess" 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 charge density p in the 

solution surrounding a sphere are related by a form of the Poisson 

equation: 

a 22 4 (2s). 2 Gee ee am ae oe 2.1h 

where r is the distance from the centre of the particle and ¢ the 

dielectric constant of the surrounding solution; equation 2,5 then 

© becomes 

+ x ( zt) = -+ Zi @ No exp (—ZeW/kT) 2.15 

This equation cannot be integrated analytically without approximations, 

For values of % 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: 

Wat) a) 7 ex =) 2.16 
analogous to 2,15 and the surface charge density of the sphere can be 

shown to be 

Gese= & a ae (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 unsymnetrical 

electrolytes are also given, Their results are valuable in the field 

of electrophoresis for obtaining zeta potential values from electro- 

phoretic nobility measurements, 

2.1.5, The inner part of the Double Layer 

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 modificationes 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 

closely to the surface than a distance equal to their effective radius 

(the ion may or may not be hydrated), But the other is a new concept 

which recognises that at short distances from the surface there may 

exist a specific ‘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 enerzy 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 4, replaced by ‘ (the potential at the Stern plane) is 

considered to be applicable, The potential changes from 4, at the 

particle surface to q, (the Stern potential) in the Stern layer and 

decays from us 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 (-ze¥s ) and a chemical potential ( 6 ) 

independent of the electrical circunstances, 

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

    

01 Nisei. 218 
+ oe N ee (@ evs + $4 1 

ny kT 

  

where Ny is the available number of adsorption sites per ene N is 

Avogadro's number, and M the molecular weight of the solvent, In 

practice usually only one of the terms in equation 2,18 needs to be 

considered because either the positive sr the negative ions are completely 

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

Nizie 
Cis 4 ae a Zievs + ¢ 2.19 

nim “*P kT 

Treating the Stern layer as a molecular condenser of thickness 6 and 

with a dielectric constant 

% = 5 (Yo = VS) m0 

where 9% is the charge density at the particle surface, For overall 

electrical neutrality throughout the whole of the double layer 

7.7 Ci tag = 0 2.21
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where g, 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 V5 . 

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 

kT 2kT 

- Nigie 

5 {Wo Ve) : Led —— exp (4) = (eoxre)* sinh eu) =O 2,22 
nyM 

This expression contains a number of unknown quantities; 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 interpretation 

of adsorption of surface active agents is developed in Section 2.4.5. 

Grahame (44) proposed modifications 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 surface. In Grahame'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, 

must 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 INNER and OUTER Melmholtz 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 & Markov, 

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 ien is negligible and so the important problem was the 

calculation of the potential in the hole, 

The incorporation of the discreteness of charge effect into the 

Stern adsorption isotherm has heen accomplished by Levine et al (45) 

who show that it is able to explain a number of previously puzzling 

features of colloid behaviour, 

Equation 2,19 then becomes 

e Nigie 

as N Zie (WS + 69) + $ 
lt+ain oP ( ET 2593 

where ry is the potential correction for the discreteness of charge 

effect. Tire main consequence of including this term is that the theory 

now predicts that, under suitable conditions, 5 goes through a maximum 

as Vo 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 272 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, Taydon (39), in a review, has shown that this is generally
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true for at least 1:1 electrolytes at concentrations below 1077 mol da. 

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 of ions, variation in dielectric constant, ion 

self atmosphere effects and electrostriction) since they tend, toa 

considerable extent to balance one another out, Their calculations 

show that the effect of taking the corrections into account ia not 

likely to be significant for electrolyte concentrations of 107 mol da? 

or less. At higher concentrations the Debye-Hitckel reciprocal length 

is less than Inm (in aqueous 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 Haydon (39) and by Macdonald and Barlow 

(48), From these works it seems reasonable 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 are 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 overlapping diffuse layers 

Consider two flat surfaces each of identical surface potential 

Wo and at a distance Ho 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 (a) between the two 

surfaces is Wy . 

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



the two surfaces as they approach one another is 

Pp = @QnkT (cosh u - 1) 22h 

where U =zeVy/kT and n the number of ions per unit volume, Cosh u 

is always21 so that the pressure is always repulsive, 

The potential mid-way between the plates as expressed by u is 

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

  

KHg z ay 

2 f V2 cosh y - 2 cosh u 2.25 
u 

nee = 2eto Zewd 
where kr a eet kr 

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

Vp. = - fr 

= + fre (cosh u- 1) dBy 

expression 

2,26 

there is no analytical method for oniate aero of these integral 

equations but numerical 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 , i.e. the surfaces 

cannot be closer together than 2/4 and u¢1, 
- KH 

Then u = 8 y exp - 2 2.27 

3 Zev, ies shore ne exp (Zebo/2kT) a 2,28 
exp (Zeo/2kT) + 1 

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

Pos 64nkTy2exp SHO 2,29 

Ho 
hence or re 

VR = 64nkTy exp Ho ay 

cy 

  

= 64nkTy“exp
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The repulsive energy is therefore, through Y , a function of the surface 

potential YW, . A measure of this can be obtained from the potential at 

the Stern layer V5 9 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 approximations exist: 

(a) Spheres of same radius (a) and same potential Va 
2 5 . 

for Ka > 1o Vp = ae in (1 + exp KHo) 2.31 

holds for Wo ca £50 mv 

(b) Spheres of vadii a, and a. , potentialsY, andWo) 

for SO 7-10 

Vag = eee ( vie? + v20?) aie 20 an Loe #ln (1 es 4(a) + ag) Y10 + b20 1 = exp “Ho Ce : 

see Hogg et al (52) 

2.32 

(c) Spheres radii ay and a, and potential Vo 
> 2 

2 €a) a = 
% = 28 ln (1 + exp RHO; % 

(ay + ap) 2.35 

Any of these situations is possible with suspensions of pharmaceutical 

particles, 

A number of other approximations can be made and these have been 

summarised by Honig & Mul (53) 

2.2 Attraction between particles 

The concept of interaction between molecules was introduced by van 

der Waals in 1893 see, for le 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, van 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). For two molecules with dipole moments yy and 

ye 
~2ut ud 
3kr x6 2.54 

Vk 

where r is the distance of separation, 

(b) Dipolar molecules induce dipoles in other molecules so that 

attraction results, Debye (56) 

a uh + 2 Hf 2.35 
er 

ee 

where a & a, are the polarisabilities of molecules 1 & 2, 

(c) Attractive forces are also operative between non-polar molecules, 

as is evident from the liquefaction of hydrogen, heliumetc, These 

universal attractive forces (mown as dispersion ferces) were first 

explained by London (57) and are due to the polarisation of one molecule 

by fluctuations in the charge distribution in a second molecule. The energy 

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

by:= 2 y Wee = sa eee 

x“ 2,56 

where Ug 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 between 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 colloids, This, and the 

phenomena of adhesion and adsorption suggest that an attraction between 

condensed objects does exist. 

2.2.1. The de Boer-Hamaker Microscopic Theory of attraction between 

condensed objects 

Following on the idea of attractive forces between condensed objects, 

it was further suggested by Kallman and Willstatter that the attractive 

forces could be quantified by integrating the van der Waal's attraction 

between their constituent atoms or molecules, Although the attractive 

energy between two molecules is very short range, varying inversely with 

the sixth power of the intermolecular distance, it was shown by de Boer 

(59) and Hamaker (60) that the total interaction energy, between two 
. 

flat surfaces of infinite thickness, V,, was given by A 

_ 12q?3/4hvoa® a 
Ve = 

121? ~ 12H? 2.37 

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

of atoms per unit volume, The force of attraction, Bus per unit area 

is given by A 

~ 6g? 2.38 
  

Fa 

Hamaker further derived the attractive interaction between two spheres, 

radius a, and a,: 

  

  

1 2 

2 

ieee 2 ~oos i dt _— oe i T2 | x2 + xy +x wexytxty Btu tx ty 

H a. 
where x =-2 andy = —2 

2a, a ay 

if x<<l, i.e, the case where Ho <2a, , then, 

v _ wAa, a2 
ee 

6Ho (a, + ag) 2.40
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For two spheres of the same radius, a, an analogous approximation is: 

Va = zAa 2.41 
12Ho otk. 

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

pharmaceutical interest, 

2,2.2. he effect of the liquid 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, Wamaker suggested that the interaction can be deduced 

from the in vacu? Hamaker constants for the particles and the medium, 

the effective constant being: 

Ag = A, + AQ - 2a1 5 2.42 

and for similar materials assuming a geometric mean relationship: 

Ayo = (Ary Ayo)? F 2.45 

and 

Paes ay" f as 24h 

where Ay and Agg are the constants calculated on the basis of fitere 

actions between pairs of atoms of those materials, 

The various methods of calculating Hamaker constants have been 

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

2.2.5, Blectromagnetic retardation 

The expression for attraction energy, equation 2.41, 

-Aa 

12Ho 
is not valid when the London forces operate over distances comparable 

VA =   

with, or iarger than, 0.19 where Xo is the wavelength of intrinsic 

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 

where B is the retarded Hamaker constant; its relation to A is given by 

B=1,24 x 107 AX, 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 analysed 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 

“= “Hore 
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 Macroscopic Theory of attraction between 

condensed objects 

The macroscopic 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, H, £2o/27 , the force of non retarded 

attraction is given by 
ho 

Fa = 1613 Ho? 2.46 

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

vacuum then es 

/ a : a 

o = de 
1 td 

cS : 2.47



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

w= ik en ee eS fee 

é €) + €2 estes) oo 2.48 

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

  
  

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

therefore, requires considerably more data than those needed to caleulate 

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

(65), (66) has shown that the use of the London- de Boer-Ilamaker theory 

is restricted by a number of assumptions:- 

(1) of pairwise additivity of individual interatomic interactions in 

condensed media; 

(2) the approximation that the contributions centred around a single 

dominant frequency of the electromagnetic 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 insertion of 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 polarization 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 Waals 

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 example, 

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 energy of interaction between 

two semi-infinite plates of material 1 separated by a medium 2 is given 

by: 

¥, = = 2 
12 1 Ho? 2,49 

which can be compared with equation 2.37. Here Avs which is also a 

function of the distance of surface separation Hos and temperature T, is 

obtained from: 

ay = 1.5 kT r I (En Ho) 

2,50 

where I is a function of permittivity and distance, The prime on the 

summation sign indicates that the n = 0 term must be multiplied by 4, 

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, Aya for the n decane triple 

film, of 5.5-6,1 x iors J when experiment suggests a value of 5.6 x OTe 

whereas pairwise summation of the London dispersion forces predicts a 

me 
value of Ay of 0.9 x 10 al (71). 

T 

The idea that the attractive and repulsive interactions are completely 

separable in colloid systems mist be applied with caution, Because the
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nature of the dispersion medium profoundly affects the van der Waals 

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 effect stability in three main ways: 

(a) by increasing or decreasing the charge on the particles, thus 

affecting Vine 

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

Vge 

(c) by altering the value of the Hamaker constant, thus affecting 

Vue 

2.3.1. The effect of the adsorbed eree a the Stern potential Vs 

Adsorption of ionie surface active compounds, such as sodium dodecyl 

sulphate or dodecyl trimethyl ammonium bromide, onto particles in an 

aqueous dispersion, can significantly alter the Stern potentials . 

Such adsorption is likely to occur when there are more adsorption sites 

on the particle surface than the number of potential determining groups 

cmt eT aRIE present, as was found by, for example, Ottewill et al (see 59) 

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 reverent of 

charge to take place within the Stern layer i.e. for VW, and, to have 
6 

opposite s; 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 ° 

  

2.5.2. Steric Stabilization 

The term steric stabilization was probably first used by Ifeller 

and Pugh (72) to denote the fact that uncharged 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 steric 

stabilization 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 approach of Bagchi (76). _ 

In writing the total energy of intcraction as 

“ Vey + Y + Vy 2.51 

where all steric and solvation terms are put together in the term Voss 

the position for the origin of the energy terms on the distance axis is 

not elnaye clear, For example, in the case of Ya and ve either both 

interactions can be assumed to emanate from the particle surface or the 

origin of the van der Waals 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 van 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 pharmaceutical suspensions. 

Since uncharged colloidal particles coated by nonionic surface 

active agents or polymers exhibit stability there must exist a repulsive 

potential barrier hetween two such particles, This barrier counter- 

balances the van der Waals attraction between the core particles, 

Repulsion is characterised by the change in the Gibbs oe energy AG, : 

of the particles on close approach, The second law of thermodynamics 

implies that a positive value ofAG, is necessary for stability and 

Napper (81) has pointed out that since A cS can be written as 

4Gg = AHg ~- Tdg 2.52 

three ways of obtaining a positive value for AG, can occur:— 

(a) ifAH, and AS.are both negative but TAS.>AHS, 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 

flocculation would occur, Thus entropically stabilized dispersions are 

characterized by a flocculation process which would occur on cooling, 

(b) if both Alf and AS are positive and All DIAS, then a positive 

value for aoe results, or enthalpy aids stabilization and entropy aids 

flocculation, This has been termed enthalpic stabilization, On heating 

TAS, should normally increase more rapidly than All, and hence floc- 

culation should occur, 

(c) both the enthalpy and entropy changes oppose flocculation if An,
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is positive and AS, is negative. Dispersions stabilized by this 

combined enthalpic-entropic 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 important 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 4G, arises, 

It therefore provides little information on how AG. 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 ofA G.. This is of course a model 

dependent procedure, The usual model examined consists of polymer chains 

irreversibly attached to the particles. ‘The enaine project into, and are 

dissolved by, the dispersion medium (which may also be termed the solvent)... 

Mackor (82) was the first to attempt to calculate the repulsive 

potential energy in steric stabilization, He argued that the close 

approach of two colloidal particles resulted in a decrease in the volume 

accessible to the stabilizing moieties and thus to a decrease in the 

configurational entropy,/\Sconfy of the stabilizing chains, The magnitude 

of A G, 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 

As conf and hence A\ c. : 

It is clear that calculations 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 toZ\ $ conf, This approach
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implies that a stable dispersion once formed, cannot he floceulated 

merely by changing the solvency of the dispersion medium, MNowever 

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 flocculate on heating (e.g. many aqueous latices) are enthalpically 

stabilized, not entropically stabilized. Mackors approach ignores all 

enthalpy changes. 

The Critical pature of the solvent properties of the dispersion 

medium in steric stabilization was first realised by Fischer (84). 

According to Fischer's theory, if the dissolved polymer sheaths surrowund- 

ing two sterically stabilized particles were to interpenetrate, the 

chemical poveutinl of the solvent in the interaction zone would decrease. 

A gradient in chemical potential would thus be established between the 

solvent molecules in the interaction zone and those in the external 

dispersion medium, As a result solvent external to the interaction 

zone would diffuse into the zone and so force the stabilizing moieties, 

and the particles, apart, This corresponds 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 Plory~luggins theory (85) 

AGg = 2BRT <Cg> (AV) 2.53 

where <> is ‘the mean segment concentration ana (Av) 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 solvent, B 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 therefore /\ &. is zero, 

Ottewill and Valker (78)have shown how to express Fischer's formula 

in terms ofyenthalpyp Re which characterized the interaction of the 

stabilizing group with the solvent, and an entropy of mixing term, V , 

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 theoreticaliy that the free energy of 

interaction Z\ &. arising from nonionic interactions for two spheres 

of radius, a, depended on the thickness of the adsorbed layer, ¢, the 

distance lo between the bas_c particle surfaces and the thermodynamic 

terms, X andy, 

The expression obtained was 

4xtnc? 
46s = Vg = = (-y (a- 22 (3a + 2a + BS) 3Vip02 vr Xx a Gs 2 2.54 

where V, is the molecular 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 segment concentration 

is obviously an approxiuation because the segment 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 oceur when the minimum distance between 

the particle surfaces is less than the countour lensth of the polymer 

chains, The theory also disregards all virial coefficients higher than 

the second, Nowever despite these quantitative shortcomings, Fischer's
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theory predicts all the qualitative features of flocculation that have 

been observed by Napper et al (see 83). 

The assumption that a mean segment 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 

distribution function relevant to a polymer chain attached to an 

impenetrable interface is in fact required, Fischer'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 essentially an extension of Fischer's solvency theory. 

It treats hoth interpenetrations and compression using a latice approach, 

This permits the introduction of segnent density distribution functions, 

The theory, although with limitations, is in good qualitative agreement 

with the results of experiement. Bagchi (76) has similarly approached 

the problem theoretically from a consideration of interpenetrations 

(which he terns mixing) and compression (which he terms denting) and 

obtained agreement for this theory with the experimental observations of 

Napper. 

2.35.3. The van der Waals attraction between colloid particles 

  having adsorbed layers 

  

The effect of solvation sheaths, and of adsorbed layers of varying 

Hamaker 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 Hamaker 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 pauases cone sADe ean in fact lead to 

a reduction in the attraction (over me Ehore that of the simple increase 

inerease in core spacing effect) which is no longer trivial, 

Ottewill and ‘ialker (79) used a number 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 5 

Ar - EAD Hyt(AgrAb) Hpt® (yrAs) (Ag Mpg} 2655 

where A is the ifamaker constant of the medium, adsorbed layer and the 

particle as designated by the subscripts, M,S, and P respectively, The 

function Hf is given by, 

2 
U(xyy) =__y ee. + 2in |x +xyrx 2 56 

3 2 2 9 
x +xy+x x +xy+x+y xPaxyexty 

 



for the interaction between two spheres of unequal radii, In Hanaker's 

  

original work x is the distance of surface separation/radius of particle 

1 and y is the radius of particle2/radius of particle 1, Thus it is 

taken as the distance between the surfaces of the adsorbed layers on the 

particle the values of HQ, Hog and I, have x and y values as follows: 

  

  

Ss S RP 

i, x= » ye ly 
2(a+ 6) 

thet x = AtS, y= asd 

2a a 

H? x = Ayes payee ls 

2a 

In the Limit, as x0, eqn (256) approximates to, 

H(xjy) = _y _- 2.57 
ae 

x(l+y) 

a is the particle radius and § the thiclness of the adsorhed 

layer, this approach is further discussed and used in calculating va 

in Section 6, 

2.3.4, Combined effects of steric 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 

electrostatic 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 

disyersions, 

However, in the case of weakly anchored stabilizing molecules, 

flocculation occurred in the presence of hydrolysed cations owing to 

the displacement of the stabilizer by the hydrolysed species, This 

was in agreenent 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) using, as surface active agents, salts 

of dioxyethylated dodecyl sulphate in conjunction with particles of 

sulphamerazine, hydrocortisone 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 experimental 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 phepinena arising fron the relative 

tangential motion between charged phases. ‘The others that can be 

distinguished are: 

(a) electro-osmosis - the movenent 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 wnlmown 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 unit. 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 smaller in magnitude than v5 « In 

calculations involving double layer theory it is usual to assume identity 

of V5 and ¢, and the bulk of experimental evidence suggests that errors 

introduced through this assumption are generally small especially at 

lyophobie surfaces, Any differences hetween vs and $ will be most 

pronounced at high potentials and at high electrolyte concentration (91). 

Eleetrokinetic theory involves both the theory of the double layer 

and that of liquid flow, For 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, hes When Xa is small a charged particle may be treated 

as a point charge, when Xa is large the doable Layee is effectively flat 

and may be treated as such, 

- 2.4.1, Calculation of zeta potentials 

The calculation of zeta potentials from electrophoretic mobility 

measurenents ~ the electrophoretic mobility, U, 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 kind is the equation 

derived by Melmholtz (92) and improved by Smoluchowski (95): 

me u = eee 

where € and 7 are the dielectric constant and viscosity respectively of 

the solution surrounding the particle and these are assumed to take bulk 

solution vaines, 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 bulk phase. In addition, the distribution of the ionic double 

layer is assumed to be not affected by the applied field. Under these 

     
conditions equation 2 is valid 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, Nitckel (9%) 

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: 

Gini ee 
Toon 2.59 

and for values of Kal the Hiickel equation may be used. 

Equations 2,58 & 2,59 differ only by a numerical coefficient. 

