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A bstract

Dissolution is commonly the rate limiting step to the absorption of poorly water-soluble 

drugs. Surfactants can be used to improve the dissolution rate and thus enhance the 

bioavailability of such drugs.

In this thesis, the possible effects of a series of ionic and nonionic surfactants on the 

solubility and dissolution rate of a poorly water-soluble drug simvastatin were studied. The 

emphasis of this thesis has been to study drug surfactant interactions from a mechanistic 

perspective, and therefore improve the understanding of how surfactants affect the 

dissolution rate of poorly water-soluble drugs.

The first part of the work involves studying the dissolution and solubility of simvastatin in 

a series of surfactants.

In the next section surface energy studies on both the drug and surfactant were conducted. 

It was shown that there was a correlation between the increase in solubility and the free 

energy of interaction between the drug and surfactant.

Dynamic surface tension data were collected and used to explain anomalies in the apparent 

diffusion coefficients between the ionic surfactants and nonionic surfactants. It was shown 

that an electrical barrier impeded the adsorption of ionic surfactants to the drug surface. 

Subsequently, the dissolution rate corrected for solubility was lower in the presence of ionic 

surfactants. In addition purity effects of surfactant were found not to affect the solubility, but 

influenced the dissolution rate. This was due to the slower adsorption of impure surfactant 

to the simvastatin surface.

Isothermal microcalorimetry was used as a tool to study the thermodynamics of interaction 

between the drug and the surfactants. It was also found that small deviations from ideal 

solution behaviour could be detected using this method.

Overall the study confirms that macroscopic observations such as dissolution and solubility 

can be interpreted more fully by utilising molecular arguments derived from surface 

energetics, thermodynamics and adsorption dynamics.
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List of Abbreviations

A surface area (m^ kg'^)

C concentration (mol dm'^)

Cs solubility (mol dm'^)
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k Boltzmann constant (1.3806 x 10^^ J K'^)

Kl adsorption equilibrium constant for Eq.1.4 (mol'^m'^)
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Ha aggregation number
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P perimeter (m)
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Chapter 1

Surface active agents (or more briefly surfactants) are substances that have the ability to 

adsorb at interfaces. This arises due to their distinctive chemical structure. This 

characteristic ability means that they play a critical role in many biological and chemical 

processes.

Table 1.1 shows some common examples of the importance of surface active agents in 
industry and nature.

Products manufactured as surfactants or contain surfactants

Soaps and detergents Paints
Drugs Cosmetics
Emulsifiers and stabilisers Inks
Herbicides and Pesticides Adhesives
Oil and Petrol/Diesel additives

Direct use of surfactants

Wetting Drilling muds, used in
prospecting for oil.

Lubrication

Uses in purification and improvement of natural or synthetic methods

Floatation agents in mineral ore separation Tertiary oil recovery
Sewage and water treatment

Physiological uses and occurrences

Digestion of fats and lipids
Respiration
Sight
Joint lubrication 
Cell membranes
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Surface active agents posses a characteristic chemical structure that consists of a structural 

group that has very little attraction for the solvent, the lyophobic group, coupled with a 

group that has strong attraction for the solvent, termed the lyophilic group. In water the 

general terms lyophobic and lyophilic are replaced by hydrophobic and hydrophilic 

respectively. Materials that possess this dual nature are referred to as amphiphilic ( “they like 

both”) that is they have affinity for both phases.

When an amphiphilic substance is dissolved in a solvent, the presence of the lyophobic 

group causes a distortion in the solvent liquid structure causing an increase in the free energy 

of the system. The surfactant therefore adsorbs at the interface because less work is required 

to bring the surfactant molecules to the surface in comparison to dissolving the surfactant 

in the solvent. The surfactant therefore concentrates at the interface, resulting in a fall in the 

interfacial tension.

At this point it is probably worth clarifying what is actually meant by surface tension, 

surface free energy and interfacial tension. If one visualizes an atom or molecule of a 

substance in the bulk phase, it can be seen that each atom will on molecule average 

experience a uniform force from its neighbours. Now if that same molecule was then at the 

surface (or interface) then the forces acting on that molecule would not be uniform. Instead 

it would continue to “feel” the force from its adjacent molecules in the bulk, whilst feeling 

less force from those at the surface. Because the molecule at the interface is in a different 

environment when compared to its neighbours in the bulk, its total free energy must be 

different to the other molecules. In the case of a liquid system the bulk molecules would 

experience no net force, but the molecules at the surface would have some of their bulk 

interactions removed resulting in an increase in the free energy of that molecule. It is this 

imbalance of forces on surface molecules pulling then into the bulk phase that is surface 

energy. Surface free energy is defined as the amount of work required to increase the bulk 

by a unit amount. At the liquid-vapour interface the imbalance of the forces causes the 

system to minimise its surface area, and thereby reduce the free energy of the system. This 

is clearly seen when a drop of liquid forms itself into a perfect sphere.
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Surface free energy has the units of mJm'^ and surface tension has the units of m N m '\ both 

are numerically the same for liquids (A d ^ so n  and Gast, 1997).

The amphiphilic structure of the surfactant causes it to align at the interface, with the 

lyophobic group away from the bulk phase and the lyophilic group in the solvent. The 

adsorption and alignment at the interface will depend on the chemical nature of the 

surfactant and the solvent properties. In water the lyophobic groups (hydrophobic) can be 

a hydrocarbon chain, fluorocarbon or polysiloxane groups (there are many more). The 

hydrophilic, “head”, group can be an ionic group or a highly polar group. In a non-polar 

solvent such as decane the same groups will function in the opposing way.

1.1. Classifying surfactants

With thousands of available surfactants one needs a way to classify them into broad 

categories. Although surfactants can be classified into their general uses ie emulsifiers, as 

wetting agents, etc. the most useful classification is based on the chemical nature of the 

hydrophilic “head” group.

1. Anionics. The head group in these surfactants carries a negative charge.

Carboxylates Sulphonates Sulphates

RCOO RSOg- R S O /

eg potassium laurate sodium Sodium dodecyl
dioctylsulfosuccinate sulphate

2. Cationics. The head group in these surfactants carries a positive charge, 

e.g quaternary ammonium halides- hexadecyltrimethyl ammonium bromide

N^(CH3)3 Br '

3. Amphoteric (and Zwitterionics). These surfactants behave as anionics at high pH and 

cationics at low pH. At their isoelectric point, when there is no net charge, they exist as 

zwitterions

eg N-alkyl betaines such as N-dodecyl N,N-dimethylbetaine

26



C12H25 N+ (CHg) 2 C H 2C O O

4. Nonionic. The head group in these surfactants has no charge. They derive their 

hydrophilicity from polyoxyethylene or hydroxyl groups.

Nonionic surfactants are very useful because they can be tailor made with specific physical 

properties, this makes then ideal for the study of structure-activity relationships.

Common examples of nonionic surfactants include:

Polyoxyethylated alkyl phenols, these are available asp-nonylphenols from Igepal Co., and 

as t-octylphenols, available form Union Carbide with the trade name of Triton®

Triton series QgHi 7—^ — (CH2CH2-C^CH

For Triton X-100 the average value of n is 9.5. This surfactant is used pharmaceutically as 

a spermicide.

The Polyoxyethylene glycol monoethers are commercially available as the Brij series eg. 

Brij35 is polyoxyethylene 23 lauryl ether.

CH,H2r+i (CH2CH20),-OH

The sorbitan esters are esters of sorbitol and oleic acid, they are generally lipophilic and 

commercially available as Spans. The Tweens are also known as the polysorbates and are 

esters of sorbitol and polyoxyethylene oxide. This allows for the synthesis of products with 

a wide range of hydrophilic-lipophilic balance numbers.

Poloxamers- are a group of aba block co-polymers, where the a block is a polyoxyethylene 

group and the b block is the polypropylene group. The ratio of a and b can be varied to 

obtain surfactants with a range of HLB numbers.

The vast majority of the above surfactants are available commercially, however they are 

usually in a somewhat impure form. The non-ionic surfactants usually have significant

27



amounts of by products from their production process and pure compounds are difficult to 

prepare. Triton X-100 for example is a mixture of n = 9 and n =10 oxyethylene groups, 

giving an average of n = 9.5. Sodium dodecyl sulphate purity has been studied in great detail 

(Mysels and Florence, 1971 Elworthy and Mysels, 1966 and Mysels, 1986). In Chapter 2 the 

potential effect of SDS impurities on dissolution and solubility of a model drug, simvastatin, 

will be studied.

1.2 Adsorption o f  surfactants at the liquid-vapour interface.

As mentioned previously surfactants adsorb and orientate at the interface due to their dual 

nature. The Gibbs equation provides a method whereby the amount of surfactant adsorbed 

per unit area of interface, the surface excess concentration, can be obtained. This value 

provides information on the extent of packing at the interface thus allowing the potential 

effects of additives on the surface excess to be studied. In its general form the Gibbs 

equation can be written as:

dy = -U'^d\x  ̂ Eq 1.1

dy = change in surface or interfacial tension

Tj = surface excess concentration of the solute 

dui = the change in the chemical potential.

For a two component system:

dy = Fj dn̂  - F2 du2 Eq 1.2

For the liquid-vapour interface the Gibbs dividing surface % which is an arbitrarily chosen 

location dividing the surface such that the surface excess of the solvent = 0

hence dy = Fj d\x̂  Eq 1.3

'The major theoretical problem is where to draw the line for the interface between phase 1 and phase 2. 
Gibbs’ approach was to define the interface as the region in which the concentration of one 
component, phase 1, becomes zero. It is normal practice to call phase 1 the solvent
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The chemical potential can be replaced by activity and in an ideal and dilute solution the 

activity can be replaced by concentration. In Chapter 6non-idealities have been studied using 

titration microcalorimetry. The Gibbs equation can hence be written as:

' ■ - ^ Ï T Î c

Where n is a factor which depends on the type of surfactant, for example for a univalent 

ionic surfactant with an excess amount of electrolyte or a nonionic surfactant, n = 1 

(Attwood and Florence, 1983).

For a univalent ionic surfactant in the absence of excess electrolyte n=2 (Attwood and 

Florence. 1983). From F, the area per molecule can be calculated, this provides information 

regarding the packing of the adsorbed molecule at the interface.

With the Gibbs equation and an appropriate adsorption isotherm, such as the Langmuir 

isotherm it is possible to derive the surface equation of state. The surface equation of state 

for the Langmuir isotherm is the von Szyskowski (1908, Eq 1.5) equation and the Frumkin 

(1925, Eq 1.6) equation:

’K=yQ-y=nRlT J ïi{\+ K jC )  Eq.1.5

7i=Yo-Y=“« ^ T f ^ l n ( l - ^ )  Eq.1.6
m

The Langmuir isotherm model is based on the assumption that adsorption is restricted to 

monolayer coverage. Specific sites exist for the interaction between the site and the molecule 

ie. each molecule has an equal chance of interacting with the adsorption sites). Hence many
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assumptions have to be adhered to for the model to be valid, but many surfactants show 

Langmuir type adsorption. The Langmuir isotherm model was initially developed for 

adsorption at the solid-liquid interface, but can equally be applied to the hquid-vapour 

interface (Rosen, 1989)

From the surface equation of state it is possible to calculate F , and K^. The surface 

excess, F, gives a measure of the extent of surfactant adsorption at the interface, is a 

measure of surfactant efficacy, the larger the value of the more efficient the surfactant is 

at lowering the surface tension (Rosen, 1989).

1.3 Dynamic adsorption o f  surf actants

For many processes the dynamics of adsorption is of critical importance to their efficiency, 

Malysa (1992) discusses the use of dynamic surface tension (DST) to optimize froth 

floatation, and Lucassen-Reynders and Kuijpers (1992) discuss the importance in 

émulsification. Dynamic surface tension of surfactant solutions was studied by Prieto et al 

(1996) to improve spray cleaning processes for the removal of dirt from soiled surfaces. 

They found that the faster the DST fell the better the spray cleaning was. DST is of particular 

importance in fast processes (typically less than 5 seconds) that require polymers or 

surfactants to diffuse to the interface rapidly. For example the DST affects the wetting in 

coatings (Valentini et al, 1991) and hence the quality of coating. Film retraction during 

coating can be minimised by having the appropriate dynamic surface tension characteristics 

of the water based coating (Aulton, 1995). An interesting and important area where dynamic 

surface (interfacial) tension studies are very important is in the study of lung surfactant 

efficacy. When the alveoli are inflated (during inspiration) lung surfactant has a surface 

tension of -6 0  mNm'^ on expiration the alveoli collapse and the surface tension of the lung 

surfactant falls to 1-10 mNm'^ (Notter and Morrow, 1975). From Laplace’s law (in which 

pressure is proportional to the surface tension and inversely proportional to the radius of the 

alveoli) it follows that if the lung surfactant were not present or not working in this dynamic 

manner the pressure required to inflate the small alveoli would have to be very large and so 

these small alveoli would remain collapsed. Respiratory distress syndrome of the new bom 

(which also known as hyaline membrane disease) attacks premature infants and occurs due
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to a reduced surface activity of the lung surfactant. This causes the alveoli to collapse 

(atelectasis). Recent advances in surface science in mimicking the role of lung surfactant in 

vitro (Notter and Finkelstein, 1984) and the availability of porcine, bovine and synthetic lung 

surfactant has meant that respiratory distress syndrome can be treated by direct 

administration of the surfactant into the lung (Mehta, 1998).

When a fresh surface is created a finite time will be required before equilibrium between the 

surface and the bulk is reached. This non-equilibrium tension is the dynamic surface tension 

(DST). When a fresh surface has just been created, ie at time = 0, the surface is said to be 

of zero age and its surface tension is that of the bulk solvent, as time proceeds the bulk and 

the surface reach an equilibrium, the surface tension at intermediate times is the dynamic 

surface tension (Figure 1.1) and is a function of time and surface composition.

Figure 1.1. Schematic representation showing the different stages of a dynamic surface tension 

plot.
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Figure 1.2. A schematic diagram showing the adsorption mechanism of surfactant.
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The change in surface composition is controlled by two processes:

1. The exchange of molecules between the surface and a region just below the surface, the 

subsurface layer. This process is an adsorption process.

2. The exchange of molecules between the subsurface and the bulk of the solution. This 

process is usually a diffusion controlled process. However a mixed diffusion (diffusion 

coupled to an adsorption/desorption process) process has commonly been observed. (Eastoe 

et al, 1998. Lin et al, 1990, and Hansen and Wallace, 1959).