Henry (95) resolved this apparent contradiction, he pointed out 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 the particle is the same as that 

of the medium, and when the particle is so small that no appreciable 

distortion of 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 parallel to the particle surface; Hitckel'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, Hiickel'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 

centre 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 takes into account the effect of retardation 

and is of the form: 

wes Gey B+ ari] 2.60   

where F(Ka) varies between zero for small values of Ka and 1.0 for large, 

and Ae ko k 

2ko +k, 

where ko is the specific conductance of the bulk electrolyte solution 

and ky is the specifie conductance of the particles, For small Ka the 

effect of particle conductance is negligible. For large Ka the Henry 

equation predicts that \ should approach ‘=1 and the electrophoretic 

nobahity — > 0 as particle conductance increases; however in most 

practical cases, ‘conducting! particles are rapidly polarised by the 

applied electric fielf and behave as non-conductors, 

For non conducting particles ( \ = 4) the Henry equation can be 

written in the form 

  Ts oF (ka) 2,61 

In the limiting case Ka—> o@ (i.e, when the double layer is very 

thin compared with the radius), f(Ka) = 3/2 and Henry's equation is 

reduced to the Melmholtz-Smoluchowski equation, When Ka>Q, f(Ka) = 1 

and the Hiickel equation is obtained, 

The simplifications upon which the Henry equation is based are:- 

(1) The Debye-tttekel approximation is made
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(2) The applied field and the field of the double layer are simply 

superimposed, Mutual distortion of these fields could affect electro— 

phoretic mobility in two waya (a) through abnormal conductance (Surface 

conductance) in the vicinity of the charged surface, and (b) through 

loss of double layer symmetry (lelaxation 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 nubile part of the double layer, and which express electrophoretic 

mobility as a power series in eS/kT, A major mathematical problem was 

caused by the fact that, for spherical particles, the Poisson-Boltzmann 

equation has no Imown tractable solution and these equations were only 

solved for a restricted number of terms and quantitative validity could 

only be claimed for €$/kI¢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 nwnerical 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 other 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) Brownian 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 

= Stheu (nnrationalized) 2.62 

The function E was computed for several combinations of the parameters 

Zt, Z—, Ka, yo, m+ and m=, The quantity yo is given by 

Yo = a 2.63 

The paraneters m+ and m= are given by: 
NekT Zt mito= aa xe (unrationalized) 2.64 

where N is the Avogadro nunber and ME the limiting equivalent conductance 

of the small ions. Most of the computations were carried out for uni- 

valent electrolytes and for nm, = m_= 0,184 i.e, Meee 709 one ein 

in aqueous solution at 25 °C. The maximum value of % computed was 6 which 

corresponded to {= 154.1nV at 25C. The dependence of 1 ona 

was investigated by a few special computations and for univalent electro— 

lytes only, Other types of electrolyte were also considered although 

those were limited to rather low values of Yo. 

Qttewill and Shaw (99) have tabulated some of the results of Wiersema 

et al in a more readily usable form, Mobilities are presented as a 

function of zeta potential and Ka, For 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 45,2). 

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, 

2.4.2, Permittivity and viscosity 

All the treatments mentioned above have assumed that the viscosity, 

ny and permittivity (dielectric constant) ¢, are constants. Further 

difficulty in the calculation and interpretation of zeta potentials will 

arise if the electric field strength, dy /dx, close to the shear plane is 

high enough to significantly decrease e and/or inerease 7 by dipole 

orientation; both effects reduce the mobility for a given zeta potential, 

Iyklema and Overbeek (90) have examined this problem and concluded that 

the effect of d y /dx on € is insignificant, Dae that its effect on 7 

may be significant, especially at high potential and high electrolyte 

concentration, The variation of 7 with field strength is given by: 

2 
nen [1 + £& (2) ] 2.65 

where 7, is the viscosity in zero field strength, A significant (and 

positive) viscoelectric effect would result in the effective location 

of the shear plane moving farther away from the particle surface with 

increasing ¢ and/or increasing K, in other words, the physical meaning 

of the term 'zeta potential’ would vary. Unfortunately, the value of 

the viscoelastic constant f, in aqueous solution is not known with any 

o7t lL 2 2 certainty. lLyklema and Overbeek used i, sl cm” Vv but it now 

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

(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 2.4.3. 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 particle shape makes the calculation of the electrophoretic 

retardation and of the relaxation effect more complicated, In addition, 

the electrophoretic velocity ofa non spherical particle depends, gen- 

erally speaking, on the orientation of the particle with respect to the 

direction of the external field and the theory for these particles is 

incomplete. Iowever, when the particle is insulating, and the thiclmess 

iy 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 (104) has also 

shown that for any particle shape, the relaxation effect can be neglected 

when the double layer is thin compared to any radius of curvature, Iience 

in this limiting case, which is applicable to the drug systems used, 

Stoluchowski's equation can be applied to all particie shapes, -and the 

electrophoretic mobility does not depend on the orientation of the particle, 

2.4.4, 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 Wiersema 

(42). With electrophoretic measurements, the surface charge density 

ealculated from the zeta potential is the charge density at the surface 

of shear, For convenience, this charge density is often identified with 

the charge density in the diffuse double layer i.e, Oe 

Surface charge density can be interpolated from the tables of Loeb 

et al, which for 1:1 electrolyte at 25°C is given by (mrationagi ipa) 
areas 

6, = 1.7603 x 10 (c)” ~2 
I €.8.u. cm 2.66



as 

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

  

qe ee 

and vy = 2 

kT, 

where r is the distance of the surface of shear from the centre of the 

sphere and c is the concentration of electrolyte in equivalents per anoy 

Some of the values are given below. 

T(q,sy,) as a function of a, and yy for 1:1 electrolytes 

q 
A 10 20 co 

1 1.1405 1.0912 1.0422 

2 2.5361 2.4450 2.3504 

3 45146 45861 4 2586 

4 7.5614 7.4068 7.2537 

5 12.445 12,271 12,100 

The vaiues of 1(q,s¥Q) in the last colum, i.e, 15> 00 » are calculated 

from the Gouy-Chapman-Stern diffuse layer theory, 

' % : 2 one (=) sinh se (unrationalized) 

2.67 

with I = 2sinh %o « From the table it will be seen that for kr 3 20, 

the surface cite 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 \ 38 

where a is the radius of the particle, Hence it is justifiable to use 

equation 2.67, which, in its rationalized form is 

2 = (8noekT)* sinh = 2.68 

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

reduces to 

= 3.7 x107? fe sinh 57.9 §
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where c is expressed in mol m? and ¢ in volts, 

2.4.5. The relation between Stern Potential and surface active 
  

agent 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€1, Chen (106) has extended this relation- 

ship for surface active ions with a charge opposite to that on the 

particle when Ka 20, The surface charge density of a particle in the 

absence of surface active agent is given by 

o, A + of 2.69 

where o and of are the charge densities in the Stern plane (potential 2 

V5 ) and in the diffuse double layer respectively, When surface active 

ions are added to the system, these will adsorb in the Stern plane by 

jon exchange with the inorganic ions in this plane or by direct transfer 

from the diffuse double layer, The Stern potential will be altered toa 

value v5 and the charge densities in the cro and diffuse double layers 

to % and 65 respectively, Assuming that the surface charge density oC 

is not affected by adsorption of surface active ions, then 

Coat 5 2.70 

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

° ° Roa E see aa er Lc 
since oy > o due to the adsorption where om is the increase in charge 

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

  

o = N, Ze jf 2.72 
ex: moe io et 

xe 

2 
where Ny is the number of adsorption sites per m and X, is the mole 

2 os ONT ot a fraction of the surface active agent and AG is the electrochemical free
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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. 

When the concentration of the surface active agent is low then 

Xe Prers a 
55.6 x 10 2.73 

where c is the concentration of the surface active ion mol noe 

Combination of equations 2,72 and 2,73 putting 

ky = exp - 4G 
~ kT 

55.6 x 10° 2.730 
yields 

oe ze, ke = ye = Oc, 2.74 

lekye like 

. where Iy = zeNj ky 

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 solid in aqueous solution (107). 

As discussed in section 2,4,4 the charge density in the diffuse double 

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

whence 

A. 

(8 10 kT)" sinh zoey} 2225 
Ou? w

l
e
 

1 

1 
(8 70 €k?)* sinh zetg 2.76 

OkT 
aoe 

(8 %0 € kT)" [rssn zeys = sinh ze 4 
2uT 2k? 

and 

nw
t tl 

Therefore oe 

2.77 

Since 6, can increase continuously, conditions may arise such that the 

particle charge may reverse sign so that VW and VW, have different signs, 

When this oceurs 

° 
ny = {65 ee GS 2.78



generally 

a 
o = (8 n,€ kt)” [>in zews + sinh set; Det 

oe Qu 

Equation (2.7%) can be rearranged to yield 

le. ky [= - | 2,80 

e A 

A% 
Combination of equations 2,79 and 2,80 gives 

  

  

ze N. 
Je oe ee Sy 2.81 
e (8 Mo€kT)* |sinh zew, + sinh zoek 

2kT 2kT 

which expresses the general relationship between the Stern potential 

and surface active agent concentration, From equations 2.74 and 2.77 

(8 %o ek?)” |sinh zeyG  ~ sinh zev, = ic 2.82 
2uT 2k? ee 

Lily? 

The slope ot logy 9° can be obtained by differentiation of equation 
\ 

2,82 to give 

L 
ze (8 Noek?)* cosh 2e¥8_ dio = ke 
aa 2kT dine Tage)” eee 

2 

It can be shown from equation 2.74 that 

fees fs _ | 2.84 
(Take) ze, 

Combination of equations 2,74,2.77;2.93 and 2,84 yields 

° 
zews _ zeyps = a 

ays = 4.606kT {sinh 2kT sinh 2kT (8noek?) “(sinh zeyS~ _ sinh zeys ) 2.85, 

d log,,e ze coe Zeus 2kr owt -1 
2kT zeN. 

1 

when Vs = 0 equation 2,85 becomes 

aus _ = 4.606KT /_, ., zevs 8 noekt) Xsinh zeys? 
429910" Ty, = 0] ze RT ; aur 

zeN, 2,86 

It can be seen from equation 2.86 that the slope of the Ys ~log) of 

plot at V5 =o is independent of k, but is dependent on Nye vs and z,. Since 

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



a 

be used to calculate Nye So far it has been assumed that ‘ will remain 

constant over the whole curve. lIowever, this will only be true whilst 

ZNG remains constant, and since 

Az Ads zey, 2.87 

where A\¢ is the specific chemical free energy of adsorption, this 

will hold under the condition that ze. is small compared with A@ . 

2.4.6, Hydrophobic bonding = the hydrophobic effect 
  

Hydrophobic substances may be defined as those that are readily 

soluble in many non polar solvents but are only ee soluble in 

water (109). Surface active ascents are substances which have both 

hydrophobic ( a hydrocarbon chain) and hydrophilic regions in their 

molecular structure. From a thermodynamic point of view the outstanding 

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 the surface 

active agent. To counteract this unfavourable entropy change 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 aqs@ous phase, At a certain con- 

centration, however,(the critical 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 one another in comparison with which the paraffin~paraffin



or paraffin water attractions are very slight", 

The term ‘hydrophobic bonding' can therefore be criticized in that 

there is no bonding between the hydrophobic groups (there will however 

be van der Wanls type attractive forces), and the phenomenanis better 

described as the 'hydrophobie 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 energy of adsorption, Ottewill 

and Watanabe (112) have shown, with silver iodide, positively charged, 

that with anionie 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 concentration Firstenau has shown 

that the concentration of adsorbed ions within the Stern layer approx- 

imates the emc, There are therefore a number of factors which con- 

tribute to the free energy of adsorption of hydrocarbon chains at a
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hydrophobic surface, 
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SECTION 3. 

EXPERIMENTAL 

3.1. Materials 

The distilled water used for all solutions and dispersions was 

obtained from a Fison's Fi-streem al] glass still, General chemicals 

used were of A.R, quality. 

3.1.1. Surface Active Agents 

(a) Nonionic surface active azents 

The nonionic surface active agents were polyoxyethylene glycol 

ethers of n alkanols, used ag 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, 

Cy Hyg CHyC,0),, OH , the average number of n is 23, 

CyoByze Mol. Wt, 1198, ae i 

B.D.H. Chemicals Ltd. “BRIT 35" 

(ii) Polyoxyethylene n hexadecanols, 

©, gflyg(CHCH,0),, om , n taken as 10, C,B, 93 

18, Cy 6M gi 30, Cy gBaqs 45, 0, 6B, 53 60, Oy Bene 

Mol. Wts. 682, 1034, 1562, 2222, 2882 respectively. 

Glovers (Chemicals) Ltd. Texofors Al0, A18, A30, 

Ak5 and AGO 

and Cetomacrogol 1000 B,P., C1 6Po5° 

Mol, Wt. 1254. 

Macarthys



(b) Anionic surface active arents 

(i) Sodium tetradecyl sulphate 

CF I 90 pave Na, Mol, Wt. 316,454 STS, 

Prepared in the laboratory at the University of Aston 

by _G, Mukhayer. 

(ii) Sodium dodecyl sulphate 

SoM a5} 
B.D.H,. Chemicals Ltd "Specially pure" 

(iii) Sodium decyl sulphate 

S
 0S0.Na, Mol. Wt, 288.38. SDS. 

5 

Gy pln g9804Na. Mol, Wt. 260.326 SDeS. 

Eastman Organic Chemicals 

(c) Cationic surface active azents 

  

(i) Wexadecyltrimethylanmonium bromide 

©, lig (CH,) Br Mol, Wt. 364.5 C, cTAB. 

B.D. Chemicals td. 

(ii) Tetradecyltrinethylamnoniun bromide 

TAB, By Hyg ( cH, )br Mol. We. 336.47 ©, ,/ 

(iii) Podecyltrimethylanmonium bromide 

CoH N(CH) Br Mol. Wt. 508.5 CTAB. ratty N(CH) 5 0 508.5 C1 

(iv) Decyltrimethylanmonium bromide 

By Mol. Wt. 280. AB. c H, N(CH). )_Br Mol, Wt. 280.3 CB 

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. Polystyrene 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-l0um Nitrogen, was 0,871 molar 

(calculated on total volume), Initiator potassium persulphate 

Ky 800, AMR, recrystallized from room temperature solution, 3.4 x qn 

mol BE sodium chloride A.R, 11.54 x 10? mol an: both calculated 

on the volume of the aqueous phase, The polymerisation was carried 

out in a 1 litre round bottomed flask in a themostat bath at 70°C, 

stirrer speed 350 r.p.m., reaction time 2shours, 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-fluoro~118,17a,2l<trihydroxy~16B~-methylpregna-1, 4—diene~ 

3,20~dione, 

  

Gift from Glaxo Laboratories Ltd, 

(ii) Griseofulvin B,P, 

(+)-7-chloro=!, 6~-dimethoxycounaran-3-one-2-spiro-1 t-(2'- 

nethoxy-6'-methyleyclohex~2'~en=4'—one) 

  

Gift from Glaxo Laboratories Ltd. 

(iii) Nalidixie Acid B.P.C, 

Nalidixic Acid is 1-ethyl-7-methyl—t-oxo-1,8-naphthyridine-3- 

carboxylic acid OM, 
CHa NN A, 

0 U CO 
oO 

Gift from 

  

inthrop Laboratories
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(iv) Thiabendazole B.P,C, 

Thiabendazole is 2~(4~thiazolyl benzimidazole, 

 



  

  

  

Cme, in water, of surface active agents at 25°C. 

Surface active copes ree value aud avence 

agent mol dm mol dia 

E19 1.8x107" 6.0x107> ca 
ah -5 

Big 1,55x10 3, 85x10 

©, Pos 6x107> 5.0x107> (119) 

16259 helo”? 2.20107? (uqa) 

©, Eas a.ex107 | 1.75x107° (118) 

Ofer qxl07? 1.15x107> (119) 

85 145x107" | 1,0x107* (117) 

SDeS 5.252107" | 5,26-3.35x107° 

ss 7.86x107> | 8,06-8,4x10"? 

srs 2.062107 | 2.05x107> 

6, (TAB 6.06210" || 6,5-6,8x10 — (117) 

C9TAB 1.60x107 | 1,40=1.64x1077 

6, , TAB 3.58x107? | 3.51-3.6x10> 

©, gtAB 866x107 | 8,0-9.8x107"           
  

3.2.2. Polystyrene latex characterisation 

(ay Particie size distribution 

A particle size distribution of the latex dispersion was obtained 

using a Witachi MS.7. Blectron Microscope, at the University of Bristol, 

Photographs of particles were taken and analysed using a Zeiss Particle 

Size Analyser. Computer print out, Fig, IV, histogram, Fig. V, and 

specimen photograph on the following plate show that the dispersion is 

monodisperse containing spherical particles with a number average diameter



  

Polystyrene Latex 

  

Diffraction grating 

1 division = 1 um



SO NO 2 N= 895 

LOWER ROUND 

UPPER ROLIND 

LOWER QUARTILE 
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UPPER QUARTILE 
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VARTATTLO™ 
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SIZE IN MICRONS FREQUENCY PERCENT 

0.528 i 0.44 
9.546 0 0.90 
9,565 bal 0.00 
1.583 0 0.00 
1.602 0 0.00 

9,625 0 0.00° 
9.633 0 0.00 
0.657 1 Onda 
0.675 0 0.00 
nS 2 0.22 

9.712 a 0.78 
0.77350 52 5.84 

02-749 245 27 82 
£0. 767 506 56.54 
‘Vel 8o 76 ~ 8.49 

0.304 4 0.45 
9 .R22 0 0.00 
9.841 0 0.0n 

0.959 0 0.00 
NRT? 0 0.00 
1.996 0 0.00 
9,914 1 Orit 

EN) OF DATA 

FENTE® NEXT PROGRAM 

Figure IV 

+. 76079432 

+.02204248 

-2.8207961 
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particle size of 0,76lum with a variation of *o.022um, the modal 

diameter is 0,767um, 

(>) on 
Ottewill and Shaw (120) have shown that polystyrene particles are 

tion of surface groupings 

  

negatively charged, 

Polystyrene produced by suspension polymerisation using hydrogen 

peroxide as initiator gives a latex with carboxyl groups as the only 

ionizing groups, The mechanism of formation of the carboxyl groups 

is not Imown with certainty, One possible route is that combination of 

an hydroxyl radical with monomer leads to the formation of an aleohol 

which is thenconverted to an acid in the oxidising atmosphere of the 

polymerisation. An alternative is that in the presence of oxygen 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 a Tees with 0 types of acidic 

groupings, One is a much stronger acid than the other and suzgests 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 consequence 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 water, Due to the oxidising conditions that exist during the poly- 

merisation, surface hydroxyl groups can also be oxidised to Renee 

groups, The sequence ef reactions would seem to be:— 

R.CIS0, —- R.CH,0N —> P.coon, 
one 2



- 60 ~ 

It is possible to decide the type(s) of ionizing end sroup(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° “mol dus? NaOH, 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 groupings can be found from the plot obtained, Results for the 

latex dispersion are given in Fig, VI., these indicate that the only 

ionizing groups present are -COOH, this is confirmed in Section 4,1, by 

electrophoretic measurements, 

Results 

Sm, of latex dispersion (0.2752) required 0.07ml of 10°°mol da NaOH 

Equivalents of NaOH = 7 x 107? = 7x 107? per 0.275¢ 

100 x 1000 oHie 
= 2.545% 10 g . 

Therefore the number of -COOH groups per g. is 

2,545 x 10° x 6,023°x 107° 

. m 1,555 = 3038 ee (a) 

The mean number average diameter is 0.76um 

= 7.6 x 107'm 

Therefore area per particle, ma” = 10815 .:x ig ee 

The volume of a single particle is m1a?/6 and the mass is II ap /6 per 

particle, where p the density of the polystyrene latex is 1,055 x 10 kgm 

Pherefore area per g = 6p/d = 6 x 1.055 x Toeuce 

7.6 x 107" 

= 8.528 gt (») 

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

1 = 
= 1,84 x 10 7 groups m 

18.2 2 
m or 5,44nm Area per charge group is 5,44 x 107 

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

1.60 x 107199,



74,0 

70.0 

  

1 L i - : 
° BA5O) 2 830; 12.0 16.0 20.0 

10°? mol dm” Sodium Kydroxide mi. x 1072 
Fig VI Polystyrene Latex characterisation: by conduct~ 
ometric titration, estimation of -COOH groups.
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3.2.3. Character 

  

ation of drugs 

All drugs were used as supplied by the manufacturers, 

  

rticle size distribution 
  

(i) Betamethasone and Griseofulvin_ 

  

Particle size distributions of Betamethasone and Griseofulvin 

were obtained usine a Joyce Loebl dise centrifuge; a diagram of this 

instrument is shown in Fig. VII, (193). This uses a two layer cen— 

trifugal 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~ 

micrographs of these two drugs are shown on a following plate. Results, 

as cumulative percentage undersize frequency curves, are shown in 

Fig. VIII for Betamethasone and Fig, IX for Griseofulvin, 

For Betamethasone: 

Median diameter 1,6ym 

Modal diameter 1.5ym 

and 

Griseofulvin 

Median diameter 1,9um 

Modal diameter 2,0yum 

(ii) Nalidixic Acid 

As the photomicrograph for this drug shows, a number ie the 

particles are large, some with one measurement > 100m, fehid by a 

sedimentation technique is therefore difficult. It was therefore 

decided to measure the suvface area of the powder, An air permeability 

method, which measures the flow of air through a packed powder bed of 

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

was chosen, As well as giving surface area 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 Lea and Nurse apparatus is suitable (124), This instrument embodies 

a self calcuiating chart which enables the surface weight mean diameter, 

ad, inum to be read off directly. d is given by: 

2442 
a = 60,000, /[JmcFelM 

3 
1k ¥ [vp-M]}[P-F] 

A 

where c = flowmeter conductance in ml/see per unit pressure(g force/en ) 

¥ = pressure difference across flowmeter resistance (g¢ force/en) 

M = mass of sample in grams 

D = density of sample in n/ou? 

v apparent volume of compacted sample in ml, 

P = overall pressure head in g force/cu 

L = bed thiclmess in cm 

n & p are the viscosity and genera of air respectively, 

By using a sample weight equal in grams to the true density of 

the Dowden aad selecting and fixing some of the variables, d is 

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

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

diameter, d, using: 

Area = 6D cng 
a 

ee
 

where D is the density of the sample, 

The density of Nalidixie acid as obtained using a density bottle 

and water containing nonionic surfactant as a dispersant was found to 

be Teten/one 

The mean particle diameter measured at a porosity of 0,5 and 0,45 is 

36.5um. ‘The surface area per gram is therefore 2.350 x iieen ge or 

2.30 x loner
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(iii) Thiahendazole 

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 ig determined by a suitable analytical 

technique, the largest size present in each sample being calculated from 

Stokes equation, due allowance being made for the fall in height of 

the suspension after each sample is withdrawn. 

A photomicrograph of this drug is show on a following plate. 

Results as a cumulative percentage undersize frequency curve, are shown 

in Fig. X. 

Median diameter 12um 

Nodal diameter llum 

{he particle size analyses of TBetamethasone, Griseofulvin and 

Thiabendazole were carried out by R. Buxton at the University of 

Technology, Loughborough. 

3.3. Apparatus and experimental procedure 

3.3.1. Microelectrophoresis 

(i) Apparatus 

The equipment used for electrophoretic measurements was the 

Rank Particle Microelectrophoresis Apparatus Mark II (Rank Brosey 

Bettisham, Cambridge) as illustrated on the following plate, 

The basic part of the instrument is the electrophoresis cell which 

may be thin walled and cylindrical or rofangular in cross section, The 

cell has an electrode at either end. Movement of the particle, under 

the influence of an applied potential, is viewed either by use of 

ultramicroscope illumination with the cylindrical cell, which is used
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for small particles, or by direct microscopic observation with the 

rectangular cell, which is used for large particles which sedinent 

under the influence of gravity. 

Fach cell is immersed in a water thermostat bath, Illumination 

is by means of a quartz iodine 100 watt lamp controlled by a rheostat 

switch, The applied potential, also controiled by a rheostat switch, 

is recorded on a Voltmeter, The microscope eyepiece contains a graticule 

enabling the velocity of the particle to be measured by means of an 

electrical 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 camera 

as through the microscope eyepiece, The camera extension tube 

contains a graticule and this, and the image; are projected onto the 

sereen of a Philips television monitor. 

For accurate temperature control of the water baths a Churchill 

pump and thermostat was used to cirenlate water at a temperature of 

25°C . 0.5°C. The eyepiece and camera graticules were calibrated with 

the microscope objectives in water and/or air as required, with a 

stage micrometer, also in water and/or air, for the normal eyepiece 

each square in the sraticule was found to be 70um and with the camera 

60um, for the cylindrical cell and double these sizes for the flat cell, 

(a) Electrodes 

Platinun black electrodes were used as these are adequate for 

most salt concentrations commonly in use (126), At high concentrations 

of electrolyte "gassing" 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 

10Vem>, this will give an error of only 1% (127).



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 difficulties arise at field strengths of 

10Vem > in concentrations of Psi0 mol ant) and above of typical elec- 

trolytes, Since the heat produced is given by rk (Ss field strength 

and K= specifie conductivity of the electrolyte) difficulties due to 

Joule heating at high electrolyte concentration can be reduced by 

reducing the field strength (127), The majority of observations made 

in this work were of dispersions in solutions of 10° mol ane 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 conductivity K has been well documented, 

The distance between the electrodes 1 is given by 

K-1. 
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 \ is the measured 

specific conductance, [{ is the known specific conductance of the 

solution of potassium chloride used, The cross sectional areas of 

the cells can be obtained by microscopic observation of the cell dimen= 

sions, measured by means of the adjusting micrometers on the instrument, 

By these means the inter~electrode disiance of the flat cell was 

found to be 6,25em 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 iyels". 

(i) Cylindrical cells (126) 

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

Ving across the cross-section of the cell towards the electrode of 

the same polarity as the charge on the cell wall, The reverse flow 

is according to Poiseuille's law, so that 

oe 
Y= Yao. > e(a"-r") 

where V, is the liquid velocity at a distance r from the centre of 
L 

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

transport 

i (2MIr)ar = 0 
L 

The solution of these expressions gives c = 2v, 0 fee so that 

V, ve Z a L a 2a a 

The stationary level, i.e, the position where vy = 0, is therefore 
Ls 

located at r = 0,707a or 0,146 of the internal diameter from the cell 

wall,
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(ii) Flat cells 

Calculation of the stationary levels for electro esis cells 

with an observation channel of rectangular cross secti is more complex, 

Komagata (128) has shown that the 

position of the stationary layers, 

|: 8, is given by 

S = 0.500 ~ 10.0833 +32 a 
Ia d pe 1   

The stationary layer position is seen to depend on the ratio 1/a. 

For the flat cell used d = 0,8nm and 1 = 10.5mm and s = 0,158mm, 

The correctness of the calculated stationary levels of the cylindrical 

cell was checked using Numan red blood cells, which have a nobility 

of -1.51 2 0,03 x 107° ms? V"} in 6.67 x 107 mol am” phosphate 
buffer at pl 7.4 and 25C (129). For the flat cell, polystyrene latex 

the mobility of which had been found in the cylindrical cell, was used, 

(c) Optical correction for cylindrical cells (127) 

A cylindrical cell potentially introduces the complication of 

observation through curved glass, It is assumed that the cell and its 

containing tank are water filled, the normal situation for observation, 

The refractive index of the water is then written n and of the glass 

Bat 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 

ot” where t is given by 
da 

t ee 

n 
& 

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

g= Ga ng 
nw 

it follows that an alternative form for t is 

t = Ga [: - if 
—& 
n 

Ww 

Substitution in these expressions (ng = 1.47 for pyrex glass) shows 

that even if Qa were as great as 100um the correction would be utterly 

negligible, the thiclness of the cell wall of the cylindrical cell is 

ca. 65um so that using thin wall cells the optical correction can be 

ignored, No optical correction is necessary to the position of 

stationary levels in flat cells, 

(ii) Experimental procedure 

(a) Cylindrical cell 

The thin walled cell, constructed ‘of Pyrex glass, is of the van 

Gils type (130) and is illustrated in Fig. Xl. together with a diagram 

of the viewing arrangeuent, 5 

The lamp, focfussing lens and slit mere adjusted so that the light 

emerging from the 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 microscope 

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 micrometer "racked in" the 

thickness of the cell wall and the stationary layer; it was then 

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



     
  

A. Electrophoretic Cell 

1. Strengthening Rod. 

2. Observation Tube 

3. Platinum Electrode. 

B. Viewing Arrangement 

1. Microscope Objective. 

2x Light Source. 

2. Cross-section of Electrophoresis Cell. 

4. Thermostatted Bath. 

Fig xr 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 assenbled it was kept full of 

distilled water. 

All solutions were made in 107 mol da 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, 10°, 

was taken and its pl{ measured by means of a Pye Unicam model 290 pH meter, 

adjustment of pill being made, if required by the addition of NaOH or 

HCl. The dispersion was then transferred 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 eyepiece 

scale, only light spots in sharp focus being timed, The current was 

adjusted to give a transit time of 5 to 10 seconds over the measured 

distance, where possible, as timings of this magnitude are optimun 

with respect to Brownian motion error and operator timing error, 

Particles were timed in alternate directions, by use of the reversing 

switch, so that the effect of drift, (due to leakage,electrode 

polarization ete.) can be largely eliminated, The velocity was ecal= 

culated from an averame of about 20 timings. Individual observations 

conform to Gauss' 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 error for an electro= 

phoretic mobility calculated from the mean of 20 velocity determinations
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will (at best) be about 2% (126), 

(b) Plat cell 

  

fhe 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 thiciuess 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 power dark ground condenser. The micro— 

scope was focussed onto 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, 

Measurements were made with dispersions as described for the 

cylindrical cell, 

(c) Calculation of electrophoretic mobilities 

A coniputer programme was used to calculate electrophoretic 

mobilities from the timings made, The computer is a Digico Micro 16 

digital computer using 'Mathchat' language. A copy of the programme 

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, 10% were sometimes found; such errors are normally of only small 

magnitude when considering the calculated values of mobility and zeta 

potential, 

3.3.2. Sedinentation volumes 
  

26 w/v of the drugs Betamethasone, Griseofulvin, Nalidixie Acid 

and Thiabendazole were made into suspensions with the requisite 

. * : ee =F; * 
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 

surfactant 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 pH measured 

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

pension was, then shaken in a constant temperature water bath
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SECTION 4. 

MICROELECTROPHORESIS OF POLYSTYRENE LATEX, 

RESULTS AND DISCUSSION 

k,l, Effect of pll_on the electrophoretic mobility 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 107 nol di? sodium chloride solution, 

as a function of pil at 25°C, Adjustment of pH was made by addition of 

hydrochloric acid or sodium hydroxide solution, Results are given in 

Table I and Fig. XIV. The plot in Pig, XIV, shows an increase in 

mobility (the particle is negatively charged) over the pil range 2 to 5 

which is consistent with the ionization of carboxyl groups (120) (121). 

Above pH 5 the mobility is constant indicating complete ionization of 

: the carboxyl ae After pl 9 the nobility rises again from 5.8 x 

10" nore a vo to 6,25 x 10 a a an vit at pill 11, the above references 

indicate that this is atypical, Goodwin'et al (115)have shown that 

prinary alcohol aronpe and/or hydroxyl groups may be present as the 

result of acid hydrolysis of sulphate, but the primary alcohol groupings 

are unlikely to ionise wtil a much higher pH is reached; the mobility 

increase could he due therefore to a surface excess of hydroxyl ions 

as the concentrations of this species increases with pll, 

The mobility could be assumed to be constant, however, between 

pH 6 and 9 provided that the ionic strength was kept constant, and 

subsequent measurements were carried out between these pil limits and 

where possible at ca pli 7.0. The sharp fall off in mobility as pH is 

decreased below 5 is indicative of the presence of -COOII groups only, 

as Oitewill and Shaw (120) found that the mobiiity tailed off much more 

slowly if sulphate groups (froi the persulphate used in the polymeris— 

ation process) were also present, These resuits confirm those found
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from conductonetric titration that the only ionizing groups present on 

the latex are carboxyl groups, 

4.1.1, Sw and bulk       

The problem of determining pK values from electrophoresis data and 

possibly using them to 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 

bed be - 
. eel Pe 

3. 

The hydrogen ion concentration at the shear plane [2,'] can be related 

to the bulk hydrogen ion concentration [n,] by the Boltzmann distribution 

[z,] 5 [a,"] exp (-e¢/t). 4.2, 

Combination of 4,1 and 4,2 gives 

pk_ = pl, = log. i + 5 ec ae 
oP ue 5 2.305KT 

Considering only monovalent charged eroups, the charge density o at the 

shear plane is given by: 

go =MN_e 
As 

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

to the eléctrokinetic charge, 

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

[Ly]. 
mi] 

At low potentials o and ¢ are proportional, therefore, 

ization m 

Ah, 

  

  



— 7h 

where £, is the limiting zeta potential corresponding to complete ion- 

ization, 

1 
So9 te ae B19 

[m, | 

therefore pis = pi, ( g=35) + 

At the bulk pl! where { = 

  

46, 

This expression will only be valid at low potentials since pro— 

portionality between 7 and { , and constant location of the shear plane 

have been assumed, 

The bulk dissociation constant, Ky is given (neglecting activity 

coefficients) by 

a pet. E10 a 2s 

Assuming that logy, Pe | = Oatf=3%,, 

[] 
combination of 4.6, & 4.7. gives 

yw = pe + es 
Ror 4,8, 

and vy, = ph, (¢ = 4). 19. 

The mobility of the latex when ionization of the carboxy] proups 

“8 2 1 1 
is complete is 5,8 x 10 ms” Vy interpolation of this vaiue in table 

4 of Ottewill and Shaw (99) (Appendix 1) gives a value of $0 of 103mV, 

and the mobility value for a ¢ of 51,5mV is 3.55 this corresponds to a 

pill value ead from 4.9. a ry, of 2.75; this value agrees reasonably well” 

with that of ca 3.0 normally found for carboxyl sroups, 

Inserting the relevant values into equation 4.8, gives a pKs value 

of 5.62, 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 4,64, ¢=0, which 

agrees well with the calculated value of 4.31 for phenylacetic acid which



can be looked upon as the ‘parent’ of the polystyrene carboxylic acid 

group. 

Owing to the neglect of activity coefficients, the assumption that 

log. Ay | = 0 at ¢ =4¢, is probably not valid except perhaps 
P10 ee 

[>] 

at low zeta potential, pK values obtained from electrokinetic experiments 

cannot, therefore, be related accurately to pK values obtained by titra~ 

tion especially at high potentials, 

41,2, Calculalion of surface charge densities, 

1, Surface charse density at the surface 

The steady state mobility above ca, pH5 indicates that ionization 

of the carboxyl croups 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, From conducto~ 

metric titration data it was found that the number of charged groups 

17 (Meoo’) per unit area was 1,84 x 10 mie (area per group 5,44 ee 

The surface charge density at the surface 9, is thus given by: 

% = (rou) 

= 2.9% x 107" cn 

2. Surface charve density at the surface of shear 

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

surface of shear can be calculated from: 
1 

4 ~ (Bn,eit Fite, 2s   

  

J a % = Teer Zee 
(Bk sinh akT 

where Ny is the Avogadro number, ¢ the concentration in mol m” and € 

19 
the permittivity (8.85 x 10 ee times the value for the dielectric constant), 

For 10°? mol dm” (1 mol m) sodium chloride at 25°C, % = 1, 

ee ; “12 = on €= 78,35 x 8.85 x 10 and 3= 103 x 10 “V: 

pala, 2 
Ce 1,54 x10 Cm
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The electrokinetic surface charge density is lower than the surface 

charme density at the surface because counter ion association takes place 

at the carboxyl groups. 

The number of carboxyl groups ionized at any particular pH can be 

found by use of the dissociation exponent pk,? 

£ = 
HA Saree pe 

a a 
aoa) 

where HWA represents the unionized carboxyl group and @ the fraction 

ionized, 

The dissociation constant 
rn ae 

kK = fel fe] z [i pom 

ele 
taking logarithms: 

-log K, = log [= - loz a 
c Sr me 

or pk, = pil = log. a 

= dO eaten 4.10. 

at a= 0,5, pK, = pi, pk, as found previously is 3,62, Tence 50% 

donigation of carboxyl groups has occurred at pit 3.62, 

Vquation 4,10 can be used to calculate the degree of ionization for 

a particular pil, the actual number of carboxyl groups ionized will be 

7 «1 ~2 
1,84 x 10 @m . Aplot of n versus pil 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 pil 5 and 2 again consistent with the presence of 

carboxyl groups. 

4.1.3. Calculation of the potential at the surface, Vo 

For a diffuse double layer equation 2,12, section 2,1.1., gives the 

surface charge density at the surface 9, as 
14 

= eet ZeVo_ o = (ancekT) sinh aT 

4 7 

= (engcekt) sinh a 212),



  

  i (| 
2 3 4 § 6 7 

3 

Fig xv Polystyrene latex, variation in number of ionized 
carboxyl groups with pH.
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: 2 2 
At complete ionization % = 2.9% x 10 Cm, using the condition where 

3 ‘ce hs a o 
we have 10” mol dm” sodium chloride at 25°C, 

=2 ~2 
J = 2.9% x 10 Cm 

i sinh 19.45 Vo ry u md
 o ” we
 

oS
 

From which 

W = 0.142V = 142nv 

The surface is negatively charged, hence this is a negative value, The 

potential therefore drops from ~l2mV to -103mV, the latter being the 

zeta potential at the point where ionization is complete, 

For each fraction a of the carboxyl groups ionized, there will 

be a partial dissociation surface charge density gy , where 

Cpe Mo) 

For each vaine of a@ reported in table II a value of og was calculated. 

From these values using equation 2,12, with 6, replacing 6, , the 

corresponding surface potential Wo was found, the ratio of each % to 

its corresponding zeta potential, i.e. 4 was then calculated, results 

are shown in table IT, 

Davies end ideal (151) found that for several experimental systems, 

the ratio ‘gvas 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 pil 5.5 found here are ¢onstant, but 

of the order of 0.7, a constant value would be expected if the assumption 

is made that there is no specific 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 method used in calculating the 

zeta potentials, If the Smoluchowski equation (no account being taken 

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 Rideal, The ratio values > 1 may well be due to the 

choice of pk, value of 3.62 used in calculating G,, the chosen value 

relating to + fs = =-51.5mV, Ottewill and Shaw (120), plotting PK 

versus + SG for various carboxylated polystyrene latices, obtained an 

extrapolated pK, value at zero zeta potential of 4.64, Estimating from 

their results a pK, of 4.5 at 46, = -linV to calculate X%, at pH 

2,25 sives a value of the ratio of ca 1,3 which, within the limits of 

error involved, would seem a more realistic figure than that of 1.86 

reported in table IT, Jt may well be necessary at the lower pif values 

to choose a pK, value, for calculation of a , corresponding te the 

45, for that pH. 

4,2, Effect of nonionic surface active agents on the electrophoretic 

mobility and zeta potential, 

The effect that adsorption of ponionic surface active agents of 

the polyoxyethylene mono ailsyl ether class, Cx Ey, 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 charzed solid/liquid 

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

(152). 

  olid/liquid interface in 

ants. 
ion of the situation at a chi 
and absence of nonionic surfa 

Fig. X V1 Schematic represe:    
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Mere two possible modes of adsorption at low surface coverages are 

considered, In Figure xyi(b) adsorption 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 nonionic surfactant is greater than 

that of the cations in the Stern layer, some of the cations will be 

displaced, causing a change of the Stern potential. In both cases the 

adsorbed molecules project some way beyond the original plane-.of shear, 

and apart from changes in the zeta potential occasioned by changes in 

the Stern potential there will also be a change as a result of the 

mechanical displacement of the plane of shear into the solution, 

4.2.1, Bffect of concentration, 

The nonionics used were C1 6B yo? oP Le? OP so? eas and ay, 

Results are piven in Pig.XVII & Tables TII%IV, Measurements were carried 

out at ca. pil 7,0 at 25°C in 10 nel an? sodium chloride, All curves 

show the same effect with increasing concentration of nonionic sur- 

factant, i.e. a decrease in mobility of the polystyrene particles to 

a value at ca, 107° nol ie which then remains steady until ca, 07? 

nol dn, when, particularly as the number of ethylene oxide unit 

increases, a fali off in mobility occurs as the concentration is 

increased to 107° mol anit. 

The indication is therefore, that, with all these nonionic sur— 

factants, adsorption onto the latex particle takes place until a 

limiting state is reached, presumably when some form of monolayer is 

present, and then no further adsorption occurs, In all cases the 

mobility shows no alteration in the region of the critical micelle 

concentration,
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Ottewill (133) has reviewed the adsorption of certain nonionic 

surfactants of this type onto a negatively charged surface, Me 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 by adsorption mainly via 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 pradual decrease in mobility until 

the plateau region is reached, 

At higher coverage it is possible that the adsorbed molecules 

exist either: 

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

(ii) as a miltilayer, or, 

(iii) as a monolayer, with molecules looped around the particle 

attached by both the hydrocarbon chain and the ethylene oxide groups. 

4,2,1,1, Evidence for a closely packed vertically oriented monolayer, 

Mathai and Otbewill (154) made electrokinetic measurements, using 

mieroelectrophoresis, on silver iodide particles in the presence of a 

series of homogenous polyoxyethylene monoaikyl ethers, Coes ©) 26? 

Coles 5 586 and S69 At low concentrations of nonionic surfactant 

the mobility decreased very slowly with increase in concentration. 