Assuming that there are no mixed diffusion effects, then in the bulk of the solution diffusion 

will occur and at the subsurface and surface, adsorption and desorption of the molecules will 

occur. In a pure dynamic situation, when a new surface is created, at t = 0, F = 0. Over a 

period of time the surfactant will adsorb at the interface, this causes a depletion in the 

concentration of the surfactant in the subsurface layer resulting in a concentration gradient 

between the subsurface and the bulk solution. This concentration gradient is diffusion 

controlled. This model was initially derived by Ward and Tordai (1946) and is given by the 

equation:

32



--------------------------

D = diffusion coefficient 

r(t) = surface excess concentration at time t 
Cg = unknown subsurface concentration 

= surfactant bulk concentration 

T = dummy variable that accounts for “back diffusion”

The application of this equation to dynamic surface tension data is quite a difficult task. The 

integral on the right hand side cannot be solved directly and requires a graphical 

approximation (Defay and Petre, 1971, Lin et al, 1990, Eastoe et al, 1997 and Mysels and 

Florence, 1973). An approximation of the above equation has been developed by Hanson 

(1960) for long time intervals. Bendure (1971) used the method of Hanson(1960) to 

calculate diffusion coefficients for dimethyl phosphine from dynamic surface tension data. 

The calculated diffusion coefficients were only a factor of 2.5 out from typical values, and 

hence the approximation should give an acceptable value for the diffusion coefficient. Miller 

et al (1994) have developed a more detailed approximation for 1:1 ionic surfactants and for 

non-ionic surfactants. Eastoe et al (1997) and Miller et al (1994), have used these 

approximations to determine whether adsorption of surfactants was by a diffusion controlled 

process or whether there was a barrier to adsorption. The short and long time approximations 

will be used in Chapter 3 to calculate diffusion coefficients for surfactant solutions 

contaminated with drug.

1.4. Methods used to measure equilibrium and dynamic surface tension.

Many methods exist for the measurement of equilibrium surface tension. They include force 

methods, shape methods or pressure methods. In principle these techniques can be used to 

measure the dynamic surface tension but they may suffer from not being able to measure the 

surface tension at short time scales.

Force methods include the Du Nouy ring tensiometer and Wilhelmy plate method. These
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have been described in detail in Chapter 4.

Shape methods include the sessile drop technique and spinning drop or bubble technique. 

For both of these methods the accuracy and sensitivity has been improved by combining 

them with video image analysis (Lin et al,1990). The oscillating or vibrating jet method has 

the advantage in that it allows the dynamic surface tension of a fresh surface to me measured 

(1-lOOms, Hanson and Wallace, 1959), and is therefore useful in studying fast processes 

such as spray formation (Prieto et al, 1996). In principle, when a jet flows out of an orifice 

it will oscillate. The surface tension acts to dampen these oscillations, hence the surface 

tension is proportional to the oscillations (i.e. the wavelength) at a given flow rate. A 

detailed monograph on the physics of the oscillating jet method is given in Défay and Petre, 

(1971).

Another method that has been used extensively to measure the dynamic surface tension of 

surfactant solutions is the inclined plate method. This involves the flow of solution over an 

inclined plate of glass or Teflon® and then using the Wilhelmy plate method to monitor the 

surface tension. The flow rate of the solution and the distance that it has travelled are 

measured giving the surface age. Hence the surface tension can be measured as a function 

of time (Rillaerts and Joos, 1982).

The maximum bubble pressure method (MBPM) is a very popular method for measuring the 

dynamic surface tension of surfactant solutions (Bendure, 1971., Kloubek, 1971 a&b., Mysels 

and Stafford, 1990., Mysels, 1990., Rosen, 1990., Brazee et al, 1994 Miller et al, 1994), 

proteins (Wüstneck et al, 1996) and polymer solutions (Machiste and Buckton, 1996., 

Nehringbauer, 1995., Um et al, 1997). In principle the technique involves blowing a bubble 

through a capillary of known radius. The pressure required to blow the bubble is then 

proportional to the surface tension by Laplaces’ Law. Simon (1851) was the founding father 

of the maximum bubble pressure method who not only invented the technique but also used 

it successfully. However in Simon’s apparatus problems were encountered due to the depth 

of immersion of the capillaries, the radius of the capillaries, the density of the solution and 

also problems due to the liquid being sucked up the capillary. Sugden (1922) eliminated all 

of these problems with his design. He chose to use two capillaries of different radii, one 

small orifice capillary and a second larger orifice capillary. Both of these capillaries were 

maintained at exactly the same depth and the pressure in each capillary was measured
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independently. The time required to form a bubble was then taken as the bubble interval (this 

is different from the surface age, surface age has a “dead time” correction made to it, 

Kloubek, 1972). Details of the methodology of the MBPM and dead time corrections are 

given in Chapter 5.

Figure 1.3. Schematic comparison of Simon’s and Sugden’s designs.
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The MBPM can be used to measure the surface age from seconds up to hours. Recently, 

Miller et al (1994) have developed an instrument that measures the surface age down to 1ms, 

the instrument is commercially available from LAUDA. A detailed monograph on the 

maximum bubble pressure method is given in the paper by Mysels (1990) and experimental 

details are given in Chapter 5 and in the Appendix. In this study a Sensadyne PC9000 

instrument is used and is based on Sugden’s method. Surface ages that can be achieved using 

this apparatus range from 0.2 to 40 seconds. In most cases equilibrium surface tension can 

be reached during this time scale. For proteins and macromolecules, or simple surfactants 

contaminated with impurities (Joos and Fang,1992a&b, Mysels and Florence, 1971 and 

Mysels and Stafford, 1990) much larger times are required before equilibrium has been 

reached. For proteins and macromolecules there is an additional barrier, orientation effects 

at the interface, and these need to be overcome before equilibrium is reached. In some cases 

equilibrium may take many hours or days to be reached. (Graham and Phillips,1979,
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Wüstneck, 1996, Nehringbauer, 1995).

1.5. A review o f  some o f the factors affecting dynamic surface tension.

Hua and Rosen (1991), looked at the affects of electrolyte and temperature on the dynamic 

surface tension of Aerosol OT-100, N-dodecyl and N-benzyl-N-methylglycine. They found 

that increasing the surfactant concentration causes an increase in the rate at which the 

dynamic surface tension falls. An increase in temperature and addition of electrolyte (sodium 

chloride) to the surfactant solution caused a greater fall in dynamic surface tension and as 

expected a lower equilibrium surface tension. It was thought that the rapid fall in dynamic 

surface tension was simply due to the lower equilibrium surface tension value. Miller and 

Mayer (1984) and Woolfrey et al (1985) also presented similar results when they looked at 

the effect of sodium chloride on the dynamic behaviour of sodium dodecyl sulphate. In both 

papers it was stipulated that the salt drives the monomeric surfactant to the surface due to 

reduced charge repulsion.

Hua and Rosen (1988) devised an empirical equation based on Fourier transform relaxation 

theory to fit dynamic surface data.

Y t = Y m  + f r  Eq.1.8

l i t t

Yt = surface tension at time t seconds.

Yo = surface tension of the pure solvent.

Ym = the mesoequilibrium surface tension (this term will be discussed in detail in Chapter 

5). t* and n are constants depending on the type of surfactant.

Rosen and Hua (1990) found that with increasing hydrophobicity of the surfactant the values 

of the constants n and t* were also correspondingly higher. In a follow up (Rosen and 

Gao, 1995) to this paper they looked at how the charge of the surfactant mixtures effects
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these constants. The greater the interaction between the two surfactant types the lower the 

diffusion coefficient was. (Rosen and Gao, 1995 calculated the diffusion coefficient based 

on a long time approximation)

Mysels and Florence (1971) and Mysels (1996) have used dynamic surface tension to assess 

the effect of the impurity dodecyl alcohol on the surface tension of pure sodium dodecyl 

sulphate. The impurity is present in very small amounts and is highly surface active and can 

therefore profoundly effect the surface tension of SDS. The impurity does not affect the 

shape of the dynamic surface tension profile at short times (<10 seconds). At longer time 

intervals adsorption of the alcohol occurs and there is a hump in the dynamic surface tension 

curve. This means that there is a successive step in the adsorption of the surfactant, this step 

needs to be overcome before equilibrium is reached and hence it takes longer to reach 

equilibrium surface tension.

Not all experiments are carried out below the critical micellar concentration (cmc) and so 

it follows that micelles can have an effect on the dynamic behaviour. Micelles should effect 

the surfactant monomer diffusing from bulk to the surface and effect the equilibrium 

between the monomers at the surface and the micelles in the bulk solution. Hence as well 

as the diffusion of the surfactant being of importance, the diffusion of the micelle and also 

the breakdown and formation of micelles would also need to be taken into account when 

considering the dynamic behaviour of a micellar solution.

Rillaerts and Joos (1992) have studied the dynamic surface tension of micellar solutions 

using an inclined plate method. In their paper they have taken into account the rate of 

micellar dissociation and have adapted the long time approximation to include the micellar 

dissociation constant into their equation.

/ \ RTF
Y v O t ^ o o  -  Y e q  2 c t n h

\  ^  a p p ' ^ m i c  y

E q l.9
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A plot of y(t) versus 1/t will give a gradient that is inversely proportional to D̂ pp, the apparent 

diffusion coefficient (monomer diffusion + micellar diffusion coefficients) and For 

cetyltiimethylammonium bromide, CTAB, there was no significant difference in the 

dynamic surface tension for concentrations above the cmc. For Triton X-100 however the 

apparent diffusion coefficient for a micellar solution was much larger, and so micellar 

diffusion cannot be neglected. It was also found in this paper that was proportional to 

the concentration of Triton X-100 but was not so for CTAB. In the case of Triton X-100 it 

was proposed that this was due to impurities present in the commercially obtained Triton. 

A similar finding was also obtained by Inoue et al(1978)and by Takeda et al (1977) stating 

that was independent of concentration for a series of sodium alkyl sulphates, but by 

introducing an impurity the value became concentration dependent.

Eastoe et al (1997) concluded that micelles and micellar dissociation would only be of 

relevance to dynamic surface tension when the k^  ̂ values were very small (where k̂ ^̂  = 

1/xmic, is the micellar life time). For most surfactants the micellar lifetime is very small 

ranging from 10  ̂ to 10^ seconds (Getting et al, 1977 and Wyn-Jones, 1977). However 

micellar lifetime could potentially be of importance in dynamic surface tension studies, since 

micellar lifetime is affected by surfactant concentration (Oh et al, 1994) and by the presence 

of additives (Jha et al, 1999)

1.6. Contact angles and solid surface energies.

For solid surfaces the application of surface energy is not as straight forward as it is for 

liquids. This arises due to the fact that molecules in a solid are not free to move around 

because they are held together. Liquids tend to take on the shape of their container, whereas 

solids remain in the shape in which they were formed. Hence for a solid the surface energy 

is dependent on the history of that material.

The surface energy of a solid cannot normally be measured directly (expect by using an 

Israelachvili balance and only for molecularly smooth surfaces) as can be done for liquids, 

and therefore can only be obtained indirectly via contact angle measurements, relative to a 

liquid with a known surface tension. Many surface energy studies involving solids are 

carried out on molecularly smooth surfaces, and the surface energetics of these surfaces will

38



be completely different to those which have been processed (Buckton et al, 1988)

When a liquid drop is placed on a solid surface, the drop will either spread across the surface 

to form a thin film, or it will form a droplet on the surface. This behaviour is analogous to 

oil forming a droplet on the surface of water yet spreading on a “like” surface. It follows that 

whether a liquid spreads on a solid surface or not is a balance of the physicochemical nature 

of the solid and the liquid. The tendency for a liquid to spread on a solid surface can be 

assessed by measuring the contact angle between the liquid and the solid surface. The 

contact angle can be defined as the angle formed by the intersection o f the line o f contact 

between the liquid, solid and vapour measured through the liquid”, typically the third phase 

is vapour but it can be liquid.

Figure 1.4. Schematic diagram of contact angle of a liquid on a solid surface.

A contact angle of 0° indicates total wetting and that of 180° indicates that the liquid will 

make no contact with the solid, and is therefore not possible in practice. Different authors 

define wetting or non wetting depending on the circumstances, some authors say that a 

contact angle of less than 30° is defined as wetting and that above 90° as non wetting. 

(Lippold and Ohm, 1986)

Contact angle measurements are relatively simple to carry out, but can require a great deal
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of careful preparation if useful results are to obtained. This occurs because the contact angle 

is a very sensitive probe of the surface properties o f a material. Buckton and Newton (1986a 

& b), Buckton et al (1988), Buckton (1992), Odidi et al (1991) have used contact angle 

measurements to probe the surface of powders that have undergone different types of 

energetic processes. In an important paper by Buckton and Newton (1986a), it was found 

that amount of compression force applied during the production of compacts, used for 

contact angle determinations affected the surface properties of the material and hence 

inherently affected the contact angle. This paper and a subsequent paper (Buckton et al, 

1988) clearly showed that energetic processes such as compaction and milling of the powder 

effect the surface properties o f the material and thus effect the contact angle. What this 

means is that contact angle measurements are very sensitive and so great care must be taken, 

with both the solid and the liquid, to avoid erroneous results.

In pharmaceutical systems it is normal to use the material “as received”, this may well be 

the correct procedure since the material will be used in that physical form, however 

comparisons and detailed inferences cannot be made form the results.

It was mentioned above that the contact angle provides a method by which the solid surface 

energy can be obtained, this is done by utilising the Young equation and using it in 

conjunction with that derived by Good and Girifalco (1960).

CosG.Yl y  = Ysv  “ YSL Eql. lO

This equation still leaves the problem of two unknowns, Ysv̂  and Ysl. Fowkes suggested 

that the surface energy of any material could be separated into its component forces.

This simple but intuitive thought came from the fact that surface energy per unit area is 

defined as half of the free energy of cohesion of the material, the free energy of cohesion is 

contributed to by a number of forces, and hence the surface energy can be broken down into 

separate components.

^Where Ysv ^ Ys "^e, is the equilibrium spreading pressure and arises due to the adsorption of liquid onto 
the solid. In most cases it can be neglected (van Oss et al,1993)
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yTOT =  +  y '* Eq 1.11

Where is the surface energy of the material, the dispersion forces and y  ̂are the polar 

forces. The polar forces can be broken down further into hydrogen bonding, dipole-dipole 

interactions, and electrostatic forces (hydrophobic interactions were not included). These 

forces are all of a weak nature, but they are long range, and it is the imbalance of these long- 

range physical forces that interfacial interactions are due to.

Fowkes (1964) and Good and Girifalco (1960) derived a relationship between the contact 

angle and the dispersion component of the surface energy of a solid. Hence from this 

relationship it was possible to calculate y  ̂for a solid by measuring the contact angle of that 

solid with a completely apolar liquid. Conversely the apolar surface energy of a liquid can 

be found by using the same method, but by measuring the contact angle between a the liquid 

and a completely apolar solid such as F IF E  (Teflon®) or Parafilm® (Zografi and Tam, 

1976).