However, just before the eme a sharp change of gradient occurred, 

Conparison 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 

connenced to change just below the cmc, the mobility starting to decrease 

sharply at almost the same concentration of nonionic surfactant as that 

at which the nunber of molecules adsorbed per unit area comnenced to rise, 

They interpreted the results to mean that in the region 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 decrease in mobility occurs, 

Since the nonionic surface active agent does not itself contribute any 

free charges 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 contribute to the decrease in electrokinetic 

potential and are accompanied by some displacement of ions from the 

neighbourhood of the surface, In the region of the cme more extensive 

adsorption takes place to form surface aggregates and a considerable 

shift of the plane of 4 shear occurs — this suzgests that the molecules 

are vertically orientated, Above the eme the increase in amount 

adsorbed is very small and hence only small changes of mobility were 

observed - suggesting that multilayer formation has not occurred. 

Mathai and Ottewill also found that the mobility against eoncen- 

tration nonionic surfactant plots were very similar for both negatively 

charged and positively charged silver iodide sols, suggesting that the 

adsorption of the nonionic material was not very sensitive te the 

nature of the charge on the solid surface, 

Ottewill and Walker (29), in studies of the adsorption of Cog on 

polystyrene latex, concluded, that from the adsorption curves obtained, 

adsorption of a vertically orientated monolayer of Ch 6 molecules was 

completed on the latex particle surface at about the eme of the surface 

active arent, ‘The area per molecule obtained at saturation was in 

reasonable arrvement with this concept, The thickness of the dasoched 

layer on the latex surface as obtained by sedimentation studies appeared 

to confirm that the molecules were vertically orientated, They also 

surcested that there was a probable change from horizontally ‘adsorbed 

molecules to vertical orientation in the region of the cmc, These 

workers also found that the layer was heavily hydrated, probably owing 

to hydrogen bonding between the ether oxygens of the ethylene oxide



units and the water molecules. 

4,2,1.2    

  

noe for miltilayer formation 
The simplest form of multilayer would be a bimolecular leaflet 

formation, although aggregation may occur on the surface to give less 

refular structures, It is however probably unlikely that such a bi- 

molecular layer would form on polystyrene latex (135). 

Evidence for the formation of miltilayers does, however, exist. 

Watanabe et al (156) measured the differential capacity of the mercury/ 

sodium sulphate solution interface at various concentrations of nonionics 

ore polyoxyethylene type; their results showed that a transition 

from monolayer to nmmltilayer adsorption appeared to occur in the region 

of the eme, 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 As. and Sb,S, sols, 
25 2°35) 

Whilst their results were similar to those found by Mathai and Ottewill 

(154), they attributed the fall off in mobility that occurred with 

inereasing concentration to the adsorption of micelles, Wowever no 

values were given to show that the mobility fall occurred at the cme 

of the nonionic material, i 

4.2.1.5. Evidence for monolayer formation with attachment by 

hydrocarbon chain and ethylene oxide sroups, 

Elworthy and Guthrie (119) carried out an investigation of the 

adsorption of nonionic surface active agents at the Griseofulvin 

(the solution interface, using C. 7c Bs Co 8 R E 1610" “1623? “y6"45? °16"G0? 
PI i ilat s 7B a v sotherm i commercially available forms) C1 6B and Qe 9° Isotherns for this 

©) pix series were of the Langnurian type over the concentration range 

studied, the region of maximum adsorption occurring 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 tendency to adsorb at the Griseofulvin surface and 

the area per molecule at monolayer coverage indicated that the glycol 

is likely to be adsorbed fiat on the surface. When the surface active 

agent corresponding to the polyethylene glycol 400 i.e. i685 or 

C6 10? was used 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 maxinum amount adsorbed and increasing 

the area per molecule, They thought that the hydrocarbon chain was 

adsorbed onto the surface and that the polyoxyethylene chain bent 

towards it and was also attached to it, Comparison of the vaiues for 

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 indicating that the atiylene 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 shortest polyoxyethylene chain was most closely packed, which is 

in accordance with the work of Corkill et al (158), (139). 

4.2.1.4, Othor evidence for the adsorption of nonionic surfactants 

on charged particles, 

Glaznan (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 Flworthy and Florence (141) with emulsion systens, 

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 ions (143) it is unlikely that positively charged chains could 

accomplish the sign change, 

  

4.2.1.5. Conelr ns _ concerning the form of the adsorbed layer 

in_this work, 

The surface of Griseofulvin - the microelectrophoretic properties of 

which have heen examined and are reported in Section 5 -is predominately 

hydrophobic, Indications are that its behaviour is similar to that of 

polystyrene latex, 

The polystyrene latex has one carboxylic acid group, area 0.205um-, 

per 5, hlinime of surface area, and although there is the possibility of 

primary alcohol and or hydroxyl groups being present, this large area 

is predominately hydrophobic in character, Adsorption of the allyl 

chains will occur on this hydrophobie surface by the hydrophobic effect, 

The ether oxygens of the ethylene oxide units may also associate with 

polar groupings by hydrogen bonding and this will occur if primary 

aleohol and or hydroxy! groups are present, Hydrogen bonding may also 

occur between the ether oxygens and the solvation sheath surrounding 

the ionized carboxylic 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 alkyl chain and the 

ethylene oxide units, The molecules will thus loop themselves around 

he particle with the ethylene oxide chains at the extreme edge of the 

adsorbed layer, thus shielding the alkyl chains acainst further 

adsorption, Monolayer adsorption would thus appear to be favoured and 

this would account for the plateau region on the curves even above the 

cme, 

The fall off in mobility which occurs at high concentration, well 

ahove the cme, is most probably due to the viscosity increase of the 

bulk solution and its effect on mobility, Yor example the viscosity
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of solutions of C. at 25°C are as follows: "1 
107? mol dm’, 0.9612 ep (152) 

  

2 5 
10” mol am’, 1.3940 ep 

the increase in viscosity with concentration would change the steady 

2 ~ =. 

$ n s iS Vv : to a calculated value of 

“8 2 -1 .— ; oa “8 2 Hl 
2.85 = 10 m Ss 4 v a compared with the value of 3,0 x 10 m s - Vv - 

state mobility of 4,1 x 10 

2 3 
found at 10 ~ mol an’, Similarly for solutions of C68 

on” 
50° 

10° mol dm’, 0.9172 ep. 

107 mol dn, 1.0423 ep, 
“8 2 =i = 

changing the steady state mobility of 5.0 x 10 . ms V a toa 

caleulated vaine of 4,4 x 10% oe Bae vi, experimental 4.5 x 107 

ae Pe va There is good arreenent with the calenlated and experimental 

resuits in both cases which supports the above explanation, 

4.2.2, Wffect of number of ethylene oxide units. 

Ottewill (132) considered thet, for, alkyl polyoxyethylene comppnds 

having a straight alkyl chain and polyoxyethylene 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 (154) 

found that, at equimolar concentrations below the emc, electrophoretic 

results sugrested that the order of adsorption for polyoxyethylene 

alkanols was 

8166 221689 > “10% > 0% > aM 
Elworthy and Florence (14) in considering the effect of poly- 

oxyethylene chain lensth on the stabilization of oil~in-vater emulsions 

by nonionic surface active agents, found that increasing the number of 

ethylene oxide units increased stability at a given surface active 

agent concentration, The electrophoretic mobility, u, however decreased
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as the ethylene oxide chain length increased, for example from ca, 4 

units with 6 ethylene oxide units to ca, 1 unit with 24, Obviously 

the electrical contribution to stability decreased as the series was 

ascended and steric stabilizing factors became important, 

Daluja and Srivastava (137) who studied the effects of a nonionic 

surfactant series on A 5, and ShgS5 sols, concluded, that the degree 

of increase in mobility was directly proportional to the decrease in 

chain length of the ethylene oxide chains for the same hydrocarbon 

noiety. 

Elworthy 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, 

©1587 > 16% >ycPi0 > 168a5 > 660, 
The suggestion made in the present work is that, with the connounds 

used a looped monolayer is formed at the polystyrene latex surface, 

Presumably the effect of the size of the nonionic molecule will he to 

displace the plane of shear further out from the particle surface, ‘the 

greater the number of ethylene oxide units the sreater will be this 

displacement and the lower will be the mobility. 

Figure XVII shows that the mobility falls as ethylene oxide chain 

length ‘increases 

Pio 1618 > “16"50 > “1645 >“16" G0. 

A plot of mobility versus ethylene oxide chain lensth - Fig, XVIII 

is linear showing that the decrease in mobility is proportional to the 

increase in ethylene oxide chain length as found by Dalu 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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i (exp"*5/ane +1) (exp“®¥°/anr - 1) 
Pek (expZeS/2kT - 1) (expZebo/2nr + 1) 

where x the ‘distance’ of the plane of shear ( { replacing » ) from 

the particle surface can be estinated (the assunption is made that there 

is no change of ion adsorption within the Stern plane Je 

Staudinger and other workers (153) have indicated that the con— 

figuration of ethylene oxide groups in the ethylene oxide chain is most 

probably a ziezag arranzement below 9 ethylene oxide mits and a meander 

configuration above this number, An average value obtained by these 

workers for the 'length' of an ethylene oxide unit in a meander chain 

was 0,2um, whereas the zigzag - which is the fully extended condition = 

gave a length of 0,35nm, 

The tlength' occupied by a number of such units can be calculated, 

added to the value of x found and the zeta potential for a particular 

nunber of ethylene oxide wits predicted, For example, with S650 

the value) of ais 5,0 x 100° n> a7 ve, this corresronds to a zeta 

potential of 78nV, Calculation of : from the above equation gives a 

value of 3,18nm, The effective ‘length' (meander ence evi an of 30 

extra ethylene oxide units is 6nn giving for 16860 a total x of 9,18nm, 

the experimentai vaiue of zeta potential of 59nV for this compound gives 

a caleulated x of 5,29nm, These values confirm the sussestion that the 

arrangement of nonionic surfactant around the particle is a looped 

monolayer, 

The paraffin chain groups of the surfactant molecule are also in 

zigzag configuration, the distance between alternate Alig groups of 

the chain being 0,25nm (153). The extended length of C16" 59 (meander 

configuration) is therefore ca, Snm and C1 6860 ca, linm, These values 

inserted into the above equation sive zeta potentials ef 41,5uV and 

22mV respectively, the corresponding experimental values being 78mV
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and 59mV, These calculations supply further evidence in favour of the 

looped monolayer configuration, 

42,3, Zffect of altering the length of the alkyl chain, 

In his review (153) Ottewill considered that, for alkyl podyoxyethylene 

compounds having a straight allyl chain and ethylene oxide chains contain= 

ing 3 or 9 units, for constant ethylene oxide chain length increasing the 

alkyl chain length increased 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 (154) 

found the order of adsorption 

P1686 >%10% > “106 > °a% 
In this work a comparison of the effect of two nonionic surfactants 

CFs and C1 Bos is made, Their concentration nobility plots, Fig. XIX 

are virtually identical, suggesting that, under the conditions used, the 

difference in adsorption energies of the alkyl chains is masked by the 

ethylene oxide chains the latter being the main cause of shear plane dis- 

placement, hence as the latter are of equal nunber with the two compounds 

the mobilities are virtually the sane, 

4,35. Bffect of cationic surface active agents on the electrovhoretic 

mobility and zeta potential. 

The adsorption of cationic surface active agents at the polystyrene 

solid ~ liquid interface is a two staze process (145) (146), Firstly, 

the polar head groups are specifically bound to the surface of the solid 

- the -C00” groups of the polystyrene latex which interact with the 

eationic head group of the surface active agent. Secondly the alkyl 

chains 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 increasing concentration until the electro- 

phoretic mobility is zero, followed by reversal of charge which gradually 

increases with concentration as reverse orientation adsorption oceurs, 

  

The adsorption of surface active cations can thus be used to determine 

the number of carboxyl groups on the surface, the adsorption constant 

and the free energy of adsorption, 

4,35,1, General characteristics of the zeta notential-lor concentration 
~10   

The cationic surface active agents used were alkyl trimethyl ammoniun 

bromides, CxTAB, with Cio: Clos ch, and 6 alkyl chains, Results are 

shown in Figure XX and Tables Va and Vb, ‘he curves have an extended 

S shape as has been predicted and reported previously 3) Ottewill et al 

(105) (147). 

Generally, and as is shown by for example Qe ab over the concen= 
6 at 

tration range 10 mol dm 2 to 107702 an, there is a swall initial 

decrease of negative zeta potential with increasing concentration of 

CxfAB, This is in keeping with the suggestion (106) that adsorption in 

. this concentration region oceurs primarily by ion exchange between the 

CxTA* ions and the inorganic cations, e.g. Na’, already present in the 

Stern layer of the latex particles, Some adsorption of CxTA ions by 

direct transfer from the solution to the Stern layer probably accounts 

for the small decrease in potential, Since the particle will only be 

sparsely covered at this concentration the 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 effect, : 

After this initial slow decrease in the negative zeta potential, 

with increasing concentration, all plots are characterized by a rapid 

decrease in negative potential until it beco: 

  

es 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 (120) have shown that the adsorption process, 

over the part of the curve where (—> 0, involves ionic interaction between 

the cationic head group and the negatively charged 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 chemical 

bond does not occur, 

These workers have shown, for these cationic surface active agents, 

that Traube's rule is obeyed, i.e. that the free energy of adsorption 

increases linearly with increase of CH= groups (calewlation of the 

relevant free energies of adsorption are made in the next sub-section). 

This adherence to Traube's rule suggests that, in the region under 

discussion, the alkyl chains are lying flat on the surface in hydrophobic 

association with the surface, as mentioned above, 

The positive zeta potential anereaces! linearly with concentration 

until a maximum value is reached, and then stays virtually constant with 

further rOncentuat ice increases, The only way that this potential change 

can oceur is for the CxTA* 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 range even 

though adsorption studies show that adsorption of CxTA* ions continues 

to increase substantially, i.e, that the maximum zeta potential 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 accounting 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.s. Na* are 

specifically adsorbed in the Stern layer of the negatively charged particles, 

In the concentration range where the particles are positively charged 

the adsorption of anion occurs, Secondly ionic strength 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' Acie of the curve, 

Since, over the positive zeta potential range, the number of cxra* 

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 saturation adsorption the indication 

is (146) that a hich proportion of them are vertically oriented, those 

ions interacting with negatively charged carboxyl sroups having their 

head groups towards the surface and those on hydrophobie sites having 

their head group towards the solution phase. 

One of the zeta potential-log,, concentration plots shows an increase “10 

in zeta potential at high concentrations i.e. Cy gfAB at 107? mol aon, 

this result is difficult to explain, It seems possible that further 

adsorption of exra* ions could occur, by the hydrophobie effect, onto 

those ions associated with the carboxyl groups of the particle - as the 

concentration is above: the critical micelle concentration some mlti- 

charsed species is conceivable - this would increase the number of charged 

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

plane leading to a lowering of potential, However, adsorption measure-
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ments (106) show no adsorption taking place over this concentration range. 

It therefore seems more likely that the effect is due to difficulties 

e.g. heating effects, encountered with the microelectrophoresis 

technique at high ionic strengths, 

4.5.2, Conversion of mobility to zeta potential, 

Zeta potentials were obtained from the observed mobilities by 

interpolation from table 3 of the work of 0ttewill and Shaw (99) (sce 

appendix 1), who presentea the computation results of Wiersema in the 

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

ee? 
equivalent conductance of all ions was taken to be 70 2 em equiv. 

The differences caused by the limiting equivalent conductance of the 

1 = 2 = ~ 
other ions present e.g. C. tt 24,08 Q a em” equiv a Na", 50.15 2 

16 
2 a a Ss =A: 1 sj 2 es 

ate equiv a 02076.55;.9 4 one equiv ; Br , 78.17 9 t em eaniv 

was assuned to have negligible effect as has been shown, for example by 

Chen (196), 

a Since all measurements were made in ww? mol da” sodium chloride 

which, with the latex being used, gives a vaiue of Ka of 38, the effect 

of additives below this concentration were preswzed to be nesligibie, 

hence values of mobility and zeta potential were calculated for Ka = 38, 

When the concentration of additive was above 107 mol ane the hisher 

value was used to calculate Ka and the correspondinz mobilities and 

zeta potentials, 

Values relating Ka, mobility and zeta potential for the various 

concentrations used are given in Fig, XXI, 

4.3.3. Caleulntions from zeta potential-loz,. concentration CxPAP 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 10 
2 

be used to caleulate the number of sites Ny available per m when the 

initial Stern potential is known, For the present work, the Stern
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potential is replaced by the zeta potential and equation 2.86 becones 
1 

(8ngekT) * sinh Ze to 

  

az _ 4.606kT sinh Ze to =a 
d logy, C a Ze 2kT 

c=0 ZNle 

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

2,81. ‘ie i Ze NL 

Peto 5 ‘i Ze tO "7 Zet 7 - 
(8ngekT) e [s inh a + sinh op 

and the chemical free enerzy of adsorption O&from equation 2.73a. 
~AG 

kg = OP Tg 
55.6 x 102 

Results are shown in Table VI, As indicated in sub-section 4.3.1. 

the zeta potential~log, , concentration plots are linear over the range 

-¢—> 0<—&G The theory outlined in Section 2.4.5, predicts that all 

curves should have the same slope in the region of zero zeta potential 

provided Ni, the number of adsorption sites remains constant, There is 

however an increase in slope as alkyl chain length increases this mst 

be due to increased adsorption over and above that necessary to interact 

with the carboxylic acid groupings on the datex and results from an 

inerease in adsorption energy as the alkyl chain length increases, 

The concentration required to reverse the charse decreases with 

increasing chain lensth, Fig. XXII shows a plot of the number of carbon 

atoms in the chain azainst the reversal of charge concentration (RCC), 

and C, there is a linear relationship for chain lengths C. but for 
10212 1k 

C6 the RCC is much less influenced by increasing chain leneth, 

The number of adsorption sites, Ni, appears to be only approximately 

constant the best acreenent beint for the Cy, and C6 chains, Ni can be 

taken as the number of carboxyl groupings per ae the values reported 

here are at the best an order of magnitude lower than the value of 

1,84 x 107 ae found by conductometrice titration, fais may be due to 

incomplete ionisation of the carboxylic acid or the adsorption of 

inorganic counter ions e.7. Na within the Stern layer.
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No. of Carbon atoms 

Fig. XXII BEgect 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, +35nV, 

the same for each alkyl chain length, was chosen which was on the linear 

portion of the zeta potential versus lo concentration plots, £10 
he change in chemical free energy of adsorption with change in 

chain length is shown in Fig, XXIII, The increment in/\G per CH, group 

is virtually constant up to C6 but above this chain length the LNG 

inerenent per ily decreases, The increment inAG per CH, group over the 

linear part of the plot is 3.9kJ ealeae The reason for the decrease in 

AG above Gy is thouchtto be due to the partial dimerization of the 

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

reported here forL\6 aeree with those reported by Connor (145). 

h,4, Effect of mixtures of cationic and nonionic surface active azents 

on the electrophoretic mobility and zeta potential, 

The effect of adding nonionic surface active agents, Ci gk to the 

cationic surface active agents used in gestion 4,5, was examined; 

constant concentrations of the nonionic 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, 

TAB with 
12 

and C. 

The mixtures used were C) gts with oP 50 

and Cy EG 3 Cy, TAB, Cos both with 6 

and f 68603 C. 

D 5 2 E,. © 6710’ “16°30 50 16 60 
In addition, in order to obtain the comparitive effect of ethyicne oxide 

i Ga i r d j i Ez Pr B chain lenzth, stvdies were made of CTAB with CSF 10? C6 18? C, ) 50? 

C. and C0 as u 
16 45 16 60.



  
eo lien a i 5 ’ | 2 Astle 

lo 12 14 16 

No. of C atoms 

Pig. xxriz Effect of chain length on free energies of adsorption - 
aLkyl trimethyl ammonium bromides. 

 



44,1, General characteristics of the zeta potential—log,, concentration 
‘10   

CxTAB 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,,TAB and C_-E_ shown in Fig, XXVII and 
nS 16°50 

Tables X and XI, 

In the presence of the nonionic surface active arent the zeta 

potential-—lo, concentration plot is displaced to the right so that the 10 
reversal of charge concentration (RCC) of C)oTAB is higher than in the 

5 

3 el} = 
mol an”? to 7 x 10 cmoweanse 

absence of the nonionic surfactant, for example, with Lomee meen 

C1650 the TCC is displaced from 107 

This suggests that both species are adsorbed onto the latex particle and 

that the nonionic species 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 could reduce the zeta potential towards zero would be 

by multilayer adsorption and, as has been shown in Section 4,2, that 

does not occur with the nonionic pains under examination, 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 more strongly adsorbed than the cationic 

- the alkyl chain length of the nonionic is C16) a greater free energy 

of adsorption by the hydrophobic effect would therefore be expected 

than say from the alkyl chain of Cy TAB ~- whilst the cationic only 

associates with the ionized carboxygylic acid groups, then after
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neutralization of the charge by the cationic species 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 he 

due to reverse orientation by hydrophobic association of two cationic 

allyl chains; one cation associated with the carboxyl group and the 

other with its charge group orientated towards the aqueous medium, If 

this was the case it does not seem likely that there would be a dependence 

of displacement of RCC on the concentration of nonionic, as after a 

certain concentration of nonionic was reached no further displacement of 

nee with concentration would occur, 

The controlling factors seem to be therefore a dependence on relative 

alkyl chain length of cationic, and concentration of nonionic, surfactant, 

which supports the view of displacement of nonionic 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 displiaceuent of the RCC is shown by C,, TAB: 12 
with 107? mol an? Cyg2z) ROC is 1.1 x 10° mottauus 

£1 E59 ROC is: 1.55 x 107! mol eed, and 

3 => 7 a4 - Pp 
mol dm C16" 50 RCC is 7 x 10 mol dm ~, 

with 10°? mo an? 

with 107° 

At high concentrations of cationic, as shown with ©1650 107 mol 

an? and concentrations of Cot AB > 107° nol an, the curve approaches 

that for Cy Tan alone on latex, sucgesting either complete displacement 

of the nonioni¢ or bimolecular layer formation by the cationic adsorbed 

in reverse orientation as indicated above. 

\Vhilst it would seem possible, in the case where the nonionic 

surfactant has a lonter alkyl chain than the cationic, that the forner 

should be more strongly adsorbed onto the hydrophobic surface of the 

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

energy of the nonionic is a balance between the hydrophobic effect with



- 97 ~ 

the alkyl chain for, and the heavily hydrated ethylene oxide chains 

against, and that the resultant total energy is less than that of the 

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

h,k.2, Calcnlations from zeta potential-log) 4 concentration surfactant 

plots. 

44.2.1, Uffect of concentration of nonionic surfactant on the reversal 

of charge concentration, 

The effect the concentration of nonionic surfactant has on the RCC 

has heen indicated in the previons subsection and is shown in a general 

way in Pigs. XXIV to XXXII, 

Examination of these firures suggests that the displacement of the 

iiCC 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 CC's of the cationics used 

with varying concentrations of Cy g5y. Figs. XXXIII and XXXIV give a 

typical set of results for the ©) GP 59/C 9 TAB system and Fig, XX<V shows 

how CxTAR RCC's alter with varying concentration of VP 59? these results 

confirm the surzested proportionality. : 

It is noticed, in Fir, XV, that the slope of the lo concen— B10 
tration &16"50 versus log) RCC CxTAB plots decreases as the alkyl 

chain lencth of the cationic ereases, indicating that the longer the 

alkyl chain the more strongly is the cationic adsorbed, as was found. 

in Section 4,3.5, and presumably the more easily is the nonionic dis- 

placed, 

Regression analysis of the concentration values for each combination 

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

slopes of the lines for the plots lot 4 concentration & gly - 108) 4 

RCC CxTAR are shown in Table XVII, A plot of the values of slope of 

line versus number of Gatoms in the alkyl chain of CxTAB is show in
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Pig. XXXVI, The plot is linear over the range C) -&. but there is 
it 

deviation from linearity at greater € values; this plot is of similar form 

to that found in section 4,35 for the adsorption energies of cationics 

on polystyrene latex versus alkyl chain length. The slope of line -0,44 

indicates that for each OL, group of the cationie alkyl chain the slope 

of the RCC versus C gby concentration Plot will vary by a factor of 0.44, 

Jt is thus possible to predict the RCC for various concentrations of non- 

ionic of the series o, gBy when a single value islnown, 

4.4.2.2, Mffect of ethylene oxide chain length on the reversal of 
  

charre concentration, 

The effect of ethylene oxide chain length on RCC is shown by examining 

the results given in Fig, XXXVII and table XVIII, for the effect of 1079 

ee : ota mol dm 610? Ci Eig © Esq? Eas C1 6850 on the zeta potential 

log, concentration plot of Co TAB, The most significant feature of the 16 

curves is that the RCC for all species occurs, within the limits of 

experimental error, at about the same concentration — all results lie 

5 and 1,8 x loa! mol ane This suzcests that between 1,15 x 107! mol an” 

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 cationic and to figure XXXV where the slope values for all the 

log), concentration Ci gty-logy Epa caneaity Ae 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 nunber 

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

pattern,
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4.5. Hffect of anionic surface active agents on the electrovhoretic 
  

mobility 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 beiny adsorbed onto a negatively charged surface, After adsorption, 

the driving force for which will be the hydrophobic effect, the alkyl 

chain of the molecule associating with the hydrophobie surface of the 

latex 'hetween' the carboxycylic 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 increasing 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 zeta potential-log, , concentration 

plots. ne , 
The anionic surface active agents used were sodium alkyl sulphates; 

. sodium decyl sulphate, SDeS; sodium dodecyl sulphate, SDS; and sodiun 

tetradecyl sulphate, STS, Variation in- mobility with inereasing concen- 

tration of surface active agent was measured and zeta potentials calculated, 

results are shown in Figures XXXVIII, XXXIX, XL and Table XIX, 

Zeta potentials were calculated, as in Section 4.35.2, via Appendix 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 surfactants all followed the same pattern, 

Complete zeta potential-loz,) concentration curves are preneared for 

SheS, Fig. XXXVIII and SDS, Fig. XXXIX, and the results for STS, Tig. XL, 

have been plotted as far as conversion of mobility values allows, ‘The 

errors involved in measurement of mobility at these high zeta potentials
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are greatly magnified and Pig, XXXIX for SDS, has been plotted including 

error estimation to illustrate this point, 

As indicated, curves are of the same form and will be discussed 

mainly by reference to that for SDS, Fig. XXXIX. 

Between the concentrations of SDS 10! mol an to 10? mol nis 

the zeta potential increases very slowly and here there is probably dis- 

placement by the surfactant moleenles of ions already present in the Stern 

layer. Above 107 nol cee the potential rises rapidly, as adsorption of 

SDS by the hydrophobie effect occurs, and reaches a maximum at or hefore 

about 107 mol dm, The ene of SPS in water was found to 7.8 x 107 

mol ae so that there appears to be a relationship between this maximan 

and the critical micelle concentration, The plot for SDeS, Fig. XVIII, 

shows that the maxinun ocewrs before the emc, 3.5 x 107° mol aa in water, 

This fact was noticed by Shaw (148) with polystyrene latex and sodiun 

dodecanoate and is nrobably due to the fact that the surface concentration 

of surfactant molecules is higher than the, bulk concentration, consequently 

the 'eme! at the surface, with optimim conditions for the hydrophobic effect, 

occurs at eioree concentration than in the "bulk' solution, as’was dis- 

cussed in Section 2.4.6, on hydrophobic bonding. 

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

eentration of anionic due to ionic strength effects, 

4.5.2, Calculations frem zeta potential~log) 4 concentration sodium 

alkyl 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 adsorption/\Gwere obtained,



- 101 - 

The adsorption of the anionic surfactant molecules onto the negatively 

charged latex particle occurs by the hydrophobic effect, The adsorption 

energies involved should therefore depend on allyl chain length and be 

similar to those found with cationic surfactants in Section 4.3.3. 

However opposing adsorption will be the electrostatic repulsion between 

the -co07 group of the latex and tneo-s group of the anionic sur- 

factant, 

If the slope of the zeta potential-log, , concentration sodium alkyl 

sulphate line is taken 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 

number of adsorption sites Nl 

  
  

  

     

sinh Ze 1, ~ sinh Ze 09 (@noekr) # sinh Ze ) - sinh Ze C9 

fie) Sas = 2 
to 26 cosh 26 52 Ze Ny ==] 

; 2kT 

where XY and $, are zeta potentials on the line 5 2 Bi s 

Further,k, the adsorption constant, can then be calculated from equation 

2.81, 
Ze Nl 2 ek 

Ve = k2 | (engekt)s fsinn Ze 5) - sinh Ze £2 
kT 2D 

where C is chosen as the concentration at the zeta potential midpoint 

between 3 and J,. 

and the chemical free energy of adsorptionZ, G from equation 2,73a 

k, = eb Mia] e 
ss 55.6 x 6 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 + zey, 

then a measure of the adsorption enerry counteracting the electrostatic 

repulsion can be obtained fromzeS, where the vaiue of 3 is the midpoint
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value between 3, and sf, as mentioned above; thus a value for AG can then 

be found, Results are shown in Table XX, ‘The number of adsorption sites 

Nl is constant which suggests that this method of calculation is applicable, 

The total chemical free energy of adsorption AG (the last colum of table 

XX) inereases 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), showing that it is the length of the 

alkyl chain which is the important factor in considering adsorption of 

these compounds onto hydrophobic surfaces, Similar agreement was found 

by Ottewill & Watanabe (112) -AG = 8,800 cal moter: for SDS on silver 

iodide and Ottewill and Rastogi (147) “AG = 9,200 cal moles for Cy TAB 

on silver iodide, 

4,6, Effect of mixtures of anionic and nonionic surface active agents 

on the electrophoretic mobility and zeta potential, 
  

The effect of adding nonionic surface active agents, ony to the 

anionic surface active atents used in Section 4,5, and the combined effect 

on the mobility of the polystyrene latex was examined, Constant concen- 

trations of the nonionic were used and the concentration of anionic 

varied as previously: 5 

The surface active agent mixtures used were SDeS with S16" 603 

SDS wi 2. Olas nO i. fucns SIS wi 3 md ©, lp. 6 DS with te 10? oe 50 and QS 603 STS with 6 10 and C6 60 

4.6.1, General characteristics of the zeta netential-loe. concentration 
10   

sodiun alkyl sulshate plots. 

Nesults are shown in Figures XLI to XLVI and Tables XXT to XXV, 

Results for the various anionic nonionic mixtures follow a pattern 

which can be studied by examination of the results for SDS shown in 

Fig. XLII, SDS with C Fig, XLIII, SDS with CGE. 3 and Fig. XIIV 
4 16°103 

SDS wi C. 2 SDS with 16°60"
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(a) Sodium dodecyl sulphate with C,(E)). 

The zeta potential - lossy concentration plot is displaced to the right, 

with this short ethylene oxide chain compound only a high concentration 

is really effective in altering the pattern, however the magnitude of 

displacement would appear to be proportional to concentration of non- 

  

jonic. The suggestion 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 be 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 io mol ane SDS all concentrations show virtually the same potential 

as that of SDS on latex alone indicating that the nonionic 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, cng be substantially the same as 

that given for cationic/nonionic systems in Section 4,4,1, 

(b) . Sodium dodecyl sulphate with C6 50? and 

(c) Sodium dodecyl] sulphate with © 660° 

Both Fig. XLIIT, SDS with C)gE,q and Fig. XLIV, SPS with C Bs 
16 60 

show the same characteristics and so can be considered together, As 

with (a) there is displacement of the zeta potential=log, 9 concentration 

curve by the various concentrations of nonionics used, The magnitude 

of lowering of zeta potential at 104 mol ane SDS follows the effect 

found by nonionic swrfactant on latex alone, i.e. the longer. the ethylene 

oxide ‘chain lencth the lower the zeta potential, as was discussed in 

Section 4,2; so that with oy 650 the zeta potential is lowered from 

-2 - 

=7imV to -55mV and with o 660 from -74mV to -29mV both at 10 ~ mol dn 3 

concentration of nonionic surfactant.



Vv 
c 

wp 
[ou 

e 
o
t
?
 
O
F
 

wp 
[ou 

e 
OT 

209, 
9T, 

wWqtA 
‘
T
J
s
 

Od 
§ 

W
o
T
R
e
E
A
Q
U
S
D
.
U
O
C
D
 

- 
T
e
T
I
U
S
R
O
d
 

ej0zZ 

€ 
up 

TOW 
S 

eq 
S 

W
O
T
I
R
z
R
Z
U
D
D
U
O
D
 

B
o
y
 

O
x
t
e
 

O
n
c
=
 

O
°
e
-
 

O
°
r
-
 

T 
T 

T 
T 

O
e
 

IIx 
534 

oz- 
— 

or- 
4 

46 » 

8 2 g A 
g
a
a
t
 

te S 
|e 
V
e
 

os- 

| 

ool-—; | 
OzT-—}  



oS 
e
o
 

F-0T 

1
7
,
 uP 

TH 
got 

! 
O,_me 

tom 
201 

101g 
9T> 

uate 
{] 

sas 
woraemausoucs 

- 
Terauezod 

39% 
rrmy 

Sta 

e
m
?
 

Tow 
sas 

u
o
T
R
e
z
R
U
E
D
T
0
D
 

TsSoq 

o°T- 
ore 

ore- 
orp 

1 
i 

i 
i 

o9- 
 
 

oL- 

 
 

ooT-   
 



 
 

O
O
,
”
 

Tou 
p
o
t
 

t 
V
e
-
"
 

Tou 
c
o
t
 

t 
e
e
 

jou 
z-oT 

108g 
ele 

UaTA 
‘[ 

Jsas 
u
o
y
_
e
a
A
Q
u
e
o
U
O
D
 

— 
TeTIUSRZOd 

e3eZ 
TIrTy 

HBta 

€ 
w
p
 

T
O
U
 

s
q
g
 

U
o
T
Z
e
z
r
R
Z
U
S
B
D
U
0
D
 
T
s
o
q
 

O
T
 

au 
O°z- 

0*E- 
O*P- 

1 
T 

T 
1 

O
-
—
O
-
p
_
5
 

or 

a
C
)
 

; 
O
=
=
 

Sag! 
o
e
 

i
 

oo 

~
 YQ 

C
C
U
 

—
_
 

= 
Tas 

i
e
 

<a 
1 \ e

i
 

e 
O
7
-
=
6
 

cot- 
— 

OzT-     

AM TeTQUEWOd vag



© 
c
P
 

TH 
, ot 

S
E
 

wp 
Tour 

€ 
o
t
:
 
O
n
 

your 
z
a
t
 

1
0
9
5
 

oT, 
UuqTM 

*
[
|
s
a
s
 

w
o
T
z
e
z
Z
U
E
o
U
C
D
 

- 
T
e
T
J
U
S
R
I
O
d
 

e
7
5
7
 
p
r
y
 

Sta 

: 
w
p
 

T
o
w
 

e 
OT 

S
a
s
 

v
w
o
T
F
e
z
Q
U
e
D
U
C
S
 

S
T
6
0
7
 

O
r
t
 

O°?- 
a 

One= 
O"7- 

 
 

; 
j 

i 
I 

O. 
a
S
 

J
o
 

o 
a
>
 

a
 

N
a
e
 

0 

oO 
a 

1 
Oo a 

i 

O
t
 

ee I | | | 
AW TeTRUEQoOd vyo7Z



. 
our 

5
7
g
 te 

tom 
LOT 

 
   

£
O
,
_
m
 

tom. 
ot 

/°Tg 
9% 

uaqm 
‘[Jsts 

uoTqerqUaDUCD 
- 

TeTRUaZ0d 
ej0z 

ATK 
Sta 

e- 
z- 

wp 
Tou 

e 
OT 

SLS 
UuoTRZezQUEDUO0D 

T
h
 
5q 

pe 
J 

orz- 
ove- 

orp 

| 
T 

‘ 

os- 
— 

e
e
 

oot- 
4 

s 
ozt--| 

e
s
 

o
V
t
-
 

7 

AW TeTQUSeIOd vjaZ 

 



G
y
e
?
 

TOE 
e
e
 

t 
V
e
r
?
 

Tot 
- o

t
 

'
O
e
 

wp 
TOU 

OT 
1
0
9
,
 

9
%
 

U
R
T
A
 

*
[
_
s
z
s
 

U
o
T
I
e
A
Q
U
S
O
U
O
D
 

- 
T
e
T
R
U
e
R
I
O
d
 

eIqez 
I
A
T
K
 

Sta 
= 

z~ 
i 

gat 
Tom 

(Ske 
ucts 

wueouc) 
T
S
o
q
 

OlE=; 
Ones 

O
r
s
 

: 
O2S= 

 
 

i 
1 

T 

a
a
 
.
 

o" 
x7- 

e
e
 

a
 

 



- 104 = 

Jlowever as the concentration of SDS is increased the zeta potential 

falis still further to a minimum of, with ne mol ae C6 50? -59n¥ 

at a concentration of 1,5 x 1054 mol dn? SDS, and with the same concen— 

tration of © 660 to -l0mV at a concentration of 5 x 10°" nol sey SDS. 

The potential then rises as SDS concentration is increased to ion mol 

amis 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 a»proximate proportionality between the concentrations 

of SDS at the minima and concentrations of nonionic surfactants,which 

varies with ethylene oxide chain length, The fall off in zeta potential 

which occurs with increasing concentration of SDS as shown in Fig, XLITI, 

SDS with Ge 0, and Fig, XLIV, SDS with 16860 is not shown in Fig. XL11, 
A 

4 a 
SDS with C6 ho. 

The explanation for the lowering aust be that some form of complexation 

oceurs between the nonionic and anionic surfactants, As the effect is 

reversible, i.e. the zeta potential elees again as SDS concentration is 

increased, the susrestion is that first of all a predominately nonionic 

layer is adsorbed onto the particle, takinz,for example Pig. XLIV, SDS 

with C1 660? this is the effect between the concentrations 107% and 

=5 10 mol Ga sps. As further SDS is added these molecules must complex 

with the nonionic in such a way that their nonpolar groups are directed 

towards the aqueous phase, the effect would be of bilayer foruation with 

the plane of shear displaced still further out from the particle surface 

and a consequent fall in zeta potential, ‘When the concentration of SDS 

is further increased presumably the effect of concentration and the 

differing adsorption ene s of the complex and the “DS allows gradual 

  

displacement of the former from the particle surface and therefore a rise 

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

16 40



Complex formation between nonionic polymers and ionic surfactants has 

  

been well established, Thus ‘foto et al (149) report complexation between 

SDS and an ethylene oxide block copolymer, Tadros (150) found interaction 

between both C. 6i3 and sodium dodecylhenzene sulphonate with polyvinyl 
1 

alcohol, he considers that a complex can form by orientated adsorption of 

the surfactant ions throuzh hydrophobic bonding between the hydrophobic 

end of the surfactant ion and the hydrophobic part of the polymer chain, 

Schwuger (151) points out that polymers such as polyvinyl pypolidone, 

polyglycol ethers and polyvinyl alcohol form complexes with ionic 

surfactants in aqueous solution and that especially strong interactions 

are observed with anionic surfactants, In contrast, cationic surfactants 

show only very weak effects, which sometimes cannot be detected using a 

number of general colloid chenistry techniques; this would explain the 

apparent lack of complexation effects found in this work with cationic and 

nonionic surfactant mixtures, 

Whilst hydrophobic bonding is one of the contributory factors in 

complex formation Schwucer points to evidence that with polyethylene 

glycols complex formation is strongly dependent upon the length of the 

glycol chain, A polyethylene #lycol of fifteen units shows only a low 

tendency towards complex dora vieu os tey number of units in the chain 

increases complex formation strongly increases. Obviously a factor other 

than hydrophobic bonding is involved, Sclwuger's work indicates that 

there is associ'tion between the polar parts of the two molecules, We 

suzsests that the oxygen atom of the ether linkage of the ethylene oxide 

chain could possibly become slightly positively charged,which would favour 

an adsorption of the negatively charged swefactant anion, The basis 

for this sucsestion seems a little obscure; a possible alternative is 

that of hydrozen bonding between the ether oxygens and solvent molecules 

oO 

and similar bonding between the solvent molecules and the-o-s¥ grou o7 S Pp.
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of the anionic surface active ascent. Schwuger sugzests that his findings, 

with polyethylenzlycol-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 

complexation between nonionic and ionic surfactants can occur because of 

association between polar regions, 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 relatively weak, and would be broken by the stronjer 

adsorption enersy of the anionic surfactant when a sufficient concen— 

tration of the latter was achieved, 

The fact that Schwurer found no complex formation with a polyethylene 

glycol of 15 units gives a possible reason why no lowering of zeta 

potential oceurs with the C1 6h io anionie systems i.e. no complex is 

forned. F 

46,2. "ffect of anionic surface active acent type, and nonionic 
  

surface active avent ethylene oxide chain lencth, on the 

  

zeta notential=lon q concentration nlots. 