J_
YL(l + Cose) = 2(Yf .yi )2  Eql.l2

The polar components of surface energy of a solid can then be calculated by using the 

equation derived by Fowkes (1964)

Yi2 =Yi +Y2-2 ( y?-yO^ -2(Yf-Y2)^ Eql. l3

Wu (1971) derived another equation based on a harmonic mean theory to calculate the 

surface energy of a solid that was more accurate:

Yi2 = Y i + Y 2 - 4
YÏ-Y2 ^  Yf.YS

Y Î + Y 2  Y 1 + Y 2
Eq.1.14
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Combining the above equation with Young’s equation, the surface energy parameters and 

ŷ  can be calculated by measuring the contact angle of two liquids on a solid. The two liquids 

must have known y  ̂and ŷ  values. Water has y  ̂and ŷ  values of 51 and 21.8 mJm'^ at 20°C 

and diiodomethane has Ÿ  and y*̂ values of 0 and 50.8 mJm ̂  respectively. This method of 

obtaining surface energies has been extensively used in pharmacy to determine spreading 

coefficients of drugs and excipients. Rowe (1989a) has used spreading coefficients to 

determine whether a particular binder would spread over a powder during granulation. The 

granules were then tableted and tested for quality using a capping test^, friability test and 

tablet strength. It was found that the spreading coefficient was able to predict the quality of 

the granulation process (Rowe 1989b).

The types of liquid used to obtain the surface energy of the solid need to be of a high surface 

tension, otherwise false values can be obtained for the surface energy. Water and 

diiodomethane have high surface tension values and are recommended (Good 1993).

A recent development in the theory of surface energies has come from van Oss et al,(1987) 

this theory is a development of Fowkes’ original theory and is fully supported by Fowkes. 

The progress came about from observations in the mid 1960's by Fowkes (1964) that for 

many liquids the original theory of simply dividing the surface energies into an additive 

contribution, made up of polar forces and dispersive forces was not adequate enough to 

describe the surface energy. The liquids in question were those in which “hydrogen bonds” 

were able to form between water and the liquids, for example benzene and chloroform. The 

hydrogen bonds formed here were not of the conventional type, but are much weaker with 

an energy of 10 kJ m ol'\

Benzene is a non-polar material according to the original theory of Fowkes, with a y  ̂= 0, 

yet benzene is able to interact with polar materials through its jc-electron system, for example 

benzene interacts with the hydroxyl group of water through its Ti-electron system. Hence 

benzene acts as an electron doner, a Lewis base and the hydroxyl group of water acts as an 

electron acceptor, a Lewis acid. It follows that water can act as both an electron acceptor and 

an electron doner, in the formation of hydrogen bonds. Using this observation van Oss

^Friability testing is a measure of tablet quality and involves measuring the amount of powder 
that has chipped from the surface of the tablet. Capping is when the top of the tablet breaks off.
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(1987) was able to classify materials into either electron acceptors or electron donors. 

Materials that are only electron donors or acceptors are known as monopolar materials. 

Those materials that have both electron doner and electron acceptor properties, are bipolar 

materials, and apolar materials are those that have no Lewis acid-base interactions. Hence 

material interactions can be classified to a greater degree. Materials can interact via, apolar- 

apolar type interactions for example hexadecane on Teflon, apolar-monopolar interactions, 

apolar-bipolar eg. hexadecane on water, monopolar-monopolar interactions eg. 

dimethylsulfoxide on poly(ethylene glycol) and monopolar-bipolar interactions. Hence in 

total in the number of potential interaction between a liquid and a solid is nine. The acid- 

base approach to surface energies has been used by many authors to describe the surface 

energetics of materials, and their subsequent interactions (van Oss et al, 1988, van Oss et 

al,1987, van Oss et all986., Buckton and Chandaria, 1993, Mall et al, 1995, Luner et al, 

1996, Mackenzie, 1997).

The apolar component of the surface energy in the acid-base approach to surface energies 

is called the Liftshitz-van der Waals surface component and includes all three apolar 

interactions, dispersion forces (London forces), induced dipoles (Debye forces) and 

orientation forces (Keesom forces), this differs from Fowkes original theory which only 

considered dispersion forces as being of the apolar type.

YTOT=yAB+yLW Eq 1.15

The acid-base components are composed of Lewis acid and Lewis base contributions. These 

contributions are not additive.

and = 2(y'^.yy^ Eq. 1.16

The y^^ component is calculated from Equation 1.11 were the subscript d is replaced by LW. 

For the acid -base interfacial tension between material 1 and 2 the equation is:

Y u = 2 ( ( Y + + ( Y Î - Y D " '  -  ( y r - Y D " - '  -  (YF-Yz ) ° ' )  Eg 1.17
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For Liftshitz-van der Waals interfacial tension between material 1 and 2

Yi7  = ( ( Y r ) ° ' ^ - ( Y r ) ° 0 '  Eq 1.18

by combining the above two equations (the equations can only be combined at this stage):

YLW^((yLW)0.5 _(yLW)0.5 )̂

+2((Yr-Y,“ ) “ '  + (Y2 •Y2“ ) “ ’ -  ( Y ^ . Y D " '  -  (Y,“ Y2 )"■') Eq 1.19

This equation can be combined with Young’s equation to give:

(I + cose)YLv = - Y ^  + ( Y ^ Y D " '  + ( Y ^ Y L ) " ' )  Eql .20

To estimate all the acid-base interfacial parameters it is necessary to measure the contact 

angle with an apolar liquid and two polar liquids. Good (1993) recommends that water must 

always be used as a polar liquid. When water is not used as a polar liquid the values obtained 

for the Lewis acid and Lewis base parameters are more sensitive to errors. This is a 

mathematical problem with the equation since it requires 3 simultaneous equations to be 

solved.

From the Dupre equation it is possible to obtain the free energy of interaction between 

material 1 and 2 :

12 = Yi2 ~ Yi “  Ï2 Eq 1.21

for the interaction of 2 molecules of material 1 in liquid 2 the equation is transformed to :
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^ ^ 1 2 1 “  ^Y i 2 Eq 1.22

which shows that when AG121 is negative there will be attraction between both molecules of 

material 1 and when AG121 is positive there will be repulsion between them and they will 

tend to separate. This argument is used in Chapter 4 to study the interaction between drug 

and surfactant in water, van Oss et al,(1989), used these types of calculation to predict the 

solubility of polymers such as poly(methylmethacrylate), poly(ethylene glycol) 6000 and 

polyvinylpyrrolidone in polar solvents and apolar solvents, and found that the predicted 

results were in good agreement with those obtained experimentally.

There is a third approach to calculating surface energies of solids from contact angle data, 

and involves using an Equation of state linking the 3 phases (liquid, solid and vapour). The 

theory behind the Equation of state approach was developed by Neumann et al (1974), the 

main points of the theory are that it is possible to obtain the surface energy of a solid by a 

single contact angle measurement and, that the contact angle between a solid and two 

completely different liquids of the same surface tension will be identical, since the surface 

energy of a solid is independent of the probe liquid.

1.7. Micellisation o f  surf actants

Surfactants adsorb and align at interfaces, but most interestingly when the concentration of 

the surfactant in the bulk phase rises the surfactant molecules “self-associate” to form 

aggregates (or micelles). The concentration at which micellisation occurs is known as the 

critical micelle concentration, the cmc. In reality micellisation occurs over a narrow 

concentration range but for simple surfactants this range is narrow enough to allow for the 

cmc to be determined with accuracy (Mukeijee and Mysels, 1971).

Micellisation is another way of minimising the free energy of the system with the lyophobic 

groups in the interior of the micelle and lyophilic groups on the outside towards the solvent. 

Removal of the surfactant molecules from the solvent phase to form micelles leads to a 

reduction in the entropy of the system, therefore micellisation should be an unfavourable
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process, however there is an overall increase in the entropy of the system due to the release 

of structured water molecules.

In solution the hydrocarbon tail of the surfactant is thought to be surrounded by a highly 

ordered cage of water, and it is this cage that is broken when the hydrocarbon tail is removed 

from the aqueous phase and into the core of the micelle. The release of structured water 

molecules results in an increase in the entropy of the system, in addition the hydrocarbon 

tails are much more mobile in the micellar core. Nuclear magnetic resonance (NMR) studies 

have shown that the interior of the micelle is like a droplet of oil and the hydrocarbon tails 

are mobile (in Tanford,1980). Hence micellisation is an entropically driven process at room 

temperature. At higher temperatures when the structure of water is more like a normal 

solvent, ie when the hydrogen bonds are much more fluid, micellisation is not entropically 

driven but is an enthalpically driven process (Paula et al, 1995).

1.8. Determination o f the critical micelle concentration, cmc.

The cmc corresponds to a narrow concentration range over which a radical change in the 

physical properties of that solution take place. Almost any physical property of a solution 

that depends on the size or number of particles in solution can be used to measure the cmc 

(Dominguez et al, 1997). Electrical conductivity, surface tension, light scattering or 

refractive index, versus concentration curves have been widely used. The dye method has 

been used frequently to measure the cmc since at the cmc there is a change in the spectral 

characteristics of a dye as it is solubilised into the micelle. This method suffers from a series 

of disadvantages and in particular that the dye interferes with the micellisation process and 

hence gives erroneous values for the cmc (Mukeijee and Mysels, 1971).

The above techniques are sensitive to either the monomer concentration, i.e. surface tension 

measurements, or to the micelle concentration, i.e. light scattering methods.

A titration microcalorimetric method is sensitive to both monomer and micellar 

concentrations and provides a method to obtain precise cmc values (Van Os et al, 1991).

Van Oss and Good (1991,1993) have derived cmc values for non-ionic surfactants and 

sodium dodecyl sulphate, SDS from the interfacial properties of the surfactant molecule, and
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its interaction with water. The surfactant molecule is divided into polar and apolar parts, and 

the interfacial free energy of interaction calculated from the acid-base approach to surface 

energies (see above). For non-ionic surfactants this proved to be relatively simple, however 

for SDS electrostatic interactions of the head group needed to be incorporated into the 

calculation. This electrostatic contribution was calculated by conducting an elaborate 

experiment that involved calculating the surface potential at zero gravity. This was carried 

out by zero gravity electrophoresis of SDS coated polystyrene particles on the Apollo 16 

mission to the moon (van Oss and Costanzo, 1991). The predicted cmc from these 

calculations was within 1% of the experimental value of 8.2mM

1.9. Reaction requirements

In order for a reaction such as micellisation to proceed the process needs to be 

thermodynamically favourable, that is the Gibbs free energy change, AG must be negative. 

This value is related to the enthalpy change, AH and entropy change AS by:

AG = AH - T A S  Eq 1.23

The AG can be negative and the reaction proceed spontaneously even when AH is 

endothermie (positive). In this situation the entropy must have a large positive value, such 

that TAS outweighs the endothermie AH value. In such a situation the reaction is said to be 

entropically favoured. Rusting is an example of a enthalpically driven process and involves 

the oxidation of Iron to Iron(ni) oxide and is a spontaneous reaction. This reaction is 

however entropically unfavoured (2Fe + 3/2 O2 ^Fe2 O3) with AS° = -272 J K'  ̂m ol'\ yet 

the AG° = -741 kJ mol \  is strongly favourable. This is because the reaction has a very large 

AH° and is hence an enthalpically driven reaction.

An interesting aside is that the hydrocarbon tails in surfactants actually attract water as 

opposed to repelling water as the term hydrophobic implies. The Gibbs free energy of 

interaction between a typical hydrocarbon tail (ie decane) and water is -40 to -50 mJm The 

interaction between a hydrophilic head such as a Polyoxyethylene (POE) group is however 

much more favourable with AG = -142 mJm (Van Oss and Good, 1991), thus indicating
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that PEO groups attract water several times more strongly than the hydrocarbon tails.

1.10. Thermodynamics o f  micellisation

Two models have gained widespread use to describe the energetics of micellisation in the 

literature due to their simplicity. The Phase separation model is one in which micelles and 

monomers are considered as distinct phases, with an equilibrium existing between the two 

phases. The phase separation model hence predicts a sharp inflection at a given concentration 

where phase separation occurs, the cmc. Above this point the concentration of free surfactant 

molecules essentially remains constant and all additional surfactant molecules form micelles. 

Elworthy and Mysels (1966) clearly showed that the activity of monomers continues to 

increase after the cmc, and the surface tension falls after the cmc.

In the Mass-action model micelles and monomers are in equilibrium with each other, 

determined by an equilibrium constant , and aggregation is treated as a step process.

nS S jj Eq 1.24

[ S n ]

The free energy of transfer of 1 mol of surfactant monomer from solution to the micellar 

state (free energy of micellisation), in the absence of any electrostatic interactions can be 

given by:

AG^ = RTlnK^ Eq 1.26

If the aggregation number, n, which is the number of monomers required to form a micelle, 

is large, or the concentration of free monomers in the presence of micelles is constant and 

equal to the cmc then:

AG, = RTlnX,,, Eq 1.27
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where Xcmc is the concentration in mole fraction units.

For ionic surfactants the counterion binding to the micelles also need to be taken into 

account and the above equation becomes:

AG^ = (2-a)R TlnX ,_ Eq 1.28

where a is the fraction of counterions bound to the micelle (Attwood and Florence, 1981). 

When the aggregation number is large then the mass action model and phase separation 

model are equivalent.

Further models for micellisation have been proposed by Tanford, (1980), Israelachvili et al 

(1976), Nagarajan and Ruckenstein, (1979) and recently by Puvvada and 

Blankschtein,( 1990).Tanford (1980) divided the free energy of micellisation into an 

attractive contribution due to the hydrophobic effect and a repulsion contribution from the 

head group. The attractive forces were calculated from experiments involving the transfer 

of alkyl chains from water to the bulk hydrocarbon solution. The head group repulsions were 

modelled by using the Debye-Hückel equation. Nagaraj an and Ruckenstein,(1979) extended 

Tanford’s approach and formulated a statistical thermodynamic theory. The theory proposed 

that in addition to electrostatic repulsion between the head groups there is also repulsion due 

to the loss of freedom of the head groups.

Puvvada and Blankschtein, (1990) have introduced the molecular-thermodynamic model 

which incorporates both Tanford and Nagarajan and Ruckenstein’s models. The main 

advances of the model is that it takes into account the effect of micellar curvature, 

hydrocarbon packing and the subsequent variation with shape, which are not included in 

either Tanford, (1980) or Nagarajan and Ruckenstein (1979). The geometric packing 

approach of Israelachvili et al, (1976) is also incorporated with an “optimum” radius for a 

given shape of micelle. The model has been used to predict the cmc , aggregation number 

and the size distribution for a series of polyoxyethylene alkyl ethers and alkyl glucosides. 

Shiloach and Blankschtein, (1998) have also used this model to predict the properties of 

surfactant mixtures.
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The enthalpy of micellisation per mole of monomer, can be obtained by varying the 

cmc with respect to temperature, and is given by the Van’t Hoff equation:

A H „ = R
3 In X 

3 (1 / T )
Eq 1.29

This method is only valid when the aggregation number, n does not change with temperature, 

which is often not the case (Birdi, 1977). This temperature dependence on the cmc is not 

regarded as a very accurate method of measuring the thermodynamic parameters of 

micellisation (White and Benson, 1959 and Birch and Hall, 1972)

A microcalorimeter therefore provides a much more sensitive method to measure the 

thermodynamics of micellisation.