The general effect the increase of concentration of nonionic surface 

active agent has on the zeta potential-log, , concentration curves has 

  

been indicated in the previous subsection, There is a general indication 

of proportional displacement of plot with increasing concentration of 

nonionic, but it is difficult to decide how to select a particular 

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

other factors such as anionic type and ethylene oxide chain lenth.
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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 150mV. These values enable a comparative 

lowering of the zeta potential by, for example, © 660 to be made, The 

results are shown below (the figures in brackets are calculated values to 

standardise the SDeS and STS values for comparison with the figures for 

ss). 

Lowerins of zeta potential produced by. © 6E60 

  

  

Concentration © X60 SDeS SDS STS 

mol ae nV mV mV 

107" - 50 65 (40) 

107 38 (31) 35 58 (35) 
10 30 (24) 23 45 (27) 
  

There is good agreement between the standardised figures and the 

values for SDS and the results show that the lowering of zeta potential 

produced by a concentration of C1 6260 is the same irrespective of the 

anionic used, Similar results would be expected with other nonionics, 

With SDS and the various nonionics at a 106" mol an? concentration 

a comparison of the effect of the length of the ethylene oxide chain 

can be made by measuring the lowering of the zeta potential at the 79mV 

point as indicated above, ‘The vaiues are 5.5mV for C. 3; 31lmV for F, 
16 ‘10 

© Bsn and 56mV for 8660" These values plotted azainst ethylene 

oxide chain length show a direct proportionality between chain length 

and lowering produced, Fig. XLVII. 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 1nV for each additional ethylene oxide unit in the chain, It should 

thus be possible to predict the effect similar mixtures of anionic/non- 

ionic surfactants will have on other disperse systems, 

wea            
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SECTION 5. 

   MICROBLECTROPMONETIC STUDIES ON GRISEOFULVIN, BETAMSTHASONE, 
  

NALIDIXIC ACID AND THIABENDAZOLE SUSPENSIONS , 

RESULTS AND DISCUSSION, 

The drugs chosen for this Study are all of low water solubility, 

Betamethasone, Nalidixic Acid and Thiabendazole are available commercially 

as formlated suspensions. They all differ in chemical composition and 

hence a comparison can be made with this and their electrophoretic 

behaviour. 

Suspensions of the drugs were made in solutions of the surface active 

agents used in the previous section with the polystyrene latex model 

system, The suspensions were shaken for 24 hours in a constant temper= 

ature water bath to allow time for complete adsorption of the surface 

active agent - Nlworthy & Guthrie (119) had found that 16 hours was 

necessary for couplete adsorption of nonionic surfactants, CxEy, on 

Griseofulvin, After storare of the Prone ctiid at constant temperature 

for three days the sedimentation volume was measured in terns of the 

ultimate settled volume Yu to the original volume Vo: 

Sedimentation Volume = vo/y, 

The results are expressed as percentages, The anpearance of the 

suspensions was examined and the ease of redispersion by shaking noted, 

The electrophoretic mobility of the particles was then measured, 

5.1. Effect of pil on the electrophoretic mobility and zeta potential, 

A suitable fraction of the susyension was placed in the flat cell 

assembly of the microelectrophoresis apparatus and the mobility of the 

drug particles measured as detailed in Section 3, Adjustment of pl! 

was made by the addition of hydrochloric acid or sodium hydroxide and 

the suspension was shaken overnight in a constant temperature water
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bath to equilibrate, the pil being checked before measurement, as above, 

was made, 

Results are given in Table XXVI and the mobility/zeta potential - 

pl plots, which are discussed below in 5.1.2., in Figs, XLVIII to LI. 

5.1.1. Conversion of mobility to zeta potential, 
  

All measurements were carried out in 107? mol an > (1 mol n>) Nach 

~ 8 ow 
which gives a K value of 1,039 x 1084] ¢ nm a or 1.039 x 10 m % so 

that 

1 5 
/K % 1x10” mor 10nn, 

-2 = : 1 
for 10°“ mol dm” solutions “/K = 3nm 

andelOE mol dace 1 = Inn 

If the particle diameter is 2um then Ka values in above concentrations 

are: 

107? mol an”, Ka & 100 

One mol an, Ka % 333 

10 moldm 2, | Ha = loco : 

With the results found for these drug systems when mobilities are hich; 

<3 2 -]) 1 ¢ 2 sea ise, 24,0 x 107° m gs V™, then Ka is 2 335. The majority of 

mobilities are 4,0 where, when Ka is. large 2100, variation in 

mobility with Ka has little effect on conversion of mobilities to zcta 

potentials (see tables of Ottewill and Shaw (99) Annendix 1): It would 

seem therefore that the error involved in using the Smoluchowski equation, 

2.58, 

Bee, 
n 

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

ues 

was decided to use this conversion for all the drug systems. The equation 

reduces for aqueous solutions to: 

So os 12.85 xu mV at 25°C,
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5.1.2. Mobility/zeta potential ~ pil plots. 

(a) Griseofulvin, 

The plot Fig, XLVIIT shows a positive charge of J = +25mV at 

pil 1,5 which rapidly decreases to zero at pil 2,4, there is then reversal 

of charge 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 pH range 7 to 10, The chemical structure of Griseofulvin is (154) 

  

Griseofulvin is (+)-7-chloro=", 6-dinethoxycounaran-3-one-2~ 

spiro~1'-(2'-nethoxy-6'—methyl cyclohex-2'-en-4'~one), an anti- 

fungal substance produced by the growth of certain strains of 

Penicillium griseofulvun, 

and the positive charze at low pH can be attributed to the protonation 

of theag unsaturated ketone aided by the positive donating megomeric 

effect, (the +! effect) of the methoxyl sroup. 

CH 
Se Geo 

QS 

as pi increases this effect will diminish, 

Above pil 2,4 where there is a gradual inerease in nesative potential 

to pil 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 pl 7.0 and above further studies were carried out 

at this pil,
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(b) Betamet! isone,   

Betamethasone Fig, XLIX shows little variation in mobility with 

pl, There is evidence that the particles are positively charged below 

pil 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, pl! 3,0 and then from pH 3,0 to 5,0 there is a fradual 

increase in negative potential to a zeta potential of -6,5mV which then 

stays steady as pil is increased to 10,0, Such a pattern of mobility 

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

  

Betamethasone is 9a -fluoro-11 B ,17a,21-trihydroxy-16 6 -nethylpregna~ 

1,4-diene-3,20-dione, meee 

As a steady state mobility occurs Bure pH 5.0, further studies 

were carried out at ca, pH 7.0. 

(c) Nalidixic Acid 

For Nalidixiec Acid, Fie. L, the plot shows a positive zeta potential, 

virtually constant over the pH range 9-3.5, of +120. This decreases with 

increasing pli to charce reversal at pll 4.9, The zeta potential then 

rapidly increases with plf to pH 7.0 to a steady state value of ~22nV, 

Above pH 8,0 the drug goes slowly into solution and it was not possible 

to achieve a steady pil above this value, 

The structure of Nalidixie Acid is (155): 

omy 
L 

CHs, Peake OO Ss COM 

3
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Nalidixic Acid is l-ethyl-7-methyl-t-oxo~1,8-naphthyridine-3~- 

carboxylic acid, 

The positive charge at low p% is attributed to protonation of the 

immino group, =N-, this effect would decrease as pH is increased, The 

gradual increase of necative potential over the pil range 4.9 to 7 is 

consistent with the ionization of the carboxyl group, -COOH. In section 

4.1.1, it was shown that the bulk dissociation constant of the 

carboxyl groups of the polystyrene latex could be obtained using equation 

49. 

phy = ph, (ct =3 00 ) 

use of this equation here gives a phy, for Nalidixie Acid of 5.75 which 

agrees well with the value of 6,0 reported by Winningham et al (156). 

For further study, due to the rapid change of mobility over the pil 

range 4.0 to 7.0, a choice of either) the steady states i.e, 2.5 to 3.5 

or 7.0 to 8,9 was necessary, it was decided to choose pi! 7,0 as being 

the most suitable for the other additives: to be used, 

(a), Thinhendazole 

The mobility/zeta potential = pH plot for Thiabendazole, Fig “I, 

shows a positive potential at low pil of +35rV which cradually decreases 

to the pl! for charge reversal at 5.65. ‘The potential then increases 

to a value of -27mV at pi 7,5, is steady over the range 7.5 to 8,5 and 

again inereases to -37.5m¥ at pl 9.9, the zeta potential stays steady ~ 

at this value over the pl! range 9 to 11, 

Thinhendazole has two imino ¢roups -N= in its structure (155): 

mf) 
ae 

PThiabendazole is 2-(4-thiazolyl)benzimidazole,
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and these would account for the positive charge at low pil, The fact that 

the zeta potential here at pil 2,5 is ca, +33mV, with two immino groups 

in the structure, whilst with Nalidixie Acid at pH 2.5 it is 4+12nV with 

one imino group, supports this suggestion, The increase in negative 

potential which occurs over the pH range 5.65 to 7.5 is attributed to 

hydroxyl ion adsorption as diseussed with Griseofulvin, and the step- 

wise increase between pil 8,5 and 9,0 to ionization of the =NH, secondary 

amino group, Again the pH for further studies was chosen to be in the 

steady state rexion close to pH 7.0, here pl! 7.5. 

5,2, Effect of nonionic surface active asents on the mobility and 

zeta potential, 

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 diseussed in Section 4,2, one of the nonionics, © 6esq2 788 used 

with all four drug systems, Results are shown in tables XXVII to XXX 

and Figs, LII to LY, In all cases the plots 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 also 

association of the ethylene oxide groups with some polar group at the | 

surface probably by hydrogen bonding, As pointed out in Section 4,2, 

Elworthy and Guthrie (119) have shown that such adsorption does occur 

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 percentase displace- 

ment of mobility at the steady state is not equal:~ Griseofulvin steady
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“8 2 -1 -8 2 
state mobility -3.5 x 10 = nm : Vv : displaced to -1,29 x 10 e nm s 

  

a 67% displacement, 

Oi toe ca 
Betamethasone -0,45 to-0,35 x 10 e ms a Vv 22% 

crane é “8 2 -1 1 ' 
Nalidixic Acid -1,68 to -1,.25 x10 m s V -26% 

8.2 =] 1 Thiabendazole ~2,10 to -1.25 x 10° ms V~ 40% 

Differences would in fact be expected 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 adsorption 

energies is also shown with anionic and cationic Reet aciants and is 

discussed later, 

5.3. Bffect of dodecyl trimethyl ammonium bromide on the electro~ 

Phoretic mobility and zeta notential, 

The adsorption of Co TAB at the partielecliquid interface is 

dependent on the chemical structure of the particle and its charging 

mechanism, At the pli's used the charging mechanism of Griseofulvin, 

Betamethasone and Thiabendazole is sont adsorption, Nalidixie Acid 

acquires its charge by ionization of carboxeylic acid groups, 

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

latex nee in Section 4, i.e, adsorption is a two stage process, Firstly 

there is gradual neutralization of the negative charge as the charge 

groun of the C) TAR molecule associates with the -CO0' of the Nalidixic 

Acid, Secondly the cationic is adsorbed in reverse orientation by the 

alkyl chain associating with the hydrophobic areas of the particle 

surface by the hydrophobic effect, this gives rise to a positive zeta 

potential which will increase to a maximum as concentration of cationic 

increases,
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With the other three drugs the C),TAB 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 

stazes (at low concentration of C TAB) as a small number only of surface 
12 

active molecules will be atsorbed, the net effect will be reduction of 

the Stern potential} this will be progressive as concentration of cat= 

ionic is increased until charge reversal occurs, As the concentration 

of C, TAB 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 asents and polystyrene latex, 

Section 4.3.5, the slope of the zeta potential-log, concentration 

C) ) TAB 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-los, , 

concentration C ohB plots. 

The results for the systems Griseofulvin, yo TAB; Betamethasone, 

¢. ; Nalidixic Acid, o ol; and Thiabendazole, o) oh Bs are. shown 
yo" 

in tables XXXI to XXXIV and Figs, LVito LIX respectively, 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 

Takanura et al who studied the adsorption of Cy gts on sulphadiazine, — 

sulphaphenazole and sulfisomidine and correlated their results with 

zeta potential measurements (157). The reversal of charge concentra- 

tions for the four drugs are shown below together with their steady 

state zeta potentials in the absence of Clo TAB.
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R.C.C, of Cy QTAB Zeta potential mV 
or 4 | | 
nue mol dm? | (without CoTAB) 

| | E | 
| bE i 

Griseofulvin | 1 SILO: ; h5 

Betamethasone j 4.0 210 \ 6.5 
! i 

= i 
Nalidixic Acid | 3.2x10° | 22 

oe 9,0 x 107? | 27 

  

R,C.C's follow the original zeta potential for Griseofulvin, 

Betamethasone and Thiabendazole as might be expected from the ion 

adsorption charge mechanism, Nalidixic Acid is preswanbly different, 

i.e. the concentration for 2,C.C, is greater than the others, due to 

the charge neutralization required - the corresponding concentration for 

5 a G) TAS polystyrene latex is 10°? mol dn ., The maximum values for zeta 

potentials found at 2,5 x 107 mol aa Cy, TAB arei- 

Griseofulvin ~54,6mV 

Betanethasone —6,6nV 

Nalidixic Acid -25mnV 

Thiabendazole -44,3mnV, 

These results suggest that approximately the sane amount of C,,T\B adsorbs 12 

onto Griseofulvin, Betanethasone and Thiabendazole but that Nalidixic 

Acid because of its chemical structure, i.e, presence of -COCH groups, 

is not able to take up the sae quantity of Cc) oTB molecules adsorbed 

in reverse orientation i.e. with their charce grouns towards the aqueous 

phase, As those molecules adsorbed with their charge grouns towards 

-C00" will have their ailyl chains towards the aqueous phase consequently 

the ‘saturation! potential will be lower than if they were all orientated
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with their charge sroups towards the aqueous phase, 

  

5.3.2. Calculation of free energies of adsorption from zeta potential— 

  

lorsy con tration Co 2\B 

  

plots, 
  

As shown in Section 4,5.3, the slope of the zeta potential-log,. 

concentration plot can he used to calculate the free energies of adsorp~ 

tion of cationie surface active agents using equation 2.86, The results 

are shown in table XV, 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 nonionic surfactants in Section 5.2, 

5.4, Effect of mixtures of cationic and nonionic surface active avents 

on the electrophoretic mobility and zeta potential, 

The effect of adding nonionic surface active agents to the C, TAB 

drug suspension systems used in Section 5.3 was examined, As previously, 

constant concentrations of the nonionic. were used. and the concentration 

of C. yo AB varied, The mixtures used were Griseofulvin with C),T' and 
12 

C10? [16 50 and C1 6B 603 and Betanethasone, Nalidixie Acid, Thiabenda- 

zole with TAB and 0, -B 
Ss 16°30. 

5.4.1, General characteristics of the zeta notential-los, concentration 

£2 with C, Ex plots. 

Results are shown in Ficnres LVI to LIX and Tables XXXI to XXXIV, 

The zeta potential-lor,,, concentration plots follow a pattern 

sinilar to that for the polystyrene latex/Cx?’B/nonionic systens studied 

in Section 4,4, Wowevor there is one main difference in that the NCC 

is not displaced to the same extent as with the volystyrene systems; 

  he actual magnitudes of dispiacenent are shown below:
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RCC with C),TAB RCC with 6, TAB RCC 

UG mol dm? and 

  

Cc, 2B. isplacem 6 50 Displacement 

mol an? 

  

My te 

  

Griseofulvin 1.3 x 10° 2x10 O27 

Retanethasone Ax 107> 2s 1077 1.6 

Nalidixie Acid 3.2x 107 k,5 x 1074 lass 

Thiabendazole 9x 107 1.2 x17 0.3 

(polystyrene latex 107? 6.0 x 107" 5.9)         

  

  

It is significant that the displacement values follow the adsorption 

energies of Sy oT AB on the various drugs as reported in 5.3.2, showing 

that the form of the plot produced denends on the relative adsorption 

energies of the two surfactants on any particular dru system, 

Fig. IVI Griseofulvin with and and ©), TAB S610? “y6"50 M4 M6760 OBE 
shows that there is little significant difference produced hy altering 

the ethylene oxide chain len¢th, A similar result was found with 

polystyrene systems, : 

5.5. Effect of sodium dodecyl] sulvhate on the electrophoretic 

mobility and zeta potential, 

At the pil's at which investigations were made all particles carry 

a negative charge - Griseofulvin, Betamethasone and Thiabendazgole by ion 

adsorption and Nalidixic Acid by ionization of carboxgylic acid groups. 

The charging mechanism of the latter is analagous to that of the poly- 

styrene latex previously used and the adsorption pattern of the SDS is 

therefore likely to be affected in the same way, As with the poly- 

styrene system the driving force for adsorption is the hydrophobic effect,



= 190m 

the molecules of SNS being adsorbed 'hetween' the —COON croups in the case 

of Nalidixic Acid, and onto the surface of the other three drugs replacing 

charging ions already present within the Stern layer. The zeta potential 

should consequently increase with increasing 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 

  

2, the slope of the zeta potential-log, ) 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 characteristics of the zeta potential—log. S49 concentration 

SDS _plots, 

The results for the systems Griseofulvin/SDS; Betamethasone/SDS; 

Nalidixie Acid/SDS; and Thiabendazole/SDS; are shown in tables XXXVI, 

XXVIII to XXX and Pigs, LII to LV respectively, 

All plots show the sane pattern as found with anionic surface active 

agents and polystyrene latex, i.e. a snails inerease 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 increasing 

concentration of SDS or falls off slightly due to ionic strencth effects, 

In all cases the maximam in potential occurs at about 107 mol an? SDS 

which is in the region of the eme of this surfactant, in water at 25°C, : 

A similar concentration for maximun zeta potential was found with the 

polystyrene latex/SDS system (Section LS ely. 

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 

ao =3 vertically orientated molecules of SDS, taken at 10 mol dm SDS are:



Griseofulvin ~ 89nV 

Detanethasone = 54mnV 

Nalidixic Acid ~ 67nV 

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 effect of the same magnitude as the 80," group of SDS, 

5.5.2. Calculation of free enernies of adsorption from zeta potential= 
  

loss concentration SDS plots. 

The calculation 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 Nalidixie Acid. Jowever for Griseofulvin, 

Betamethasone and Thiabendazole, where the nezative charzing mechanism 

is due solely to ion adsorption, there will not be any contribution due 

to electrostatic repulsion and the Bdsunption energies will be due solely 

to the hydrophobic effect, The slope of the zeta potential-log,, con~ 

centration SP3 plot was taken at the point where rapid rise in potential 

ocenrred i.e, 10? mol an? SMS in all cases, The results are shown in 

Table XXXVII, there is good agreenent between the OGvaiues for the 

TAB (see Table VI), The results 
12 

confirm those found for Oe and SDS on polystyrene latex, i.e. that 

four drugs with those found for ¢ 

it is the alkyl chain which is the factor which controls the adsorption 

of these surfactants onto a hydrophobic surface, 

5.6, Effect of mixtures of sodium dodecyl sulphate and nonionic surface 

  

active agents on the electrophoretic mobil: and zeta notential, 
    

The effect of adding nonionic surface active arents to the SDS = 

drug systens used in the previous sub-section was examined, Constant 

concentration of nonionic surfactant was used and the concentration of
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SDS varied and the change in mobility was measured, The systems used 

were Griseofulvin with SDS and CER 1g? C. and 16"Go? and Betamethasone, 5 
16 30 

Nalidixie Acid and Thiabendazole with SDS and ©1630" Results are shown 

in tables XXXVIII, XXXIX, XXVIII, XXIX, XXX and Figs. LX, LIII, LIV, LV 

respectively, 

5.6.1. General characteristics of the zeta potential-log,, concentration 

SDS with ¢. -By ts SDS with 6 y plots. 

The results for the SDS nonionic mixtures follow the pattern found 

with the polystyrene/SD8/C, (iy systems examined in Section 4,6,1, Study 

Fe e q : : a 
of Fig. LX which gives results for Griseofulvin, SDS with C1 Pio? © GP 50? 

and ©) 669 shows that displacement of the zeta potential-log,, concentra— 
10 

tion plot occurs, the magnitude of displacement depending on ethylene 

oxide chain length, For example the displacement with 107° mol ani °C) 65g 

was of 29nV and with the same concentration of 16260 40nV, both at 

Sps tor mol dn concentration, The increased lowering of potential 

found with slightly higher concentrations of SDS with £1 GE 59 and C1 6609 

16°50 and Cre cot 

and is due to complex forriation hetween the surfactants, as discussed in 

is similar to that found with polystyrene latex/sps/C. 

Section 4.6,1, As expected no such complexation effect was found with 

SDS/A CRA : 8/C, 6 io 
~2 = 

The effect of sps/10 ~ mol dm 3 © e350 mixtures on the zeta potentials 
i) 

of Netamethasouc, Nalidixie Acid and Thiabendazole is shown in Figs. 

2 
LIII, LIV, and HV. The lowering of zeta potential produced by 107> mol 

-! a 
at 107* mol dm? SDS is shown below, for polystyrene latex —o t dn c 6 30 

and all the four drucs: 

Polystyrene latex 21mV 

Griseofulvin 29nV 

Betamethasone llnv 

Nalidixie Acid 21imnv 

Thiahendazole 21nv
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These results are in good agreement (the zeta potential values for Reta- 

methasone are so low that it is difficult to make an accurate estinate 

of the effect), It is possible therefore to predict the lowering of 

zeta potential of a drug particle on addition of a nonionic surface 

active agent, Ci gts providing the same dispersion medium is used, this 

would be expected from the adsorption pattern discussed in Section 4,2, 

5.6.2. Uffect of sodium dodecyl sulphate with nonionic surface active 
  

afents of varying ethylene oxide chain length, 

In Section 4.6.2, the effect of ethylene oxide chain length on the 

zeta potential of polystyrene latex in the system polystyrene intex/Sns/ 

C) Ey was investiszated and a direct proportionality between chain length 

and lowering of zeta potential produced was found, 

3 Ranoectne anak $pS, Fig. IXI shows a plot of zeta potential 

lowering produced by 100 nol dn? © By, against ethylene oxide chain 
16 

length in 0 gy for polystyrene/Shs/C, (ly systens (results taken from 

Section 4.6.2), With the Griseofulvin/sn3/¢, (Sy system shown in Fiz, LX 

‘ 2 = 
the lowerin: of zeta potentials produced by 10°~ mol dn 3 Oey at SDS 

=k ss : 
concentration of 107° mol dm 3 are, C1 6M 10 25mV; C 3lmV; and C R 5 

16°50 16°60 

4OnV; these results are included in Fig, IXI, There is reasonable 

os ; : j n B agreement with the predicted line for 6 50 and © 660 but the result 

for C6 6 shows wide variation; this is an anomalous result probably 

due to experinental errnr, as apart from the azreenent just noted ahove, 

excellent agreement was found in the previous subsection for £16850? at 

2 wae baa : 
10 ~ mol dm ~, with polystyrene latex and all four drugs,
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SECTION 6. 

RELATIONSHIP BRIWVEEN ZETA POTMNTIAL, SEDIMENTATION 

VOLUME AND REDISPERSIBILITY OF BETAMETHASONE, 

GRISHOFULVIN, NALIDIXIC ACID AND THIABENDAZOLE SUSPENSIONS, 

6.1 General Considerations 

6.1.1 Sedimentation Volume 

When sedimentation is studied in aggregated systems, it is 

observed that the as«recates tend to fall together, producins a distinct 

boundary between the sediment and the supernatant liquid, The liquid 

ahove the sediment is clear because even the small particles present in 

the system are associated with the areresates, Such is not the case in 

deflocculated suspensions havint a range of particle sizes, where, in 

accordance with Stoke: ? law, the larger particles sediment more ranidly 

than the svaller particles, No clear boundary is formed, sometimes not 

even on standing for some days,and the supernatant remains turbid for a 

considerable time - as found with the suspensions studied in this work, 

Gee, for example tables XXVIII and x20), The apnearance of the super- 

natant liquid can give therefore a good indication of an agererated or 

deflocenlated systen, 

A useful parameter which may be derived from sedimentation studies 

is that of sedimentation volume, Dy itself the sedimentation volume is 

meanineless for lack of a reference value. To avoid this difficulty 

Febinson (158) and Ward and Xanmermayer (159) used the ratio of the 

ultimate volume of the settled height to the original heicht: 

Foe Mo Gare 

Mu is the apparent height of the solids after sedimentation and Tio is 

the total height of the original suspension before settling, 

Distenfass (160). used taawsane ratio in terms of volumes to describe 

sedimentation volume:



Fo=W 
/No 6.2. 

and this expression with F expressed as a percentage is used in this work, 

The ratio F thus gives a measure of the azgregated-deflocculated 

state of the system, 

6.1.2. Redispersibility 

An attempt was made to evaluate the suspension, by visual examination 

of the sediment, and by redispersion, inverting the container by hand, 

in os standard a way as possible, until the sediment was dispersed, 

Where necessary the time needed for redisnersion was recorded, The term 

‘caked! was used here to indicate a deflocculated system which needs 

shaking for some time to disnerse the sediment, 

Results for sedimentation volumes and redispersibility of the 

suspensions described in Section 5 are shown in tables XXVII to XXXIV, 

XXXVI, XXXVITI & XXXIX, 

6.1.5. Zeta potential, sedinentation volwze and suspension stability. 

The significance of the zeta potential to, and its relationship with, 

the sedimentation volume can be seen by plotting these parameters versus 

concentration of surfactant, In simple systens, as, for example, Fig. LXII 

for Thiabendazole and SDS, it is seen hee as the sedimentation volune 

falls with inereasing concentration of SDS, i.e, the system becomes 

deflocculated, so the zeta potential rises. The effect of nonionic/ 

ionic surfactant mixtures is shown in the same way, see for example 

Fig, LXIII, Thiabendazole/SD8/C, 6",+ 

Consideration of the total potential enersy of interaction between 

the particles: 

Vee Va + Va qs 

or in the case of nonionic and nonionic/ionic surfactant mixtures: 

Ve vy + Vi + Vg 1.2,
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gives a measure of the coagulated or deflocculated state of the system, 

If the height of the potential energy barrier Vay (Pig. I) ive. the 

distance, lo, between particles where V is at a maximum, is > 20k? (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 

coagulation occurs, 

The results quoted in this section enable an estimate of V to be 

made, thus Ve can be calculated from equation 2.4.1, (provided aie 15nm, 

at greater distances the retardation effect is important and equation 

2,45 must be used): 

Vv, = —Aa = Aa 

12Ho0 2.41, 

for the simple particle/ionic surfactant systems (where A is the Hamaker 

constant of the solid in water), For particle/nonionic and particle/ 

nonioni¢/ionic surfactant mixtures, equation 2,55 must he used: 

Vy endef Pag igs 1g Gig —AP") Fg} 2.55. 
Ottewill and Walker (79) have indicated that this equation can be simpli- 

         by ) Mp2 (4," 

=? 
fied, without causing great error, by putting A =A.= 3.7 x 10 ae J 3,65 

  

the Hamaker constant of the adsorbed layer Ag may be taken to be eaual 

to the value for water Ar - the error involved here is not likely to be 

great as for example the Hanuaker constant of the nonionic Triton x35 

(an alkyl aryl polyetiier alcohol) has a value of 3,32 x aye a 

(62), Squation 2.55 then becomes 

    

Vy "= os 6.1. 

As shown in Section 2.3.3. the function H can be approximated to 

a ee 
x0 x(l+y) 2.57 

where, for If 
Py 

tiie | A268 andy =1, 

2a



In the case of two approaching particles both covered with an adsorhed 

layer as they touch Ao ana x is given by § (the thickness of the 

adsorbed layer) divided by the article radius a, An estimate of the 

thickness of the layer of 1650 on the Thiabendazole particles can be 

nade using equation 2,19: 

exp Ze o/2kT + 1 exp Ze Wo/2kT - 1 

boas fee Ze t/a2kT - 1 || exp Ze yo/akT + 1 2.10   

For the 'steady state' zeta potential of C on Thiabendazole 1650 

J 2 -16.5uV; ¥, = -27V5 so that in 107 mol dn Nac: 

x=4,7nm = 6 

The mean radius of the Thiabendazole particle is 5.5m, so that the value 

9 
of Hp is 5.9 x 10°, taking the value of the Hamaker constant for Thia- 

ft 
bendazole as 8.55 x 10 205, (Schenkel and Kitchener (18) and Wo and 

~2 
Misuchi (165) have indicated that 1 x 10 205 is a reasonable value for 

the “Nanaker constant of an orvanic substance in water} Visser (62) qnotes 

=20, 
values for hydrocarbons of 6-7 x 10 “J so the above would appear reason- 

able). V, is then evainated as -120kT, 

An estimate: of V,, can be obtained from equation 2.31: 

pic 
RQ 
v= ea 5? In (1 + exp 
a tae 

where ¥, is replaced by the zeta potential, The stabilizing effect 

of steric and solvation layers Vs can he calculated using equation 2,54 

in the form; 

Vs 4nNc? Ho 72 Ho oa fos =x] [s - = [ea 2 6.2, 

where N is Avogadro's number, 

The thiclness of the adsorbed layer of 16" 50 is 4,7nm=6, if inter- 

penetration of layersis assumed to a stall extent then Io the distance 

between the particles will be, say 2 x 4.7 - 1,0 = 8.4nm, The particle 

: : 2 Ho . E 
radius a is 5,5um, 2 éand 2 are small compared with this value so



that the right hand bracket of equation 6,2 can be modified to be 3a. 

Florence and Rogers (162) report vaines for the interaction paraneter 

X, for aqueous solutions of polyoxyethylene compounds and give, for 

C6 oy a value of 0.497, using these figures a value of +118 kT is 

obtained for Vs, A number of calenlations of V have been made and the 

results are given in the detailed discussion below, 

6.2. Characteristics of the zeta notential/sedimentation volume versus 

concentration of surface active agent plots, and calculation, in 

selected cases, of the total potential enerry of interaction 

between particles, 

6.2.1. Druc particle, nonionie surfactant syvstens. 

Results for Thiabendazole/Cy 55 and Griseofulvin/C, 0 are shovm 

in Pies, UXIV and LXV and takles XXX and XXVII resrectively. 

The resnlts are similar, that for Thiabendazole shows a fall off of 

F and zeta potential as concentration of nonionic is increased, so that 

for example at a concentration of io: a an Oy Bags the system is 

deflocculated even thouch the zeta potential is only -16.5uV. It is 

likely therefore that the particles are sterically stabilized, 

Calculation of V at the above concentration, assuming that a full layer 

of C. is present on the particles: s 
16°50 

Ve Vy + ‘\, ie Vg 

= -102 + 435 + 104 

= +45 KP, 

sienifying as found a deflocculated system, 

However at 107° nol ane assuming no contribution from Vg (ice. 

v, is unmodified) then at i= 10nm 

Vea t- ¥. 
A R 

  

= 112.5 + 88 = -24,5kT, 

i.e, the system should be coagulated,
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Experimentally the particles formed light fluffy aggregates and it 

is possible that flocculation due to polymer bridging had occurred 

because of the low concentration of nonionic surfactant, rather than 

coagulation, 

The plot for Griseofulvin differs at concentrations of © E59 above 

107? mol ae when the sedimentation volume increases, This suspension 

was easily resuspended and the particles were not ageregated into groups, 

it is probable therefore that this suspension is showing controlled 

coagulation as sitzgested in Section 1, Whilst the layer of adsorbed 

nonionie surfactant will prevent coaguiation of the particles deep in the 

primary minimum there will be a large enouczh attractive force to cause 

aperegation as soon as the distance between particles is greater than 

twice the thiclness of the adsorbed layer, For example with Griseofulvin 

at lo = 15nm, V, = 43.67, Vie 36k, V, will not he effective at this 

@isiance ~ it contributes a "cut off" effect at 9,4nm (i.e. twice the 

thiclmess of the adsorbed layer). V is therefore -31,4kT which is a 

large enough attraction for agcrecation to occur. 

6.2.2. Drees narticle, cationic surfactant systems 

Mesults are siven for Thinbendazole/c, ,0, Pig. IXVI, table XXXIV; 

    Griseofulvin/<, 1D, Fiz. LXVII, table XXXI; Nalidixic Aeid/0) @B, 

  

Fig, LXVIII, table XXIII. 

The results all follow the same pattern and can be diseussed by 

exanining the plot for Thiabendazole/C,,TAB, Fig. IXVI, This shows a 

rise in F as the zeta potential rasses from the negative value to zero, 

at zero F is at a maximun, F then falls to a mininun as the positive 

zeta potential increases. Reference to table XXXIV shows that at 

5 <4 fe 
10°? and 107° mol dn 2 O, TAB lisht fluffy arerecates are present, the 

system cradually becomes deflocculated as the zeta potential increases, 

  ~2 
The suspension at 10” mol du” Oyo TB was deflocculated but easily
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dispersed, 

At zero zeta potential V, is zero hence 

NE YS “h50kT as a 2.5nm and the system is coagulated, 

nae 3 
At 10 mol dma ee Ss rH + ww

 

Ves Vy + Vi the magnitude of V depends on distance such 

  

that at:- 

Ny = 2,.5nm V = <105 kt, 

Hoi 5 nm V = 455 kT. 

Hy = 10nm V = +66. * 

Hq = 15nm V = +34,15u7T 

This system mist be deflocculated with a value for ve of cat66,5k7 at 

Ne about 19nm, 

6.2.3. Drne particle, cationic/nonionic surfactant svstens 

Snspensions exanined were Thiabendazole, Nalidixic Acid and 

ae ~ 

Griseofulvin with Cy QtAB and 107° mol am? 6 50? and Griseofulvin with 
° “3 

f ae 5 op a ; : a 6), TAB and 10 ~ mol dm 619 and C1660? results are given in Fics, 

IXIX to LEXTII and tables XXXIV, XXXIII and XXXI, 

the results for Thiabendazole, Fig, UXIX, are representative of 

them all, The sedimentation volune stays constant with increase in 

concentration of Co TAB as the zeta potential moves from the value of ~5mV 

at 107? nol a C, TAB to +14nV at 107° nol ani CTAB, thus showing 
12 

= of 
that the presence of 10 ~ mol dn 3 o1 6 50 confers stability upon the 

mh ~ 
particles, Calculation of V at 10 ‘ mol dma 3 Co TAB, i.e, at zero zeta 

potential, where Me is zero, can be made from:- 
dv 

Ningy EVs 

-102 + 104 

= 42kT 

This vaiue of positive potential energy would not alone be sufficient 

to prevent coaguiation, however the presence of the absorbed layer
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prevents closer association of the particles, this is therefore an example 

of controlled coagulation i.e, primary minimum coagulation restricted by 

the steric layer. 

Changing the ethylene oxide chain length as with Griseofulvin/C, 6B 4s 

and C, ‘igs. LXXI, LXXII and LXXIII respectively shows that ¥, a P 
“1650 n6 607 
as the ethylene oxide chain length is increased, so is the steric 

stabilizing effect, i.e, C. at zero zeta potential ives a coagulated 
16°10 

system whilst C. and C. sterically stabilize, Increasing E XE 
16°50 16 60 

stability with increasing ethylene oxide chain length has been found 

by other workers and is reported in Section 4.2.1, This effect with 

Cas is due to a thinner adsorbed layer, 6 which will lead to a lower 

value for vg such that Vys at the resulting distance of approach (Ho 

will also be smaller), will have a bigger effect leading to a primary 

ninimum deep enouth to cause coagulation even thourh some protection is 

siven by the adsorbed layer, 

6.2.4. Drus particle, anionic surfactant. systems. 

Results for Thiavendazole/SDS; Betarethasone/SDS; Nolidixie Acid/ 

SDS and Griseofulvin/SS are shown in Figs, LXII, LXXIV to LXXVT and 

tables XXX, XXVIII, XXNIX 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 typical of the group, 

Fig. LXXVII shows how V, calculated from 

Vi Se area 

varies with distance Mo between particles, equations 2,41 and 2,45 being 

used to calculate vy at distances of < 15nm and > 15nm respectively, 

ad = -18mV the system shows an attractive potential enersy at all 

distances, the suspensions should therefore be coagniated and this was 

found experimentally,
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With Swe ~jimV, V is positive at distances less than 50nm,a maximum 

Vm of potential energy is reached of ca +641? which should be sufficient 

    to prevent primary minimun coagulation, A shallow secondary minimun 

seen at ca 7Onm of about -2kT, This suspension showed a sedimentation 
4sjreja tes 

» aggregation of particles had occurred but these/were      volume of 35 

easily dispersed, it is possible that this is secondary minimum floccula~ 

tion, although a value of 510k? would be expected before such floccula- 

tion occurred, Wowever Verwey and Overbeelc (3) give an example of a 

suspension of ium particles in a solution of a 1079 mol Mose 1:1 clectro- 

lyte where there was a secondary minimum of 6kT and where loose aggregation 

occurred, In view of the approximations made in calenulating V it may 

well be that the true secondary minimum is larger than that calculated, 

At {= -GomV, V is always positive to ca, 601m, A maximm of  +558kT 

is reached at Sam, The depth of the secondary minimum barely reaches 

-lkT and as expected the suspension was completely deflocculated and 

calied, 

6.2.5. Dru particle, anionie/nonionic surfactant systems. 
  

Here resuits are very sinilar in pattern to those found for cat- 

jonic/nonionie surfactant mixtures, Fix, LXIIT and table XX shon 

  

results for Thiebendazole/Sns/O, 6%. and Figs. IXXVIII to EXCXTT and 

tables XXVIII, 3 

  

<IX and XXXVIII for Betamethasone/$93/C) casas Nalidixic 

Aeid/S3/C, 6F 59 and Griseofulvin/SD9/C, .1 9s c E50 and 216"60? respect= 

ively. ; 

The plot for Thiabendazole shovs that the sedinentation volume T 

stays virtually constant as the concentration of SDS is increased, This 

indicates that this concentration of 1650 is adsorbed sufficiently to 

sterically stablise the suspension with little or no help from electro 

static repulsion, All samples show a cloudy susernatant,
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Caleulation of Vat 107? mol di? $08 gives 433k a value sufficiently 
high to stabilize the suspension. 

The results for Griseofulvin/Sps/C, 6B) 9, Cy Esq and Cy 6M¢, confirm 

the findin~s of the Griseofulvin/C, ,1\B/nonionic systens that increasing 

the ethylene oxide chain length increases the steric stabilizing effect 

of the nonionic surface active agent. 
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SECTION 7. 