1.11. Microcalorimetry and micellisation.

A microcalorimeter is a very sensitive calorimeter that enables the accurate measurement 

of heat changes down to O.lpW (Wadso,1997), the latest generation of microcalorimeters 

are more sensitive than this and can measure in the nanowatt region. A microcalorimeter is 

hence like any other calorimeter and follows the heat produced or absorbed by a reaction as 

it proceeds.

One of the first uses of a calorimeter was by Lavoisier and Laplace in 1780 (from Moore, 

1987). Their paper “Sur la Chaleur” describes the use of an ice calorimeter in which heat 

liberated by a reaction was measured by weighing the mass of ice melted. They measured 

the heat of combustion of carbon and found it equal to “one ounce of carbon in burning melts 

six pounds and two ounces of ice”. By knowing the latent heat of fusion of ice this 

corresponded to -413.6 kJ mol'^ for the combustion of carbon. The best modem value, using 

a highly sophisticated calorimeter for the combustion of carbon is -395.5 kJ m ol'\ Lavoiser 

and Laplaces’ ice calorimeter started off what is today a most exacting and exciting 

technique, with a variety of sophisticated calorimeters available.

Microcalorimeters can be classified into three groups depending on the way in which they
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collate thermal information.

An adiabatic microcalorimeter works on the principle that there is no heat change between 

the calorimeter vessel and the surroundings. Any heat produced or absorbed during a 

reaction is equal to the product of the temperature change and the heat capacity of the 

calorimeter vessel and it’s contents. Adiabatic conditions are normally obtained by placing 

a shield between the vessel and the surroundings. In most cases ideal adiabatic conditions 

are not obtained and these systems are regarded as semi adiabatic or isoperibolic 

microcalorimeters. In these types of machine the heat change between the surroundings can 

be significant and corrections are required to take into account the heat change between the 

microcalorimeter and the surroundings.

Power compensation microcalorimeters work by balancing the heat produced or absorbed 

by a cooling or heating effect respectively. The cooling is achieved by using a Peltier effect 

cooling and heating is achieved by using an electrical heater or by reversing the current 

through the cooling thermopile. This type of microcalorimeter is commercially available 

from Microcal, USA.

In heat conduction microcalorimeters the heat evolved or absorbed during the course of a 

reaction is allowed to flow to a surrounding heat sink, which is normally a large water bath 

or large metal block. The heat flow is recorded by using a sensor which is placed between 

the sample container and the heat sink, this sensor is a very sensitive thermopile. Because 

the sample is maintained at constant temperature these microcalorimeters are called 

isothermal. In isothermal microcalorimetry the heat produced or absorbed is completely 

exchanged with the surrounding heat sink, and this is maintained at constant temperature. 

The heat flow into or out of the reaction vessel is detected by a series of thermopiles situated 

between the heat sink and the vessel. The thermopiles convert the heat response into an 

electrical response which is amplified and recorded against time. Hence the microcalorimeter 

measures power output (measured in Watts, W) as a function of time. It follows that the 

microcalorimeter gives information regarding the thermodynamics (from the heat change), 

kinetics (from the heat change as function of time) and also the concentration equilibrium 

constant (from the change in reactants).
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There are many different isothermal microcalorimeters of the heat conduction type available 

commercially, these include CSC (formerly as Hart Scientific), Setaram, Microcal and 

Thermometric. The microcalorimeter used in this work was a Thermal Activity Monitor 

made by Thermometric AB, Jarfalla, Sweden. The instrument has four twin channels, each 

of the four twin channels is composed of a reaction cell and a reference cell. In order to 

achieve the sensitivity and stability required to measure small heat flows over a period of 

time, the TAM must be maintained at constant temperature. This is achieved by housing the 

four channels in a water bath. The water bath is maintained at 25 °C ± 0.0001 °C. The entire 

microcalorimeter is housed in a temperature controlled room. The reference channel is 

loaded with an inert material which is identical or nearly identical in thermal conductance 

and quantity to the material in the reaction vessel.

The reaction vessel can take on many different guises for the measurement of different types 

of reaction. The perfusion vessel has been used to study the effect of humidity on the 

crystallisation behaviour of a series of excipients and drugs (Buckton and Beezer, 1991). 

This type of reaction vessel involves the flow of an inert gas over the material, because the 

humidity of the gas can be varied the effect of different conditions on the crystallisation 

behaviour of the material can be studied.

Sorption experiments also involve the flow of humid air over a sample, except that the 

humidity cannot be altered during the experiment. The experiments involve placing the 

material in a glass ampoule containing a salt solution, of a defined relative humidity, in a 

separate tube. This type of experiment allows for the observation and measurement of the 

sorption process on the physicochemical nature of the material (Briggner et al, 1994). Ahmed 

et al, 1996., have further adapted this method to study the effect of organic vapour on the 

physicochemical behaviour of drugs and excipients.

A titration vessel has been employed in the work reported in this thesis and involves the 

accurate injections of a liquid into a vessel. The contents of the vessel are continuously 

stirred in order to insure adequate mixing. The heat change associated with this addition is 

recorded for each injection.

Titration microcalorimetry has been used extensively in studying ligand-binding processes, 

where the entire study in question, from the injections to calculating the equilibrium binding
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constant and the thermodynamic parameters of binding are automated. A comprehensive 

review of the use of titration microcalorimetry in biomolecular ligand-binding processes has 

been given by Ladbury and Chowdhry,(1996). A recent and very interesting development in 

the use of titration microcalorimetry came from scientists at Genentech, where the 

instrument was being used to study the binding constants and thermodynamic parameters of 

interaction between engineered antibodies and antigens on cancerous cells. It was found from 

this study that the equilibrium binding constants of the various engineered antibodies to the 

cells were very similar yet the entropy, AS and enthalpy, AH were very different. It was 

concluded that this was because specific molecular interactions between a site on the 

antibody and a site on the antigen were completely different. This paper showed that titration 

microcalorimetry is a very useful tool in the design of engineered antibodies (Kelley and 

0 ’Connell,1993).

Titration microcalorimetry can also be used to study the adsorption behaviour of surfactant 

molecules on to materials, van Os and Haandrikman (1987) have studied the adsorption 

characteristics of a benzene sulfonate surfactant onto sandstone of different types with the 

aim to optimize surfactant adsorption onto reservoir minerals. As mentioned above 

surfactants are used in the oil recovery process, where they are used to flood the oil wells and 

thus make oil recovery easier. It was found that in many cases the adsorption process is so 

inefficient that not only is the costly surfactant wasted but the recovery process is actually 

made more difficult. Using titration microcalorimetry it was found that the benzene sulfonate 

adsorbed very weakly onto Bentheim type sandstone and adsorbed better onto Fontainbleau 

sandstone.

This type of adsorption of surfactants onto solid particles has been studied pharmaceutically 

by Buckton and Blackett,(I995) in which the adsorption of oleic acid and Span 85 onto 

partially amorphous and crystalline salbutamol sulphate suspended in an organic inhalation 

solvent (chlorofluorocarbons, CFG) was studied. It was found that by milling the salbutamol 

to different degree’s of crystallinity produced different adsorption isotherms, and this lead 

to changes in the aggregation behaviour of the solid particles. This was said to be due to 

changes induced by the processing and storage history resulting in changes in the interfacial 

behaviour of the suspension. This was the first study to utilize titration microcalorimetry in
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order to investigate surfactant adsorption in a CFC.

In the polymer chemistry field titration microcalorimetry is very useful because aggregation 

behaviour can be studied without the associated problems due to viscosity. The vast majority 

of publications in this field are on the interaction of surfactants with polymers. Kevelam et 

al (1996) found that the interaction of anionic surfactant (a cyclic dodecyl sulfate) and a 

hydrophobically modified polyacrylamide was fundamentally different to the interaction of 

the surfactant with neutral polymers, such as poly (vinylpyrroli done), PVP, 

poly(ethylene)oxide, PEO, and Polypropylene oxide, PPO. In the case of the hydrophobically 

modified polyacrylamide, the interaction was said to be due to the adsorption of the 

surfactant monomer onto the polymer and strengthening the interpolymeric bonds. Whereas 

with the neutral polymers the interaction was only due to the micelle-polymer complex. 

Bloor et al (1995) studied the same polymers with sodium dodecyl sulfate and found that 

with PPO, one micellar aggregate was bound to two or three PPO molecules, and free 

micelles were formed even before the binding of the surfactant to the polymer. With 

Ethyl(hydroxyethyl)cellulose, EHEC, the interaction with SDS was different and a gel was 

formed at low concentrations of surfactant which subsequently broke down as the surfactant 

concentration exceeds the cmc.

Wang and Olofsson (1995) studied the effect of SDS and n-alkyltrimethyl ammonium 

bromides (RTAB) and found that SDS interacts with the ethyl and ethylene oxide groups of 

EHEC where as RTAB only interacts with the ethyl groups.

The enthalpy of micellisation is usually determined using either the variation in the cmc with 

temperature (the van’t Hoff equation, Eq. 1.30) or directly via solution microcalorimetry. 

According to van Os et al (1991), the temperature variation of the cmc method is often the 

favoured method of obtaining the micellisation enthalpies in spite of the fact that as early as 

1956, White and Benson (1956) had criticised the use of this method. A number of methods 

and the corresponding enthalpy values obtained by these methods have been reviewed by van 

Os (1991). They concluded that AH for micellisation is best obtained by solution 

microcalorimetry. The direct determination of AH ,̂ and the cmc, by using titration 

microcalorimetry, is possible by the stepwise addition of small quantities of concentrated
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surfactant solution (concentration of surfactant > cmc) into the solvent, such that the range 

of concentration includes the cmc region. The heat change associated with each injection is 

measured and assuming a phase separation model for micellisation, the AHm can be obtained. 

Many authors have measured the enthalpy of micellisation of surfactant using 

microcalorimetry (Birch and Hall, 1972, Woodhead et al, 1981, van Os et al, 1991, Birdi, 

1995, Wang and Olofson, 1995, Volpé and Filho, 1995., and Paula et al, 1995.) however 

very few have looked at the possible effects of additives on the enthalpy of micellisation. 

Burrows et al (1995) have looked at the solubilisation of a water soluble alcohol, 1-butanol 

in SDS micelles, and found that there was an increase in the AH^ and AS^ with increasing 

solubilisation and a subsequent decrease in the AG indicating a more favourable process. 

This was thought to be due to the release of larger amounts of structured water with the 

formation of mixed micelles.

Grosvenor and Lofroth (1995) studied the interaction between bile salts and P-adrenoceptor 

antagonists using titration microcalorimetry. They found that nadolol and oxprenolol formed 

1:1 complexes with dihydroxy bile salt aggregates (taurocholate and glycholate). Atenolol 

and metoprolol were unaffected by the presence of bile salt and formed no complexes with 

dihydroxy or trihydroxy bile salts (glycochenodeoxycholate and taurochenodeoxycholate). 

It was concluded from this study that atenolol and metoprolol absorption would not be 

affected by bile salt. Nadolol and oxprenolol absorption would also be unaffected because 

the complexes that are formed with the bile salts were weak and would dissociate quickly 

to give the free drug. In this paper the experiments were carried out in a similar manner to 

a ligand-receptor binding reaction. Therefore drug was injected into the reaction vessel 

containing the bile salt (which acts as the receptor site).

A number of papers have looked at specific binding processes, and of particular relevance 

pharmaceutically are those concerning cyclodextrins (Wadso and Stodman,1995 Danil de 

Namor et al, 1992, Hôfler and Wenz, 1996). Hardee et al (1978) using an early version of 

a titration microcalorimeter found that binding of drugs to p- cyclodextrin in a 1:1 complex 

was a non specific process, and any changes in the enthalpy and entropy were due to changes 

in the water structure as a result of complex formation. A similar conclusion was derived by 

Danil de Namor et al (1992) for the binding of a series of N^substituted sulfonamides to p~
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cyclodextrin, it was reported that the complexation was an enthalpically driven process and 

was non selective.

Titration microcalorimetery is therefore a very versatile and accurate technique of measuring 

the interaction between substances, however the microcalorimeter records the heat flow of 

all processes occurring in the sample cell simultaneously and so non-specific processes will 

also be measured. A complete understanding of the physical and chemical processes are 

required if correct inferences are to be made. Some of the non-specificities of the reaction 

can be overcome by correct experimental design and the running of appropriate controls. In 

the work reported here titration microcalorimetry has been used to study the interaction 

between a very poorly soluble drug, simvastatin and a series of surfactants.

1.12. Solubility and dissolution enhancement by surfactants.

Until the end of the 1950's it was a generally held belief that drug administered orally was 

completely absorbed. In the mid 1960's this belief collapsed as it became evident that when 

a drug was administered orally and compared to that reaching the general circulation, less 

drug was reaching the general circulation than was administered orally. Hence the term 

bioavailability was introduced, which describes the fraction of drug reaching the circulation. 

For oral administration of drugs, which is by far the most popular route for pharmaceuticals, 

bioavailability can be affected by:

• what happens in the Gastro-intestinal (GI) contents (Luminal)

• what happens when the drug has been absorbed through the GI mucosa (Post-

absorptive)

Post-absorptive processes include biotransformation of the drug in the liver and 

enterohepatic circulation of the drug.

Luminal processes that effect bioavailabilty can be further divided into
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inability for drug to dissolve in the appropriate times

scale.

>  inability of drug to cross GI mucosa.Luminal P rocesses

biotransformation of drug in GI lumen or mucosa

The inability of a drug to dissolve in the appropriate time scale depends not only on the drug 

and dosage form, but also on the GI physiological conditions. In the case of a conventional 

dosage form the rate of drug dissolution depends on the physicochemical properties of both 

the drug and the associated excipients, for example magnesium stearate is a commonly added 

lubricant in the tableting of powders, yet due to its hydrophobic nature can cause dissolution 

problems for tablets.

In many cases the lack of drug dissolving in solution is a more important limitation to the 

overall bioavailability than the inability of the drug to cross the GI mucosa.

Biopharmaceutically, poorly soluble drugs are those which do not dissolve in the appropriate 

time scales such that they miss the absorptive site(s). The figure generally given to this 

solubility value is lOOug/ml, hence drugs with an aqueous solubility of less than this may 

encounter solubility related problems.

As mentioned above the aqueous solubility of a drug is one of the main factors affecting the 

dissolution rate of a drug but other factors are also important and are related to the 

dissolution rate by the Noyes-Whitney equation.

The Noyes-Whitney equation was modified by Nemst and Brunner to incorporate the 

diffusion coefficient and an unstirred boundary layer (diffusion layer).

dm D A /—  =— (c,-c) E q l.3 0
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A further modification was introduced by Levich ( 1962) which takes into account fluid flow 

around the particle, and does not as in the case of the Nemst-Brunner-Noyes-Whitney 

equation theory assume a static diffusion layer. The Levich model for dissolution rate theory 

is called the convection-diffusion theory and is a useful model to calculate diffusion 

coefficients of drugs, when the hydrodynamic conditions (viscosity, stirring rates and surface 

area in contact with the dissolution medium) are well defined. This model is used in Chapter 

3 to calculate diffusion coefficients of a poorly water soluble drug, simvastatin, in surfactant 

solutions.