GENERAL DISCUSSION AND CONCLUSIONS 

The effect surface active agents of various ionic types have on the 

electrophoretic mobility and zeta potential of polystyrene latex has 

been studied, Similar experiments were carried out with the four drugs 

Betanethasone, Griseofulvin, Nalidixic Acid and Thiabendazole, Suspensions 

of these druts in solutions of the same surface active agents, as used 

with the nolystyrene latex, beine prepared so that sedimentation volumes 

could also be studied, 

The results found with microelectrophoresis of the drug systems were 

similar to those found with the volystyrene 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 being displaced by the adsorbed nonionic 

surfactant moleexics, It vas found that the nonionic surfactant moleenle 

looned itself around the particle so tak adsorption occurred until the 

particle was covered and then there was no further adsorption as there 

was a plateau in the electrophoretic mobility - loss concentration 

surface active agent plot, The mobility of the particle was correspond< 

ingly less as ethylene oxide chain length was increased showinz that the 

increase in ‘bulk’ of the molecule further displaced the shear plane, 

i.e, the thickness of the adsorbed layer increased, Adsorption of the 

nonionic surfactant occurred by the hydrophobic effect with the alkyl 

chain on the hydrovhobic areas of particle surface and by association of 

the ethylene oxide groups of that chain with suitable sites on the 

particle surface by hydrogen bonding, On studying sedimentation volumes 

eos. Fig. XIV for Thiabendazole, it is seen that such a layer is 

sufficient to sterically stabilize the suspended particles, the protection



improving as ethylene oxide chain length is increased, 

With cationic surface active agents 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, Further adsorption.then occurs by the hydrophobic 

effect, with the alkyl 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-log, ) 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 adsorption of cationics onto the particle surface is the 

hydrophobic effect, Suspensions of this group were coarulated at low 

concentrations of Cx?AB (low positive or negative potential) but becare 

defloceulated as cationie adsorption increased and the zeta potential 

inereased - such suspensions were defloceulated and caked, 

The addition of nonionic surface active arents to the cationic 

systens caused a displacewent of the zeta potential-log,, concentration 

plot to the richt, the 11.C.C, increasing depending on the relative con= 

centrations, In the first place the concentration of nonionic is higher 

and more is adsorbed but this is cradually displaced as the concentration 

of cationic is increased, The magnitude of displacesent of the R.C.C, 

is proportional both to concentration of nonionic and to the allyl chain 

my length of cationic used, The lensth of the ethylene oxide chain has no 

effect on the 1!.0.C, Prediction of displacement of the ),C.C, with 

specified systems is possible, Sedimentation volume results for the 

  

cationic nonionic systens shows that all suspensions are sterically 

stabilized by the adsorbed nonionic, the effect being proportional to
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ethylene oxide chain length, Lg only partially stabilizes the system 

   to coamulation,the presence of a charce on the particle also heing 
? 

necessary, whilst C “16°50 and C, 16°60 stabilize at zero zeta potential, 
a 

The adsorption of a negatively charged surface active molecule, 

   i.e, SDeS, SDS and STS, onto the negatively charged particles causes an 

  

inerease in zeta potential, The alkyl chains are adsorbed onto the 

hydrophobic surface of the particles, the driving force being the hydro- 

phobic effect, In the case of polystyrene latex and Nalidixie Acid 

the electrostatic repulsive force between the carboxyl group and the =O". 

of the surfactant molecule has to be overcome before the Ne lecele can 

be adsorbed, As adsorption of molecules increases the zeta potential 

increases to a maximum; this maximmm oceurs just before the eme of the 

pulk surfactant i.e. the surface is 'full' before the bulk cnc, Pris is 

due to the concentration of molecules at the particle surfece being 

sreater than in the bulk of the solution, ‘The slope of the zeta potential— 

low, concentration anionic plot just as it begins to rise steeply, i.e. 
Lo 

as adsorption was oceurring strongly, was used to calculate the adsorp- 

tion enerzies, allowance being made, where applicable, for the electro— 

static repulsion effect, dhece energies increased as alkyl chain length 

increased but were reasonably constant for one surfactant species on 

various surfaces, DIVO potential energy curves were calculated for the 

systern gn8/Thiabendazole, Fig, LXXVII and show that the coagulation/ : 

deflocculation state depended on the zeta potential of the particle, 

For mixtures of anionie/nonionic surface active asents certain interest- 

ing characteristics were found, 

  

S systems the zeta potential-log, 4 concentration SDS 

being displaced by the 

With nonionic/: 

  

plot was disnlaced to the right, the C1610 

anionic at higher concentrations of the latter, However, with [16 "50 

and Cy 660 there was evidence of complex formation occurring at median



eei ST es 

concentration of anionic between the anionic and nonionic molecules, This 

complexation depended on the ethylene oxide chain length of the nonionic 

species and was not shown by Cy By G3 association appeared to be between 

the ~Ciy CH= and 087 OS groups by a weak hydrogen 

a a+ Ny 

O5- 

bond probably throuzh water molecules, The weak bond was hrolen and the 

complex d@stroyed by the effect of the more strongly adsorbed anionic 

as the concentration of this latter increased, 

The magnitude of displacement of the zeta potential-los,, concen— 

tration anionic plot at low concentration of anionic is proportional to 

the ethylene oxide chain length, Here it is the displacement of the 

plane of shear which is the important effect and, at such low concentra- 

tions, it would seem possible to predict the effect such mixtures would 

have on other systems, 

The mobility - pl plots for Retanctihasone, Griseofulvin, Nalidixic 

Acid and Thiabendazole show that it is a over certain well defined 

pH regions - characteristic to a particular drug - that the charge of the 

particle is constant, e.g. Nalidixiec Acid between pif! 2,5 and 3,5 and pit 

7.0-8.0, Griseofulvin pH 7.0 to 10,0, This suggests that when considering 

pharnaceutical suspension formulations a mobility—pill plot for the drue 

should be made and where necessary the pi! of the forrmiation should be 

strictly controlled, It is interesting that the pil of the com Cea 

available form of Nalidixic Acid is 6.5, just at the commencement of the 

plateau region, 

Study of the zeta potential/sedinentation volume - concentration 

surfactant plots shows that anparently only coagulated, deflocenlated or 

sterically stabilized systens were found, As in most cases the sterically 

stabilized sysiens were produced from mixtures of ionic/nonionic surfactants, 
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Tene are examples of controlled coagulation as discussed in the intro- 

duction of Section 1, From the size of the particles, and magnitude of 

charse, secondary minimum flocculation would have been expected in certain 

cases, as shown by the calculations for the SNS/Thiabendazole system. 

The method used for investigation of the sedimentation volume of the 

sus»ensions was to allow them to stand for 3 days after shaking in a water 

bath for 24 hours; the suspensions were not observed over this period, 

It is therefore possible that secondary minimum flocculation did occur, 

put, due to the weight, 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, Gris is particularly likely with large 

particles (164), Further factors involved could be the tunel (12) and 

desorntion effects (13) discussed in Section 1. 

The resuits of this work show tae fe investigation of the charge 

characteristics of a dvus particle, with or without additives, is an 

important factor to be consicsred in susvension formulation. 

  The use of polystyrene jatex dispersions as model systems nas been 

justified, the results found can be applied to drug systeus qualitatively 

but the suricce characteristics and size distributions of drug varticles 

vary, so that the results cannot be avplied quantitatively in all respects, 

Nonionic surfactants would seem able to completely stabilize coarse 

suspensions azainst caking, but further lone term studies with these and 

different types of nonionic stabiliser are needed, 

The work confirms that of \lathews ¢& Rhodes (28) that the D! 

  

( vheory 

of colloid stability and its modification to include a steric term, can 

be applicd to coarse suspension systens, Iowever the existence and 

importance of secondary minimum flocculation in coarse polydisperse 

 



- 139 - 

suspensions needs further investigation, 

The terminolosy used in discussing coarse susvensions needs revision, 

It would seem that most susvensions described as flocculated are really 

coagulated, that the so called "controlled flocculation" approach is 

perhaps more correctly termed controlled coagulation, with added 

polyneric substance preventing access to the true primary minimm, It 

would seen desirable to use the words coamlated and deconmlated (instead    5. 
of 
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Table 3 of Reference 99 

THEORETICAL VALUES OF MOBILITY (um ems! V>4VAS A FUNCTION OF [-POTENTIAL (mV) AND ka 

FORA POSITIVELY OR NEGATIVELY CHARGED SPHERE IN THE PRESENCE OF A 1:1 ELEC TROLYTE 

WITH m, =U.184 AT 2    

    

  

   
   
   
   
    
     

1,55 

  

  

2.06 
50 2.58 257 
60 3.10 3.06 

710 3.61 3.36 3 
80 4.13 § 4.06 3.99 

90 4.64 453 446 

100 515 $10 $.05 4.91 
110 $66 $.60 5.54 5.34 5. 

120 G17 6.10 6.00 5.76 5 

130 6.69 660 646 618 5 

440 7.20 7.10 6.90 6.53 

150 7.12 7.60 7.35 6.96 
  

Table 4 of Reference 99 

  
THEORETICAL VALUES OF MOBILITY (um cms7! V~') AS A FUNCTION OF [-POTENTIAL 

FOR A NEGATIVELY CHARGED SPHERICAL PARTICLE IN SODIUM CHLORIDE SOLUTIONS 

    

  

¢  xa=0.01 0.02 005 01 02 O05 1 2 5 10 20 50. 100 = 200 500 1000 

  

     
10 0.52: 0.52 0,52 0: 5. .: 0.85 0.76 0.78 

20 1.04 1.04 1.09 1.51 1.35 

30 1.55 1.60 226 2.32 

40, 2.06 2.09 3.00 3.09 

50 2.58) 251 B72 3.86 

60 3.10 2.88 440 4.61 

70 3.61 3.20 5.08 5.36 

80 4.13, 349 5.13. 6.12 

90 4.64 3.63 6.34 6.87 

100 a15 3.84 6.92 7.62 

110 5.66 3.96 7 8.37 

120 617 4.05 G42 

130 6.69 Aad . 986 10.0. 

140 7.20 4.15 843 10.6 10.3 

150 7.22 418 8.68 13 116     

 



 



TABLE I 

  

Mobility and zeta potential of polystyrene latex in 1004 

mol dm” Na Cl and varying pH at 25°c 
  

  

  

pe Hepiiey 10 mee vin zeta potential mv 

as ° ° 
2.0 -0.69 + 0.03 -9.5 
26 -4,01 + 0.14 -61.0 
3.4 24163 © (0.23 7355 
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 ei175 
6.4 =5.86 £0,381 ai 7a5) 
es 25.5614 0525 : -101.0 
Ta -5.82 + 0.19 : -115.0 

9.1 -5.86 + 0.20 eil7es 
10.1 “6.21 # 0.19 . 
10.9 6.27 £10.12 -       
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    Griseofulvin in lo ’ Na C1 at 25° and 

pH 7 , with iG) 30 

  

     Concontzat 

C16 B30) 
oir 

    

ms re + 10 50 2.36 + 0.10 : re | 

10> 50 -2.14 + 0.08 aggregated 
= | 

io 4 9 -1.18 + 0.05 Cloudy 
3 supernatant, 

10 u 1.17 + 0.04 caked 

Tore 30 1.14 + 0.04 Clear supernatant 
easily redispersed 

          
 



{ 
1 

Betamethasone in 10 

7.0, with sps and Cc 

XXVIII 

  

16-30 

      

  

  

  

      

a) SDS alone 

| <5) | lo 72 -0,82 4 0,04 Highly | 
FS | 

10 2 60 =1.30 + 0.05 aggregated | 

nea 37 +2.16 + 0.10 Supernatant 

2e6 ato 20 -2.65 + 0.07 cloudy 

107? 4 masl/ = .O.h7 Supernatant cloudy 

caked 

Wes x 108" 4 -4.22'£ 0.19 | Supernatant i 
opalescent caked 

b) SDS with C16 #30 1072 mol dm-4 

io 4 =+0.31 + 0.02 Supernatant contains 
io 4 ~0.43 + 0.03 suspension of net 

-3 . particles.Presumably 

10 4 -1.18 + 0.04 sterically stabilized 

acid) 10? 4 -1.57 + 0.04 Supernatant cloudy 

for 4 -1.73 + 0.04 |Supernatant opalescent 

2.5 x 10° 2 -1.77 + 0.05 Supernatant almost 
clear 

c) C16 E39 alone 

—6 
lo -0.46 + 0.04 

fore ~0.51 + 0,04 i 
key ~0.36 + 0.02 

10? -0.35 + 0.02 | 

101" -0.34 + 0.01     
 



i 1) XXIX 

    

Nalidixic Acid in 10 ~ nol ¢m~ Na Cl 

pH 7.0, with SDS and C16 E39 | 

| 
| 
| i 

  

1o 12 =2.13 + 0.09 Highly | 

104 12 -2.15 + 0,09 Boat cont ed 
mere 10 =2,40 + O12 Slightly aggregated | 

eee 10°? 5 -3.15 * 0.15 a oe 

107? 6 -5.30 + 0.19 Deflocculated caked | 

2.5 x 107 6 -5.48 + 0.23 

  

b) SDS with Cy¢ E39 1072 mol dm™ 
  

  

1o 5 -0.81 + 0.05 

Ole 5 -0.68 + 0.02 
—3 

oh ° pees Deflocculated 
2.5 x 10 5 -1.72 + 0.05 

10)" 5 -1.98 + 0.09 

205 x 101" 5 -2.02 + 0.09 

c) Cy¢ E39 alone 

-6 10 ~1.99 + 0.11 

1ore -1.97 + 0.06 
104 -1.28 + 0.03 

10? =1,22 + 0:07 
=2 

10 -1.24 + 0.08 

          
 



  

-3 Thiabendazole in 10 ~ 1ol 

pH 7-5, with SDS and Cig 

) XXX 

Q 

30 

    

     2 of 

  

a) SDS alone 

  

Jity ete. 

  

  

  

      

10 32 -1.37 + 0.07 

1074 54 -2.05 + 0.04 f Higniy “aggregated 
1o 18 =3.165 + 0.09 Aggregated 

2.5 x 10° 1 eee OSiCMn Ba eee es 
“2 redispersed 

105 8 -4.64 + 0.23 Cakea 
2.5 x 10 vi -4.54 + 0.20 Caked 

. 7) =o) 
b) SDS with 10 “|mol dm ~ Cy¢ Eag 

10-3 8 -0.39 + 0.03 Cloudy Cakea 
io_3 iD -0.46 + 0.04 Supernatant Caked 
101s 7 -1.15 + 0.05 caked 

225 x 10.5 a “1.63 + 0.05 Caked 
lo_, 8 71.93 + 0.04 Caked 

205 x 10 1o -2,18 + 0.07 Easily resuspended 

ce) C16 E30 alone 

=) 
10 5 68 =1.92 + ‘O009 Q 

107 17 -1.93 + 0.12 Boarede od 
lo_3 4 1.28 + 0.04 Deflocculated 
10_5 5 -1.27 + 0.03 f and 
lo Wi -0.96 + 0.06 caked 

 



  

XXXI 

    

  

  

          

| 
Griseofulvin in 20 "nel du” Wa Ch ae 26°C ane 

on VO, 12 TAB and C,, Ey Tor? moldn ss i 

i 
i 
| 

a) 

eG Seals 50 -1.76 £ 0.07 | 
2.5 x 104 80 +0.51 + 0.04 Highly aggregated | 
6.25 x 10 70 +2.37 + O.LL } 

DiS or 40 42.87 + 0.10 ese eda tee tae 
satisfactory 1 

6.25 x 10° 30 43.85 + 0.23 Agar ogated 
satisfactory. | 

-2 Deflocculated, | 
2.5 x10 4 +4,.26 + 0.10 caked, opalescent | 

supernatant | 

PIC B20 | 

Zen 10" 30 0. 34 Aggregated ' 

2.5 x 10) 18 +0.45 Sediment ‘two layered! i 
G.25 7% 10_3 8 +1.12 £ 0.03 Caked t 

2.5 x lo} 8 41.58 + 0.04 Caked i 
6.25 x 10_5 8 +1.69 = 0.06 Caked 

ia Dect LO) 8 +2.02 + 0.04 Caked 
7 id ' 

| 

| 
ce) C6 E30 

2.5 10 20.5 -0.43 + 0.04 |Immediately dispersed | 
- | Dest serie 8 fears Inmediately dispersed | 
24 negative charge j 

bseo x 10_3 8 +0.55 + 0,01 Immediately dispersed | 

2.5 x 103 8 +0.80 + 0.02 |Caked i 
6.25 x 105 7 +0.90 + 0,02 |Caked i 
2.5 x10 7 40.90 * 0.02 |Caked | 

i | 
i 

a) Cig Ego ! 
1 

2S) x 10> 12 -0.46 + 0.04 Cloudy supernatant | 
= 2 si 2.5 x10 4 12 ? Small easily F } | 

a negative charge} resuspended i 

6.25 x lo_, 9 Ca +0.2 ! 
2.5 x 10-3 7 +0.58 + 0.02 Clear, caked 

6.25) x 1o_) 6 +0.64 + 0.01 Q Cloudy supernatant, | 

2.5 xe 6 +0.65 + 0.01 caked | 
' 

| | 
\



  

Betamethasone 

pH 7.0 , with Cc 
12 

; XXXIT 

in LO ~ nol 

  

TAB and C. 16 ®30 

  

2 Cl at 

  

and 

  

  

  
  

    
41.11 

  

a) 1o -0.43 + 0.04 
Al Aggregated 

1o +0.38 + 0.02 } 

Aon +1.53 + 0.05 Partial aggregation 

215i tol" 42.17 + 0.07 

107? +3.24 4 0.08 Deflocculatea 1 
2.5% 10° 43.67 0.05 | 

| 
A ee ES | b) Cy TAB with }O°* mol du™~ Cig E39 

5 10 ~0.35 + 0.04 
TO.” -0.22 + 0.01 

3 ‘i 
ae See All deflocculated i 

2.5 x 10 41.07 + 0.03 
on 41.14 + 0.01 

25x 1007 + 0.03 

 



Nalidixic Acid 

th pil 7.0), witl 

XXXIII 

  

Cio TAB and C6 E30 

  

   

    

  

  
  

107} 12 -1.56 + 0.06 | 
105 8 -0.85 + 0.03 aggregated } 
105 8 +0.93 + 0,03 

2.5: x 10_5 §.5 +1.61 + 0.03 ? slightly aggregated 

pe) 5 + .98 + 0.03 
2.5-x 10 2 42.44 + 0.06 é Deflocculated 

7 —2 -3 
b) Cg TAB with }0 ~ mol dm ~ Cyq E39 

ees 
10 5 -0.5 + 0.03 

1077 5 2 small 
negative charge 

1073 5 ? small All 
3 positive charge deflocculated 

2.5 x 10_5 5 +0.57 + 0.02 
10_5 5 +0.73 + 0.04 

2.5 x 10 5 +0.90 + 0.04 

     



GAT) XXXIV 

  

Thiabendazole in 10 ~ diol 

pH 7S, 

      

aticn of | 
C12 TAB 
eee         

  

  

1073 45 -1.81 40.07 | light "flugty' 
lo_, | 54 No movement | aggregates 
10.3 24 41.83 + 0.07 | Aggregates 

2.5 x lo_5 20 +1593 210305 not so ‘loose! 
lo 10 +2.,.78 % O511 | Deflocculated easily 

| dispersed 'good' 
i suspension 

255 4 o107- 10 +3.52 0.17 | Deflocculated slightly 
caked 

ohne -3 b) Cj2 TAB with LO“ mol dm ~ Ci6 E30 

107? 7 -0.39 0.03 
10_3 7 No movement All deflocculated 
103 8 +0.60 + 0.01 and caked 

2. Sic 1085 Z + 0.02 
1o_, 8 = 0.04 

2.5 (=: 10: 8 + 0.04 Most easily dispersed 

  
         



fl ) XXXVI 

      

3) See roe nO) 
Griseofulvin in 10 nok Gy Ne CL at 25°¢ 

pu 7.0 , with SDs 

10> 52 -3.90 + 0.13 

104 52 -4.15 + 0.12 

od 30 -4.51 + 0.12 

4x 10° 9 -5.57 + 0.18 

10 6 -6.82 + 0.15 

4x 107 6 -6.91 + 0.13 

        
  

 



Griseofulvin 

pH 7 

  

, with SDS and Cc 
16 

Hi XXXVITI 

    

  

  

  

  

      
    

eye ie. io 
1 

10 24.5 -1.07 + 0.11 | Immediate resuspension! 
10-5 8 -2.22 + 0.08 cro P| 
10.3 i -2.42 + 0.05 va 

4x lo} i -4.40 + 0.07 Caked \ 
lo_, 7 -4.95 + 0.09 Clest a) 

4x10 8 “5.42 £10.11 | 
i 

PiSies=30 | 
=o 

104 ae now [tmeat te uspension 105 15 “1.71 £ 0.05 cae iS, | 
103 8 -1.37 + 0.04 |10 seconds resuspension! 

4x lo_5 8 -1.98 + 0.06 10 seconds resuspension) 

10_, 8 +2.33 + 0.05 15 seconds resuspension) 
4,5 % 16. 8 ~2.93 + 0.05 |15 seconds resuspension! 

c) 6 E60 

10? 26 =1.22 + 0.03 t Immediate 
10_3 16 w1.11 £ 0.04 resuspension 

1o 8 -1.40 + 0.04 Resuspended by shaking: 

3 5 seconds 

4x 10_5 7 -1.70 0.06 f\Caked 20 seconds 
10_5 6 -1.86 0.04 \|Caked 20 seconds 

4xl1o 4 -2.26 0.06 ~|Caked 30 seconds 

i  



   
Griseofulvin in lo 7 rol 

      

Volume 

  

h SDS and Lone mol an c 

a CL at 25 

ene 30 

   

    

\ 

  

  

  

  

  

  

Bt Ul ieaes, se ie zi 

1077 25 -1.73 £0.07 | Immediate dispersion | 
10_, 15) -1.71 + 0.05 Immediate dispersion | 
1o_3 8 -1.37 + 0.04 10 seconds shaking | 

4x 10_5 8 -1.98 + 0.06 10 seconds shaking { 
lo, 8 =2.33 20.05 15 seconds shaking \ 

4 x 10 8 -2.93 + 0.05 15 seconds shaking | 

ion? "Cloudy" 
S Supernatant 

; =3 =i Z 
with 10 ~ mol dm 6 B35 

107} 1 1.40 £0.06 | Immediate dispersion 
jo; a =2.07 £0.01 5 seconds shaking 
103 a =3.32 210010 5 seconds shaking 

4x 10_5 7 =3.53 £0.10 5 seconds shaking 
10_5 6 =S.32, 50569 10+ seconds shaking 

4x10 7 5.96 £0.18 10+ seconds shaking 

All 'Cloudy' 
supernatant | 

with 1074 mot am? c__-E 
16 30 

1073 8 -2.03 40.04 |All deflocculated 
1o 7 2.96 “£0507 

103 9 ng.83 2.7) | eum ca tgnely 
4x 1o_, 8 6.13 £0.14 caked 

lo 8 6.24 £0.11 , , 
4x 107 8 5.76 fOn1e | Pte Cloudy 

      
supernatant 

    

 