The Nemst-Brunner-Noyes-Whitney equation (Eq 1.30) shows that the dissolution rate of 

a drug is proportional to the diffusion coefficient, D, the effective surface area. A, to the 

solubility of the drug, C,, and inversely proportional to the diffusion layer thickness, /. C is 

the concentration of drug dissolved at a given time t. Hence factors that effect these variables 

will effect the dissolution rate of the drug. The introduction of surfactants into the 

formulation can effect the dissolution rate by modifying the diffusion coefficient, the surface 

area available for dissolution and the solubility of the drug.

Figure 1.5. Shows the possible sites of surfactant influence on drug absorption and activity 

(from Attwood and Florence, 1983), some of these factors are considered below.

Drug in 
formulation

Effect on 
deaggregation 
and dissoluion

Drug in 
solution

Elimination

Site o f action

^  Drug in blood

Effect on membrane 
Prevention of permeability 
precipitation
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1.12.1. Solubilisation o f the drug.

Solubilisation is defined as “the preparation of a thermodynamically stable isotropic solution 

of a substance that is normally insoluble or very slightly soluble in a given solvent, by the 

introduction of one or more ampiphilic component(s).”

Solubilisation of drugs in surfactant solutions therefore offers an approach to improve the 

solubility of poorly soluble drugs, and subsequently (but not always) an improvement in the 

dissolution rate. However, in the same manner that drugs can be solubilised in micellar 

solutions, other lipohilic components can also be solubilised. Octoxynol 9, commercially 

available as Triton X-100, is a non-ionic surfactant commonly used to solubilise membrane 

proteins during in vitro biochemical studies.

It is because of their toxicity, surfactants have not been incorporated into oral formulations 

much more widely in order to improve the solubility and dissolution rate of poorly water 

soluble drugs.

In the small intestine, drug solubility and dissolution rates can be enhanced by the presence 

of naturally occurring surfactants, the bile salts. Bile salts are synthesised in the liver and 

stored in the gall bladder, here they make up one of the components of bile. The other 

components include water, lecithin, cholesterol, phospholipids and bilirubin. The bile salts 

have a rigid steroid back bone on one side, making this side hydrophobic, the other side of 

the molecule has hydroxyl groups making that side hydrophilic. The molecules is hence 

amipiphilic and is able to form micelles at concentrations exceeding the cmc.
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Figurel.6. The chemical structures of the bile acids.
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The bile acids have two general chemical structures, the dihydroxy bile salts, the 

deoxycholates, and the trihydroxy bile salts, the cholates.

In response to the presence of food in the small intestine, the contents of the gall bladder, via 

a hormonal and neural response, are emptied into the duodenum. The concentration of bile 

at this point is 10-25mM compared to fasted levels of 3-5mM (Tangerman et al, 1986). 

The amphiphilic nature of the bile salts causes them to aggregate to form micelles, the 

presence of lecithin, phospholipids and cholesterol results in the formation of mixed micelles 

with a lower cmc (<lmM). It has been reported that bile salt concentrations exceed the cmc 

even during the fasted state, and that the response to food is merely to increase the number 

of micelles, such that the solubilising capacity increases, rather than to increase the levels 

to supramicellar concentrations (Carey and Small, 1972).
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The biological purpose of bile is for the digestion of fats, this is achieved by solubilisation 

of the fat into emulsions. Nearly 70% of dietary fat can be absorbed in the absence of bile, 

but the presence of bile makes absorption of fat more efficient (Carey and Small, 1972).

The presence of bile may therefore improve the bioavailabilty of drugs by improving the 

dissolution rate and/or the solubility. The effect of bile salts on the solubilisation of drugs 

has been widely studied, these drugs include giiseofulvin (Bates et al, 1966, De Smidt et al, 

1991&1994 and Poelma et al, 1990), danazol (Bakatselou et al, 1991), indometbacin 

(Miyazaki, 1980a&b), and leucotriene antagonist (Kararli, 1992). Not all interactions of 

bile salts with poorly soluble drugs lead to increased solubilisation. Miyazaki et al (1980b) 

found that the solubility of indometbacin was increased upon addition of bile salts, yet that 

of phenylbutazone bad not changed. This lower affinity for bile salt micelles was explained 

by the repulsion of the cyclic anion of phenylbutazone and the negatively charged carboxyl 

group of the bile salt.

Grosvenor and Lofroth (1995) using titration microcalorimetry studied the enthalpy of 

binding of bile salt micelles with drug, they found that strong complexes formed between 

drug and bile salt micelle could potentially encounter absorption problems. This was 

suggested for p-blockers, but the thermodynamics of binding were weak, such that the 

complexes formed would be unstable, therefore not affecting the absorption of these drugs 

in vivo.

Many authors have attempted to link the extent of solubilisation with the physicochemical 

properties of the drug or surfactant. Earlier studies have been reviewed by Mulley (1964). 

Ismail et al (1970) reported that the solubilising capacity of polysorbates for a group of 

barbiturates increased as the alkyl chain length was increased. This was put down to an 

increase in the micellar size. Generally, for a hydrophobic drug, the degree of solubility 

enhancement will be greater by non-ionic surfactants, due to a lower cmc and the formation 

of larger micelles, than their ionic counterparts. Ionic surfactants form relatively small 

micelles, hence the amount that can be incorporated per micelle is correspondingly smaller. 

The size of a micelle can be increased by increasing the dissimilarity between the surfactant 

and the solvent, i.e. by increasing the hydrocarbon tail. This is not always the case, Amarson
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and Elworthy (1981) showed that increasing the hydrocarbon tail of a polyoxyethylene 

alcohol from to C32 resulted in an increase in the miceller size, but the solubilising 

capacity had decreased.

A relationship between the polarity for a series of benzoic acid derivatives and the aqueous 

micellar partition coefficient into polysorbate 20 micelles was found. The solubilisation was 

found to increase with increasing polarity of the benzoic acid derivatives (Collett and Koo, 

1975). For the barbituric acids,(Ismail et al 1970) however, there was an increase in the 

solubilisation into polysorbates as the polarity of the acids decreased.

In a more extensive study by Tomida et al,(1978a) using 34 benzoic acid derivatives, as 

opposed to 7 used by Collett and Koo, (1975), it was found that 3 linear relationships existed 

between the polarity of benzoic acid derivatives and the extent of solubilisation into 

polyoxyethylene lauryl ether surfactants. The majority of benzoic acid derivatives could be 

described by a single relationship. However the cyano and nitro derivatives, which are more 

electronegative were described by two additional linear relationships. These differences were 

attributed to different sites of solubilisation in the micelles by these compounds.

Barry andEl-Eini (1976), found a linear relationship between the extent of solubilisation and 

the lipophilicity of steroids. The extent of solubilisation of the steroids into polyoxyethylene 

cetyl alcohols were assessed by measuring the free energy of solubilisation. The lipophilicity 

of the steroids were measured via a retention factor using thin-layer chromatography relative 

to standard compounds. In this study it was found that a linear relationship existed between 

the lipophilicity of the steroids and the extent of solubilisation into the surfactant. 

Dexamethasone however did not fit the relationship because it was solubilsed to a greater 

extent.

Tomida et al (1978b) using 19 steroids and polyoxyethylene 23 lauryl ether, BriJ35 as the 

surfactant, found that the linear relationship was dependent not only on the lipophilicity of 

the steroid, but also on the chemical structure. Steroids which did not have a fluorine atom 

at C-9 of the steroid nucleus fitted a linear structure activity relationship. Fluorinated steroids 

such as dexamethasone and betamethasone were fitted to another linear relationship. The
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difference in the solubilisation of the two groups of steroids was attributed to different loci 

of solubilisation. The fluorinated steroids being solubilised in the outer regions (the 

oxyethylene mantle) whereas the non-fluorinated steroids being solubilised much closer to 

the core of the micelle.

Fahelelbom et al (1993) and Steams et al, (1947) showed a relationship between the molar 

volume of the solubilisate and the extent of solubilisation. Fahelelbom et al (1993) looked 

at the solubilisation of Iminophenazine antibiotics of which clofazimine is a member into 

SDS and Triton X-100. Steams et al (1947) studied the solubilisation of a series of 

hydrocarbons into potassium laurate micelles. In both studies an inverse relationship was 

found between the molar volume of the solubilizate and the extent of solubilisation.

These studies along with many others (Lundberg, 1980) show that the predictability of 

solubilisation of poorly soluble dmgs in surfactant solutions is a balance between the 

physicochemical properties of the solubilisate, surfactant and solvent.

Cammarata et al (1980) state that the selection of appropriate surfactants to obtain maximum 

solubilisation in a particular solubilisate involves the correct matching of the solubility 

parameters of the solubilisate and surfactant.

Solubility parameters (detailed review in Hancock et al, 1997) are a measure of the attractive 

and repulsive forces between molecules and take into account both polar and non-polar 

interactions.

As detailed above the surface energy is also a measure of polar and non-polar interactions 

(Dupre equation, Eq 1.20), it follows therefore that the solubility parameter and the 

interfacial energy are proportional to each other (Samaha and Naggar, 1990).

Samaha and Naggar (1988) showed that the cmc was directly proportional to the solubility 

parameter of a series of non-ionic surfactants. It was found that the number of steroid 

molecules solubilised by a micelle was inversely proportional to the solubility parameter of 

the surfactant. However no relationship could be found between the solubility parameter of 

the dmg and the extent of solubihsation in the surfactant.
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This is akin to the findings of van Oss and Good (1991) who used the acid-base parameters 

of surface energies, van Oss and Costanzo (1992) have used this model to predict the 

solubilisation of a “dirt” by sodium dodecyl sulfate. In this study the interfacial acid-base 

parameters as described earlier were calculated for the surfactant, sodium dodecyl sulfate, 

the model “dirt”, hexadecane and two polymer surfaces, cellulose and Nylon.

A G  = ( ( y r  r  -  ( y "  TJ - ( ( y r  T - ( y  T j  - ( ( y ^  T - ( y r  T)' 

+ 2 [  Y :  ( ( y  r f + ( y  r -  ( y  ;  r  ) + Y ;  ( ( y  r r + ( y  0 "  '  -  ( y  w r  )

Eqi.si

Using the acid-base parameters and equation 1.31 allowed for the calculation of the free 

energy of interaction between substance 1 (i.e dirt), substance 2  (i.e surfactant) in water, 

AGi^2- Using this calculation it was possible to estimate whether the interactions between 

substance 1 and 2  in water would be favourable, and hence predict whether the solubilisation 

of the dirt would take place.

van Oss and Costanzo (1992) were able to calculate that hexadexane had a free energy of 

adhesion of -55.1 mJ m'^ to Nylon. The free energy of adhesion of the SDS hydrophobic tail 

to hexadecane was -102.1 mJ and to Nylon was 54.2 mJ m'^. Hence, overall the most 

favoured interaction is that of SDS tails to hexadecane, therefore the surfactant is expected 

to adhere to the dirt strongly.

The surfactant head group does not adhere to either hexadecane or to Nylon to any 

appreciable extent and prefers to be adhered to water molecules.

Mall et al. (1995) have used this approach to study the solubilisation behaviour of 

sulphonamides by SDS. It was found that the free energy of adhesion correlated well with 

the solubilisation of the sulphonamides in SDS. The free energy of transfer of drug into SDS
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micelles was used as a measure of solubilisation and this was carried out by using the van’t 

Hoff isochore.

Using the free energy of adhesion values and Equation 1.31 showed that there would be a 

favourable interaction between the sulphonamides and the SDS head group. However the 

interaction between the sulphonamides and SDS tails was much more favourable. This 

indicates that the sulphonamides will be solubilised to a certain extent in the head group 

region of the micelles as well as in the hydrocarbon core.

Recently the acid-base parameters of sodium deoxycholate (Janczuk et al, 1991) and Triton 

X-100 (Janczuk et al, 1995) have been derived. The acid-base and Liftshitz-van der Waals 

surface energy components calculated for Triton X-100 are reliable because the molecule has 

been treated separately in accordance with van Oss and Good, 1991. The surface energy 

parameters have subsequently been used to calculate the cmc. The calculated cmc values 

compare well with experimental values'^.

The same cannot be said of the acid-base parameters of sodium deoxycholate, since 

electrostatic interactions have not been taken into account, none the less these parameters 

can still be used as an approximate predictor of the interaction of drug molecules and the bile 

salt.

1.12.2. Wetting o f  the drug.

Equation 1.30 shows that as the effective surface area is increased so the dissolution rate will 

increase.

Micronisation is a very useful way in which to increase the surface area of a poorly soluble 

drug, and thus improve the dissolution rate. This strategy is a useful one for many drugs. 

However, the increase in effective surface area also depends on the “contact” of the 

dissolution medium with the surface of the solid particle, and hence the ability of the 

dissolution medium to wet the surface. Finholt and Solvang (1968) showed that

În this paper the cmc is given as the free energy of micellisation, hence to convert this into molar 
concentration one uses: AG  ̂= A:Tlncmc (k  = Boltzman constant, 1.381 x 10̂  ̂J K \  AG  ̂(exp) = 33.2 x 
10̂  ̂J, and the derived value AG  ̂(deriv) = 33.5 x 10 ̂  ̂J. These values correspond to cmc (exp) = 2.5 
xlO '̂  M and cmc (deriv) = 2.7 xlO '* M.
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micronisation of phenacetin actually reduced the dissolution rate due to agglomeration of the 

particles. This they said occurred due to a high surface tension of the dissolution medium, 

and thus poor wetting of the particle surface. For micronised phenacetin, with a high 

effective surface area, and a dissolution medium with a low surface tension, the dissolution 

rate increased.

The contact angle at the solid-liquid-vapour interface is a measure of the ability of a liquid 

to wet a solid surface. Lippold and Ohm (1986) studied the effective surface area of a 

dissolving drug, and found that the effective surface area increases as the contact angle 

decreases, up to a “critical contact angle” after which there is no increase in the effective 

surface area or the dissolution rate. Below this critical angle, the effective surface area is 

indistinguishable from the true surface area of the particle.

Surfactants have commonly been used in dissolution testing of poorly water soluble drugs 

in order to modify the wetting properties of the medium (Shah et al, 1989). Finholt and 

Solvang, (1968) used Polysorbate 80 to improve the dissolution rate of phenacetin. Below 

the cmc of polysorbate 80 there was an increase in the dissolution rate with respect to 

increasing surfactant concentration. On approaching and exceeding the cmc there was very 

little change in the dissolution rate of phenacetin. It was also found that the solubility of 

phenacetin was not affected by addition of polysorbate 80. It was concluded that the 

improvement in the dissolution rate was primarily due to he improved wetting of the solid 

phenacetin by the dissolution medium. Levy and Gumtow, (1963) also found that the 

increase in dissolution rate of salicylic acid by SDS was due to improved wetting and better 

solvent penetration into the tablets and granules, rather than due to any improvement in the 

solubility.

Finholt and Solvang (1968) also measured the surface tension of human gastric fluid, and 

found that the surface tension was independent of the pH and secretion rate. The surface 

tension was found to be between 35-50 mN m '\ This study showed that drugs given orally 

will be greatly influenced by the ability of gastric juice to wet them. Griseofulvin is 

recommended to be taken after a meal (Mehta, 1998), this is due to an improvement in the 

bioavailability as a result of griseofulvin being solubilised by bile. In addition to this the
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prolonged residence time in the gastric contents, at a lower surface tension, may assist in the 

dissolution of griseofulvin in the stomach, due to a wetting effect.

Surfactants are commonly incorporated into solid dosage forms so that their solubilisation 

and/or wetting activity comes in to play as the disintegration process starts. As water 

penetrates into the solid dosage form, a concentrated surfactant solution is formed around 

the local environment of the particle, this becomes more dilute by further penetration of 

water, and the surfactant concentration falls below the cmc (for non-ionic surfactants with 

low cmc, this may not be the case). Hence wetting of the solid by the surfactant solution 

plays a more important role in enhancing the dissolution rate of the drug.

It follows from this discussion, that for certain drugs dissolution is enhanced by wetting, 

whereas for other drugs dissolution is enhanced by solubilisation. Phenylbutazone for 

example has very little affinity for bile salts (as determined from the poor solubility 

enhancement) but addition of bile salts to the dissolution medium resulted in a large increase 

in the dissolution rate. The converse was seen for indomethacin, which has a large affinity 

for bile salt micelles, yet the dissolution rate was largely unaffected by bile salts. (Miyazaki, 

1980a&b).

Baketselou et al (1991) studied the effect of bile salts on the solubilisation and dissolution 

of a series of structurally related steroids, it was found that for sub-micellar concentrations 

of bile salt, wetting was the predominant factor increasing the dissolution rate. Whereas 

micellar concentrations of bile salt were responsible for the improvement in dissolution rate 

only for danazol. The dissolution rate enhancement of danazol was therefore attributed to 

a solubilisation controlled improvement in dissolution. For hydrocortisone, dexamethasone, 

triamcinolone and betamethasone, the solubility enhancement in micellar solutions of bile 

salt was very small (by a factor of less than 2 ), and the dissolution rate improvement was put 

down to “wetting controlled” increase in dissolution.

Short et al (1972) also considered the effect of surfactant on the dissolution of 

hydrocortisone. Using Polysorbate 80 as the surfactant, an increase in the dissolution rate 

with increasing concentration of surfactant was found. A plateau was reached when the cmc
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was reached, and this corresponded to a minimum in the surface tension of Polysorbate 80. 

Any further increase in the Polysorbate 80 concentration above the cmc resulted in a slight 

drop in the dissolution rate of hydrocortisone. This study also showed that the dissolution 

rate improvement of hydrocortisone was a wetting controlled process. The reduced 

dissolution rate found in this study may however have been due to the presence of impurities 

adsorbing onto the drug particles. A minimum in the surface tension profile for polysorbate 

80 indicates the presence of highly surface active impurities.

Mithani et al (1996) reported that for steroids of high lipophilicity (log P >2.5) solubilisation 

was the predominant factor controlling dissolution, and that wetting effects predominate for 

drugs with log P < 2. This relationship however applies only to the bile salt, sodium 

taurocholate. This picture becomes somewhat complicated when lecithin was introduced into 

the system (Naylor et al, 1995). For hydrocortisone the wetting effect was eliminated by 

lecithin addition to the dissolution medium, whereas for danazol, the contribution of wetting 

to the enhancement of dissolution was increased.

From these studies it follows that the selection of a surfactant for a particular drug in order 

to improve the dissolution and solubility is still somewhat arbitrary. This probably arises 

because a clear understanding of the mechanisms involved in the improvement of dissolution 

rate by surfactants is not known. The dissolution rate of drugs can be enhanced and reduced 

(Mall et al, 1996, Macheras, 1995, Braun and Parrott, 1972 and Naylor et al, 1995) by 

interaction with surfactants, and can be affected by solubilisation or by wetting or both.

The emphasis of this thesis was to study drug surfactant interactions from a mechanistic 

perspective, and therefore improve the understanding of how surfactants effect the 

dissolution rate of poorly water soluble drugs.
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Chapter 2

2.1. Introduction.

The main model drug used throughout this thesis is simvastatin. Sulphamerazine has also 

been used to a lesser extent.

Simvastatin, is a cholesterol lowering agent that competitively inhibits the microsomal 

enzyme HMG-CoA (3-hydroxy-3 dimethyl glutaryl-Co-enzyme A) reductase. This enzyme 

is the rate limiting enzyme in the cholesterol biosynthetic pathway. The HMG-CoA 

reductase inhibitors lower circulating levels of lipoprotein cholesterol through inhibiting 

cholesterol synthesis in the liver, the major site of cholesterol synthesis in the body. Recent 

trials have shown that HMG-CoA reductase inhibitors significantly reduce the rate of fatal 

and non-fatal heart attacks by 31% (Shepherd et al, 1995), therefore HMG-CoA reductase 

inhibitors are widely used in the primary prevention of coronary heart disease. Simvastatin 

is marketed in the United Kingdom as Zocor and is manufactured by Merck Sharp and 

Dohme. It is available in 10, 20 and 40mg strengths.

Since cholesterol synthesis occurs mainly in the liver it is advantageous for the drug to be 

selectively distributed in the liver. In order to achieve this simvastatin is administered in the 

form of a lactone prodrug. The lactone undergoes hydrolysis via an active process involving 

Cytochrome P450 enzymes, to form the active hydroxy-acid.

OH;

„,.0H
HOOC'

HO.

CM;

simvastatin 70 Hydroxy-acid



Lactone hydrolysis is acid catalysed and is therefore expected to occur in the stomach, 

Kaufmann (1990) studied the hydrolysis kinetics of simvastatin, and found that after oral 

dosing the lactone form of the drug predominated in the small intestine due to the slow rate 

of lactone hydroysis.

Since the lactone form of simvastatin is devoid of any ionisable groups, it was not expected 

to show any pH dependent solubility behaviour. This makes simvastatin an ideal model drug 

of poor aqueous solubility, to study solubilisation and dissolution.

Simvastatin is synthesized from a fermentation product of Aspergillus terreus (Hoffman et 

al, 1986), it is a non hygroscopic white crystalline powder that is very poorly soluble in 

water but quite soluble in methanol and alcohol.

Data from studies performed in dogs suggests that approximately 61- 85% of the dose of 

simvastatin absorbed from the small intestine (Vickers et al, 1990)

2.2. Physicochemical properties o f the drugs.

Drug Batch

Number

Relative

Molecular

Mass

(RMM)

log Po/w UV max Melting

Point

Simvastatin

donated by Merck 

Sharpe and 

Dohme, 

Hoddesden

LIMS

08133

RTNV97

418.57g 4.7*

(at pH 7)

238, 247 135-138 °C

Suiphamerazine

purchased from 

Sigma Chemicals 

Ltd

98F0733 264.3g -0.1 

(at pH 7)

243, 258 234-238 °C

all data from Merck Index, except * from Serajuddin et al, (1991). NHSO2

The chemical structure o f sulphamerazine:
T
CH3
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2.3. The physicochem ical properties o f  the surfactants used. 

Table 2.1. Properties of the surfactants used in this thesis.

-Jto

Surfactant Source Batch Number Relative molecular 
mass

HLB CMC^ (mol dm-^)

SDS (>99% Pure) Sigma Ultra^ 16H0038 288.4 40 8 . 2  xlO-3

SDS BDH Chemicals ZA1698810 288.4 40

HTAB Sigma Ultra 77H0516 364.5 - 8 . 0  xlO"*

NaDCH Sigma Ultra 37H1007 414.6 - 5.0 xlO'3«:

Triton X-100 Sigma Chemicals 53H0613 624.9 13.5 2.4 xlO-4

Brij 35 Sigma Chemicals 56H0143 1 2 0 0 16.9 6 . 0  xlO'^

Brij 30 Sigma Chemicals 63H0662 362.6 9.7 4.0 xlO'^

POE-IO-LE Sigma Chemicals 85H1417 672 1 2 . 0 1.9 xlO-4

Tween 20 Sigma Chemicals 75H00341 1128 16.7 5.3 xlO-5

Tween 80 Sigma Chemicals 16H00471 1310 15 1 . 1  xlO*^

Tween 85 Sigma Chemicals 113H0369 1839 1 1 1.25 xlO-5

SDS, sodium dodecyl sulfate: HTAB, hexadecyltrimethyl ammounium bromide; NaDCH, sodium deoxycholate; Triton X -100, t-



2.4. Chemical structures o f the surfactants used.

L CH3 (CH2)nS04Na

Sodium dodecyl sulphate

2 .

CH3(CH2)i5N(CH3)3Br 

Hexadecyltrimethylammonium bromide

3.

HO

COO'

H

4.

Sodium  deoxycholate

Ci2H25(CH2CH2 0 -)n0 H

Polyoxyethylene lauryl ether 
n=10 for POE-IOLE 
n=23 for Brij 35 
n=4 for Brij 30
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CsHi 7------- ( \  / ) ------- (CHgCHgO)!!------OH

Octylphenoxyethanol (Triton X-100) 
where the average n value is 9.5

ÇH 2 -------------------------

H C 0 (C H 2 C H 2 0 )w H 

H (O C 2H 4)x O C H  o

C H

H C O (C H 2 C H 2 0 )y  H 

C H 2 0 (C H 2 C H 2 0 )2  O C R

Polyoxyethylene sorbitan m onoester  
w+x+y+z = 20  for Polysorbate 20, 80 and 85

polysorbate 85 (Tween 85) is a trioleate ester  
polysorbate 20 and 80 are m onoesters of laurate 
and oleate.
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Buffer salts used:

Citric acid 
AnalaR, BDH Chemicals 

Poole.

BN: K2239539

Orthoboric acid 
AnalaR, BDH Chemicals

BN: K22317528

Potassium dihydrogen orthophosphate, 
AnalaR, BDH Chemicals

BN: 146A552725

di-Sodium hydrogen orthophosphate, 
AnalaR 

BDH Chemicals

BN: K23024874

Sodium hydroxide pellets 
GPR, BDH Chemicals

BN: C162548

2.5. Materials and Equipment used fo r  intrinsic dissolution rate studies.

White Beeswax B.P (BN: 7N25) purchased from Hillcross Pharmaceuticals, Burnley, 
BBIO

Sartorius Minisart SRP15 filters, 0.2pm hydrophoic, PTFE disposable filters, Sartorius 
A.G., Gottingen, Germany.

Acrodisk 0.2pm cellulose acetate filters, Gelman Sciences, Ann Arbor, Michigan, USA

Citenco motor stirrer, model number KQTS15, Citenco Ltd. Borhamwood, Herts., U.K.

Temperature controlled water bath. Type SE50, Serial no; C104161, Grant Instruments, 
Cambridge, U.K.

Tachometer, Smiths Industries, England.

1.3cm diameter stainless steel Potassium bromide die and punch, made in house. 

Stainless steel drive shaft which connects via a screw thread to the die, made in house 

Specac press for compression of tablets, range 0-15 tons 

PTFE spray, RS instruments.

Temperature probe. Type K 2000T Thermocouple thermometer, Digiton Instrumentation
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Ltd, Hertford, England.

2.6. Materials and Equipment used fo r  solubility studies.

10 ml glass vials with PTFE lined screw caps

Orbital Rotating mixer, Baird and Tatlock Ltd., England

Temperature controlled cabinet. Incubator S I60, Stuart Scientific, England.

Minisart SRP15 filters as before.

10ml glass syringes, Braun

2.7. Materials and equipment used fo r  analysing simvastatin.

High Pressure Liquid Chromatography, 1090 Liquid Chromatograph with diode array 
UV. Data collection by a 1090 Pascal workstation. Hewlett Packard, Unit E, Bedford 
Buisness Park, Bedford, England.

Partisil CDS 5pm, 15mm in length and 4.6mm internal diameter from Hichrom Ltd, 1 
The Markham Centre, Reading, Berks.,

Hypersil CDS 5pm, 15mm in length and 4.6mm internal diameter from Jones 
Chromatography, Hengoed, Mid Glamorgan, Wales.

2ml volume glass HPLC vials and crimp seals, from Chromacol Ltd, Poole.

HiperSolv Acetonitrile, BDH Chemicals, Poole.

AnalaR Triethylamine, BDH Chemicals, Poole.

Glacial Acetic acid, BDH Chemicals, Poole.

2.8 Equipment used fo r  sulphamerazine assay.

UV Spectrophotometer, Perkin Elmer 554.

1 cm matched quartz cuvettes,

2.9. Materials and equipment used fo r  surface tension and contact angle studies.

76



25 and 50ml Pyrex Glass beakers (used brand new and only for surface tension and 
contact angle studies)
Critical Glass cleaner, Microlaboratory cleaner for critical cleaning, International 
products Corporation, Burlington, New Jersey, USA.

Sonicator bath with temperature control, model number T890H, Camlab Scientific.

Dynamic Contact Analyzer, DCA 315, Serial number - 75847, CAHN Instruments Inc., 
Cerritos, California, 90701, USA

Water circulator/jacketted vessel, model no: TM020 by Gallenkamp, England 

22mm x 26mm Microscope Cover slips. Cat no: 406/0188/14., BDH Chemicals, Poole. 

3M Spray Mount glue, 3M U.K. Bracknell, Berks.

Ethylene Glycol, BN: 0455IMN, Aldrich Ltd. 

a-Bromonaphthalene, BN: KG04115JG, Aldrich Ltd 

Diiodomethane, BN: 45H3475, Sigma Chemicals.

Formamide, BN: 76321/1, Acros Chemicals, New Jersey, USA.

2.10. Materials and equipment used fo r  dynamic surface tension studies.

Water circulator/jacketed vessel, Churchill circulator by BettaTech Controls, Milton 
Keynes.

Incubator, model S160 by Stuart Scientific, England (adapted in house)

HiperSolv Methanol, BDH Chemicals, Poole.

HiperSolv Ethanol, BDH Chemicals, Poole.

Sensadyne PC9000 Surface tensiometer + PC9700 software, serial number: 0385. Chem- 
Dyne Research Corp. P.O. Box 30430 Mesa, Arizona.

Dead time correction software, UnkelScope, Unkel Software Inc., Lexington, 
Massachusetts, USA (not required with PC9700 software)

486DX/8MB IBM computer.

CI0DAS800 computer board, MetraBytes Boards, Massachusetts, USA.
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Clean dry nitrogen 

Temperature probe as before.

2.11. Materials and equipment used fo r  titration microcalorimetry.

Silicone grease, Dow Coming

TAM 2240, Thermometric Ltd, Jafralla, Sweden

Lund syringe pump. Thermometric Ltd, Jafralla, Sweden.

3ml titration/perfusion unit. Thermometric Ltd 

Digitam 4.1 software. Thermometric Ltd.

486DX/16MB IBM computer.

Throughout the study AnalaR Water was used, specific conductance at 25 °C = Ip S/cm, 

from BDH Chemicals, Poole. The surface tension of water was checked and found to be 

71.98 ± 0.15 mN m'^ at 25°C.
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Chapter Three

Dissolution and Solubility
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Chapter 5

3.1 Introduction.

The dissolution of an active ingredient from an immediate release solid dosage form or a 

suspension is a critical step in the transfer of drug to the GI fluids. When a drug is readily 

taken up by the GI mucosa, i.e., high permeability, according to the Amidon et al (1995) 

models, then the rate limiting step to drug absorption is the time taken to reach the 

absorptive sites, which is a function of GI motility and/or the dissolution rate of the drug. 

For drugs that are sparingly or poorly soluble in water, dissolution is often the rate limiting 

factor in absorption.

The solubility of a drug, and the effects surfactants have on the solubility of the drug are 

clearly of importance when trying to understand the possible effects surfactants have on the 

dissolution of a drug. The Noyes-Whitney equation predicts that an improvement in the 

solubility should lead to an improvement in the dissolution rate of the drug, this is seen in 

many cases. However, the presence of surfactants can also lead to a fall in the dissolution 

rate even though the solubility of the drug has been improved by solubilisation (Braun and 

Parrott, 1972, Naylor et al 1995, Mall et al 1996). Surfactants can also improve the 

dissolution rate of a drug without affecting the solubility to any great extent (Finholt and 

Solvang, 1968, Miyazaki, 1980a&b, and Bakatselou et al, 1991), for these systems there is 

an improvement in the wettability, and thus an increase in the effective surface area is a 

possible cause.

In this section the effects of, a series of well classified surfactants, on the dissolution and 

solubility of simvastatin are studied.

Later on in this chapter the possible effects of impurities in surfactants, and the potential 

effect these have on macroscopic events such as dissolution and solubility are studied. The 

surfactant chosen to study these effects is SDS. This surfactant is widely used and is the 

surfactant of choice in dissolution testing of poorly water soluble drugs (Shah et al, 1986). 

The presence of impurities in SDS has been studied extensively using dynamic surface
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tension methods (Mysels et al, 1990 Vollhardt and Czichocki, 1990, Mysels and Florence, 

1973) and equilibrium surface tension measurements (Elworthy and Mysels, 1966, Rosen, 

1981).

A brief discussion on dissolution rate theories was given in Chapter 1. The Nemst-Brunner- 

Noyes-Whitney equation (Eq. 1.30) is based on a diffusion boundary layer model. This 

model assumes that there is a stagnant layer of liquid in contact with the solid, and that the 

transfer of drug thorough this layer is by a diffusion process due to the presence of a 

concentration gradient between the two sides. The concentration at the solid surface being 

a maximum, equal to the solubility of the drug, and reaching a minimum in the bulk of the 

solution. This model makes the assumption that transfer of molecules between the solid 

surface and the unstirred layer is fast, and that mixing between the molecules of the unstirred 

layer and the bulk solution is complete.

This model enjoys widespread acceptance primarily because of its simplicity in interpreting 

dissolution.

However, the assumption that there is complete and instantaneous mixing between the 

unstirred layer and the bulk solution is one that does not hold in reality since this mixing 

occurs over a gradient depending on the rate of mixing. If one imagines a blender mixer 

rotating, at a distance of x from the centre, the particles at this distance will encounter a force 

off.  At a distance of jc+1, the particles will encounter a force that is proportionally less, 

hence there is a gradient over which mixing decreases as the distance from the centre 

increases. In the same manner there is a gradient over which mixing becomes less complete 

as the solid particle surface is approached, and this depends on the hydrodynamics in the 

bulk solution.

An alternative model developed by Levich in 1962 is called the convection diffusion theory. 

This model takes into account the fluid hydrodynamics around the solid surface. The major 

difference between the Nemst-Brunner model and this model is that, the layer through which 

dissolved drug diffuses is static, whereas in the model proposed by Levich even at moderate 

rates of stirring dissolution (transfer of solid to liquid) is controlled by a combination of 

liquid flow (convection) and diffusion. The Levich equation allows for the calculation of the 

diffusion coefficient, and also the effect of parameters such as surface area and rate of
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stirring on the dissolution  rate o f  a drug.

- ^  = 0 . 6 2 D . ( C 5 - C)  E q .3.1

A = area of particle or solid (m^)

D = diffusion coefficient (m^/sec) 

r|k = kinematic viscosity (mVsec)

CO = angular velocity (rad/sec)

Cs-C = the change in concentration (kg/m^) 

dm/dt = dissolution rate (kg/sec)

Under sink conditions, which exist when the concentration of drug in solution is much lower 

than the solubility of the drug, i.e., when C « C s .  Under these conditions Cs-C =Cs and Eq

3.1 becomes:

dm   ___ 2 /  - 1/  1

d t
= 0 . 6 2 D ^ r i t ^ ( O ^ A . C ,  Eq3.2

From Eq.3.2 a plot of dissolution rate as a function of the angular velocity should be linear 

with an intercept through the origin. Any deviations from linearity can be considered as an 

indication that dissolution does not proceed purely via a convective-diffusion mechanism 

(Gibaldi et al, 1970)

Both the Noyes-Whitney and Levich equations predict the effect of diffusion coefficient on 

the dissolution of drugs. The extent to which surfactants affect the dissolution rate will 

therefore be dependent on how much the diffusion coefficient is affected. Since the micelle- 

drug complex is of a larger size than the drug alone, then by the Stokes-Einstein equation 

(Eq 3.3), the diffusion coefficient will be lower.
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kT
D = - ------  Eq3.3

ÔTlTir

Where k = Boltzman’s constant 

rj = viscosity

r = radius of the particle or molecule.

Hence the greater the dependence of the dissolution rate on the diffusion coefficient the 

smaller will be the effect of the solubiliser on the dissolution rate. Crison et al (1996) 

observed a 20 fold increase in carbamazepine solubilisation in a 2% w/v solution of SDS, 

but only a 6  fold increase in the dissolution rate. This reduced dissolution rate was attributed 

to a 3 fold reduction in the diffusion coefficient of the carbamazepine-SDS micelle complex.

The effective diffusion coefficient (D f̂f ) is related to the micellar diffusion coefficient (D^) 

and the free drug diffusion coefficient (D̂ êe )by the following equation:

^eff =  P^m  +  ( l -  free Eq 3.4

Where p  is the fraction of drug solubilised

P = % r — ^  Eq3.5
^  Total

3.2. Experimental protocol.

In order to determine the effect of diffusion coefficient on the dissolution rate of simvastatin 

in surfactant solutions, the Levich equation is used. To use this equation the hydrodynamic 

conditions need to be well defined in terms of the viscosity, stirring rate and the surface area. 

The rotating disk apparatus (Figure 3.1) was used because it allows for the accurate control 

over most of the parameters that affect the dissolution rate, especially the surface area and 

stirring rate.
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Figure 3.1. Intrinsic dissolution rate apparatus.

Whitfi beee wax

^ainlees-ôtccl à\c Tachometer

T îtenco etirrer motor

Thermometer^
Heater and fan

Water bath

Dieaolution medium

The powder compact is held in place in a stainless steel die using white beeswax. The 

stainless steel die containing the drug compact is placed in the dissolution medium such that 

the compact is 6  cm from the bottom of the glass beaker. Using a glass syringe and a PTFE 

cannula solution dissolution medium is withdrawn at regular intervals, the solution is filtered 

and assayed. The same volume of dissolution medium is dispensed back into the glass beaker.

1. Precautions regarding the handling of drug powder and surfactant must be taken 

prior to carrying out any experiments.

2 .

Force applied by 
S pecac p ress Com press for 

1 minute

1 gram of simvastatin powder was 

weighed and placed into the 

stainless seel punch and die set 

(this was a potassium bromide 

infra-red punch and die set).

Figure 3.2. Compression of simvastatin 

compact.
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3 .

4.

5.

Using the Specac press the powder was compressed for 1 minute at a weight of 1 

tonne This corresponds to a pressure of 7.8x10^ Pa.

The compact was gently removed from the die Excess powder on the compact 

surface was blown away using clean dry nitrogen. This was usually done for 45 

seconds.

The compact was then placed on a PTFE lined stainless steel base. A stainless steel 

cylinder was tightly screwed onto the base. Liquid beeswax was poured into the 

cylinder until it was half full. After 15-20 minutes the liquid beeswax would have 

solidified such that the simvastatin compact was held into place. The PTFE lined base

was then screwed off. If any
Four liquid 
White beeswax

S ta in le s s  s te e l die

S im v as ta tin  c o m p ac t

PTFE lined bo ttom

defects were present on the 

surface of the compact, then 

this compact would be 

discarded and another compact 

would be made. Defects on the 

compact surface can be avoided 

by having the liquid beeswax 

warm rather than very hot.

Figure 3,3 Simvastatin compact in beeswax.

6 . The cylinder containing the simvastatin compact was then screwed onto the stainless 

steel drive shaft.

7. The entire drive shaft was then ready to be placed into the dissolution medium.

3.2.1. Preparation o f the dissolution medium.

Prior to the start of the experiment the surfactant solution was foamed for 2 hours. An SDS 

sample from BDH Chemicals was used as received, this sample acted as an impure measure. 

The foaming procedure was similar to that described by Elworthy and Mysels, (1966), and 

involved passing clean dry nitrogen via a PTFE cannula into the dissolution medium. The 

foam was removed using a clean glass pipette. The foam was then discarded.
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This procedure of purification was not an ideal method, but has been used frequently for 

purifying surfactant solutions (Mysels and Florence, 1973). A better method, albeit much 

more labour intensive for impurity removal involves passing the surfactant solution through 

a Cig -ODS. column (Rosen, 1981. Mysels, 1986).

8 . 1000ml of pre-equilibrated solution of surfactant at 25 °C was placed into the glass 

dissolution beaker.

9. The drive shaft connected to the simvastatin compact was placed into the dissolution 

medium, and connected to the Citenco motor. The motor and stop clock were started.

10. A tachometer was permanently attached to the top of the drive shaft to check the 

speed of rotation. Rotation speeds of 50,100 and 150rpm were used.

11. At regular intervals 2ml of the dissolution medium was withdrawn from the beaker 

and filtered using a 0.2pm Minisart SRP15 filter. The first 1ml was discarded, the 

rest of the solution was then transferred to a HPLC vial, sealed and stored at 25 °C 

until analysis.

3.2.2. Analysis o f  simvastatin.

Simvastatin was assayed using reverse phase High Performance Liquid Chromatography 

(HPLC).Liquid chromatography is an analytical method based on the interactions between 

the solute, a liquid mobile phase and a solid stationary phase.

The liquid mobile phase is pumped at high pressure through a colunm filled with particulate 

solid absorbent (stationary phase). The solute sample is injected into the flowing mobile 

phase at the inlet. As the mobile phase goes through the sample, the sample components are 

separated according to there relative affinities for the solid adsorbent and the mobile phase. 

If the sample has a greater affinity for the stationary phase, then the time for elution is 

greater. Whereas the time is shorter when the sample has a greater affinity for the mobile 

phase.

The system used here was a Hewlett Packard 1090 Workstation, with auto sampler and auto 

integrator. The columns used were a Cjg-ODS. (Octadecylsilane) Partisil 5pm column from 

Hichrom Ltd, and a Hypersil 5pm column from Jones Chromatography. There is no real
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difference between the two columns, only that the shape of the silica particles in the Partisil 

column are regular, whereas in the Hypersil column the particles are irregular in shape.

A UV detector was used and the wavelength of detection was set at 238nm. The mobile 

phase used was a 58:42 mixture of acetonitrile and water, and both were of HPLC grade. 

A straight forward UV assay could not be used due to poor resolution at low simvastatin 

concentrations, and also due to because of possible surfactant interference.

3.2.3. Calibration o f standards.

A  calibration curve for simvastatin was constructed by dissolving a known amount of 

simvastatin into the mobile phase. Standard solutions of simvastatin with known 

concentrations were injected into the column. The flow rate for the mobile phase was set at 

1.5ml/min. The areas under the simvastatin peaks were calculated by the auto integrator. A 

concentration range of between 0.7pg/ml to 60.5pg/ml was used , and the limit of detection 

was found to be O.lpg/ml.

Table 3.1 Areas and Retention times for the standard solutions of simvastatin.

Concentration of simvastatin (ug/ml) Retention time (minutes) Area under peak (mAu) ± s.d

60.5 3.522 2685 ± 6.7

24.2 3.522 1075 ±4 .9

1 2 . 1 3.525 538.3 ±1.1

6.05 3.521 268.4 ±1 .0

1.815 3.52 81.40 ±0.8

0.726 3.523 35.55 ±0 .6

For some surfactant solutions, such as sodium deoxycholate, Triton X-100, Tween 20 and 

Tween 80 the mobile phase was adjusted to eliminate interference from the surfactant in the 

assay. The mobile phase was adjusted to 579:419:1:1 acetonitrile:water:triethylamine:glacial 

acetic acid.

In all cases the standards were run before analyzing the unknown samples.
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Figure 3.4. Calibration curve for simvastatin.
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3.2.4. Validation o f  the filters.

A validation procedure was required for the filters to ensure that adsorption of simvastatin 

onto the glass syringe, PTFE cannula and filters was kept to a minimum.

Two filters were tested for their appropriateness, a 0.2pm Acrodisc cellulose acetate filter 

with a 0.45pm polypropylene pre-filter, and a Sartorius SRP15 Minisart, a 0.2pm PTFE 

filter.

No adsorption onto the Sartorius Minisart filter, cannula or syringe was found, however the 

Acrodisc filter retained 36% of the drug and was deemed unsuitable. The Sartorious filter 

was thus used throughout the study.

3.2.5. Analysis o f  sulphamerazine.

Sulphamerazine was assayed using a UV absorbance assay. The maximum wavelength was 

determined by scanning the sulphamerazine solution sample in the appropriate test media



through a range of400nm to 190nm using a Perkin Elmer 554 spectrophotometer. The Imax 

was found to be 258nm in water. The W ax was also determined in each of the test media and 

there was no shift in the W ax value for the test media used.

The test media containing different concentrations of SDS in water and in pH 7 .1  phosphate 

buffer (0.2M NaH2 ? 0 4  and 0.1M Na2HP0 4 , adjusted using NaOH. The pH of the buffer was 

checked using a pH probe) were used. Calibration curves were constructed for each 

concentration of SDS in both water and in the buffer solution to observe the effect of SDS 

on the absorbance of sulphamerazine (Figure 3.5) This was done because solubilisation can 

affect the W ax and hence the absorbance values. The test media containing no drug was 

used as a blank.

From Figure 3.5 it can be seen that SDS has an insignificant effect on the absorbance of 

sulphamerazine in water. A statistical test was carried out (Student’s t-test), from which it 

was shown that the difference between the individual gradients and the regression line was 

not significant (95% level).

Figure 3.5 The effect of SDS in water on the absorbance of sulphamerazine, at 258nm
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Figure 3.6 The effect of SDS in buffer on the absorbance of sulphamerazine, at 258nm

I
s

I

2 . 0-1

1.5-

1. 0 -

0 .5 -

0.0

Abs= 18431 [sulf]-0.00253 
R = 0.997

♦ ■ Buffer
-m - •  0.1M sdsfbuffer

A 0.05M sdsfbuffer
-T- ▼ 0.01M sds^buffer

♦  4E-3M sdsfbuffer

0.00 0.02 0.04 0.06 0.08

Concentration of sulfamerazine (mol dm'̂  x 1CP

—I
0.10

Figure 3.6 gives the calibration curves for sulphamerazine in SDS/buffer solutions, the 

gradient of the Beer-Lambert plot is significantly different (95% confidence) from the 

gradient of the Beer-Lambert plot obtained for sulphamerazine in SDS/buffer. This possibly 

means that the buffer effects the way in which sulphamerazine interacts with SDS.

Statistical analysis on the above calibration lines.

Confidence intervals at p = 0.05 (95% confidence interval)

in water; Abs = 16699[sulf] + 0.0239 confidence interval = 16699±186

s.d for gradient = 560 

n = 35

in buffer; Abs = 18431 [sulf] - 0.002 confidence interval = 18431±390

s.d for gradient = 890 

n = 2 0

There is no overlap between the buffer gradient and the confidence interval of water, hence 

the gradients are significantly different at 95% confidence.
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3,3. Solubility o f simvstatin in surfactant solutions.

In most cases before a drug can be absorbed across biological membranes it must be in 

solution. Jani et al, 1990 have however shown that particulate uptake is possible through gut- 

associated lymphoid tissue). For a solid dosage form therefore the drug must dissolve in the 

appropriate time scales before it can be absorbed. Drugs of poor aqueous solubility often 

encounter bioavailability problems. The addition of surfactants as has been previously 

mentioned, can assist in improving the solubility of a poorly water soluble drug, the extent 

to which this occurs is a balance between the solubiliser and the drug.

The solubility of simvastatin was determined in water, and in a range of surfactant solutions 

at different concentrations. In order to compare the extent of solubilisation of simvastain by 

the surfactants, a solubility enhancement, k* was determined. This was done by fitting the 

solubility data to Eq.3.5

1 ^ = 1 + r C „  Eq3.5
^  water

Hence a plot of the normalised solubility as function of the molar surfactant

concentration gives a gradient of k*. Eq.3.5 can be derived from first principles, and is based 

on the phase separation model for micellisation. This model treats micelles and monomers 

as distinct phases, with micellisation being treated as partition of drug between the aqueous 

monomer phase and the micellar phase. In the phase separation model the concentration of 

surfactant monomer remains constant at and after the cmc, and any increase in the surfactant 

concentration goes towards the formation of micelles. By using this model and the 

aggregation number, n ,̂ it is possible to obtain the number of simvastatin molecules 

solubilised per micelle, and therefore calculate the extent to which simvastatin molecules 

are solubilised into micelles.
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3.3.1. Experimental protocol fo r  solubilisation studies.

1. The foaming procedure described above was used to remove impurities from the 

Sigma SDS surfactant solution. This foamed solution was then used within two 

hours for solubility studies. The SDS sample obtained from BDH Chemicals was 

less pure and used was used as received to probe the effect of impurities.

2. An excess amount of simvastatin powder was placed in a 10ml glass vial.

3. Surfactant solutions of different concentrations were added to the vials containing 

the simvastatin powder, these vials were gently agitated on a rotating orbital mixer 

at25°C .

4. After 24 hours, a sample was removed using the glass syringe and PTFE cannula. 

The first 3-4ml was filtered and discarded. The remaining solution was used for 

analysis.

5. This solution was then diluted if necessary using mobile phase and assayed using 

HPLC.

6 . The above procedures was repeated 3 times.

No peak for the hydroxy-acid form of simvatstain was detected after 24 hours, the only peak 

observed was for simvastatin. In contrast when a simvatstain solution was placed in O.IM 

HCl for 4 hours and then injected into the HPLC, a peak was observed at 1.2 minutes for the 

hydroxy-acid form, and a simvastatin peak at 3.52 minutes. This suggests that the hydrolysis 

of the lactone form of simvatstain in water is minimal over a period of 24 hours, in the 

current study, but can be detected easily at low pH.

The saturation solubility of simvastatin in water at 25 °C was found to be 1.1 ± 0.13 pg/ml, 

which corresponds to a molar solubility of 2.7 ± 0.3 pM.

3.4. Results and Discussion.

3.4.1. Solubility enhancement curves fo r  simvastatin in surfactant solutions.

The Figures below show the solubility of simvastatin at different concentrations in a variety 

of surfactant solutions.
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Figure 3.7. Solubility enhancement for simvastatin in SDS.
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Figure 3.8. Solubility enhancement of simvastatin in Hexadecyl trimethylammonium bromide 

(HTAB).

2500 n

2000 -

i  .^  1500- 

1o  1000

^  500-

■s

ie = 88372LyiVI

0.000 0.005 0.010 0.015

Concentration of KTAB (mol dm"^

~93

0.020



Figure 3.9 Solubility enhancem ent o f sim vastatin in Sodium  deoxycholate (SDCH) solution.
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Figure 3.10 Solubility enhancement of simvastatin in Triton X-100 solution.
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Figure 3.11 Solubility enhancem ent o f sim vastatin in a solution o f Brij 35
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Figure 3.12 Solubility enhancement of simvastatin in a solution of Polyoxyethylene 10 Lauryl 

ether (POE-10 LE).
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Figure 3.13 Solubility enhancem ent o f sim vastatin in  a solution o f Brij 30.
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Figure 3.14 Solubility enhancement of simvastatin in a solution of Tween 85.
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Figure 3.15. Solubility enhancem ent o f sim vastatin in a solution o f Tween 80.
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Figure 3.16. Solubility enhancement of simvastatin in a solution of Tween 20.
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Table 3.2 Solubility enhancem ent, k* for sim vastatin for the above surfactants.

Surfactant k* (xlO^ M ') solubility at x 1 0  

cmc (mol dm ̂ )

increase in solubility 

at X 10 cmc

SDS 95 0.02 7675

HTAB 88 2.0 X 10'̂ 774

Tween 80 84 4.4 X 10-5 16

Tween 85 78 3.8 X 10-5 14

Brij 35 56 8.9 X 10’ 34

Triton X-100 45 2.2 X 10"" 84

POE-10 LE 32 1.8 X 10"* 69

Brij 30 28 2.6 X 1 0 ’ 10

Tween 20 26 3.7 X 10 ’ 14

SDCH 23 1.8 X 10 ’ 684

The reason for the difference in values for k* and increase in solubility at x 10 cmc is 

because k* takes the surfactant concentration into account, whereas the solubility is an 

absolute value.

From Equation 3.5, k*, the solubility enhancement of a surfactant for simvastatin can be 

calculated. The above figures and table give an idea of the solubility enhancement of the 

surfactants. SDS micelles have the greatest affinity for simvastatin, with a very large k* 

value, at x 10 the cmc (cmc of SDS is given in Chapter 2) the increase in solubility is nearly 

8000-fold. For SDS as the surfactant, there is an insignificant increase in the solubility of 

simvastatin below the cmc, whereas there is a large increase above the cmc, this suggests 

that solubilisation is the main mechanism whereby the solubility of simvastatin is increased 

by this surfactant, thus indicating that the incorporation of simvastatin into the SDS micelle 

is significant.

The solubility enhancement curve for SDS (Figure 3.7) shows a deviation from linearity at 

high SDS concentrations, and this can be explained by changes in the solubilising capacity 

of the SDS micelle. It has been shown (Mazer et al, 1976 ) that at high concentrations of SDS
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there is growth of the micelle resulting in the formation of larger micelles these micelles may 

cause changes in the solubilising capacity. The deviations from linearity can also be explained 

by the changes in micellar size and shape due to the incorporation of large amounts of drug 

in the micelle. De Smidt et al (1994) observed deviations from linearity for the solubilisation 

of griseofulvin in mixed micelles of sodium cholate and phosphatidylcholine. At higher 

concentrations of mixed micelles turbidity in the solutions was observed, and even phase 

separation occurred due to the formation of large micellar structures. Vaution et al (1978), 

observed deviations from linearity at higher concentration for the solubilisation of 

phénobarbital in sodium paraffinsulfonate, this they thought was due to the presence of 

impurity in the surfactant sample. A deviation from linearity is also obtained for simvastatin 

solubilisation in Triton X-100 (Figure 3.10) and into Tween 85 (Figure 3.14), a plausible 

explanation for these deviations is the presence of impurities, since this is very often the case 

for commercially available nonionic surfactants. Nonionic surfactants containing 

polyoxyethylene or polyoxypropylene groups possess a distribution of molecular weights of 

these groups. For example Triton X-100 has an average of 9.5 polyoxyethylene groups.

Figure 3.17. Solubility enhancement of sulphamerazine in SDS solutions at 25°.
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In a further study carried out using sulphamerazine as the drug, SDS did not have such a 

large effect on the solubility, a x8.5 cmc solution of SDS (0.07 mol dm'^) increased the 

solubility of sulphamerazine by only 3.1-fold. For this drug the enhancement in solubility 

was observed after 0.017M, which is well above the cmc for SDS. There was no real 

increase in the solubility below the cmc. A linear increase in the solubility enhancement is 

observed for simvastatin above the cmc, whereas for sulphamerazine there is an exponential 

increase, this suggests that the mechanism of incorporation into SDS micelles is different 

for the two drugs.

When the solubility medium was changed from a SDS/water solution for sulphamerazine 

to a pH 7.1 phosphate buffer/SDS solution the solubility profile was completely different: 

a substantial increase in the solubility of sulphamerazine at concentrations below the cmc 

was observed. The solubility of sulphamerazine in water and pH 7.1 phosphate buffer was 

0.89pM and 1.6pM respectively.

Above the cmc, there is a very small increase in the solubility enhancement, essentially 

remaining constant. This suggests that solubilisation does not play a major role in the 

solubility enhancement of sulphamerazine in the buffered solution, and that wetting of 

sulphamerazine seems to be the predominant factor in improving the solubility. The pH of 

the phosphate buffer solution is at the pKa of sulphamerazine. The effect of pH on the 

solubilisation behavior of simvastatin was not studied since the lactone form does not posses 

an ionisable group, and therefore any pH dependent solubilisation behaviour would be 

unexpected. SDS is also ionisable and therefore both drug and surfactant can contribute to 

the behaviour.

Table 3.2 shows the k* values for all the surfactants studied. The order of solubilisation 

enhancement for simvastatin is as follows:

S D S > H T A B > T w e e n 8 0 > T w e e n 8 5 > B r i J 3 5 > T r i t o n X - 1 0 0 > P O E - 1 0  

LE>Brij 30>Tween20>SDCH.

For all the surfactants there was no real increase in the solubility of simvastatin below the
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cmc. Solubility enhancement was only observed in micellar solutions of surfactant, 

indicating that simvastatin solubility is enhanced by micellar solubilisation. The ionic 

surfactants SDS and HTAB were the best solubilisers in terms of improving the solubility.

The bile salt SDCH showed the least solubility enhancement per mole of surfactant (in 

equation 3.5, k* takes into account the molar concentration of surfactant).

When the number of simvastatin molecules solubilised per micelle was calculated for SDS, 

SDCH and Triton X-100, it was found that one SDS micelle solubilised 15 molecules of 

simvastatin whereas one SDCH micelle solubilises 0.4 molecules of simvastatin. One 

micelle of Triton X-100 solubilised 8  molecules of simvastatin. The number of molecules 

of solubilisate solubilised per micelle (DM) can by using the following relationship.

5
DM = —------------- n Eq.3.6

T̂otal ~ CÏÏIC

Where S is the slope of the linear portion of the solubility of drug vs concentration of 

surfactant, Cjotai» plot, n  ̂is the aggregation number. This equation is only valid when there 

are no changes in the aggregation number or micellar shape with increasing surfactant 

concentration or drug, and as has been discussed this assumption does not always hold.

The value for the aggregation numbers were obtained from the following references: 

for SDS, n  ̂= 58 (Kratohvil, 1980)

Triton X-100, n  ̂= 143 (Robson and Dennis, 1977)

SDCH, n  ̂= 6  (Mazer et al, 1977)

It is perhaps not surprising that the bile salt sodium deoxycholate is such a poor solubiliser, 

since bile salt micelles, or more correctly aggregates, are only 2 - 1 0  bile salt monomers in 

size (Mazer et al, 1976,) and also due to their rigid nature the hydrocarbon core in the micelle 

is not as fluid as that of simple surfactants, thereby leading to poor packing of the drug 

(Mukeijee and Cardinal, 1976).
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A general relationship between the solubilising power of ionic and non-ionic surfactants has 

been observed for solubilisâtes located in the hydrocarbon core of the micelles, with non 

ionics being better solubilisers than cationics which are better than ionic surfactants. This 

effect arises due to the larger head group of nonioinc surfactants leading to the formation of 

“looser” micelles with a less dense hydrocarbon core which can accommodate more 

solubilisate (Schott, 1967, from Attwood and Florence, 1983). This relationship is a general 

one, Johnson et al (1987) found that SDS was a better solubiliser of steroids (testosterone, 

progesterone and hydrocortisone) than both Triton X-100 and Brij35.

From Table 3.2, Brij 35 and Tween 80 are better solubilisers than Triton X-100, this is 

perhaps due to the higher amount of polyoxyethylene oxide per mole of Brij 35 and Tween 

80, however Tween 20 contains more polyoxethylene oxide per mole than Brij 35 and 

Tween80 yet the k* value is 3 times lower than that of Tween 80.

The k* value of simvastatin in SDS is higher than the corresponding k* values for the non

ionic surfactants even though the micellar radius of SDS (Mazer et al, 1980, using 

quasielastic light scattering spectroscopy showed that the micellar radius of SDS is “ 2.5 x 

10'^ nm) is smaller than the radii of Triton X-100 (4.8 x 10'^ nm, Robson and Dennis, 1976) 

and Brij35 (4.5 x 10  ̂nm, Johnson et al, 1987) micelles. It follows that a simple comparison 

of k* values for ionic and nonionic surfactant does not always show a relationship between 

micellar size and extent of solubilisation.

3.4.2. Dissolution o f simvastatin in surfactant solutions.

Using the Levich equation (Eq.3.2) and the above solubility data the possible effects of 

surfactants on the dissolution rate of simvastatin were studied.

Before using the Levich equation it is important that the variables used are clarified and 

converted into S.I units.

V[y., is the kinematic viscosity. Where = q/p, q is the viscosity of the solution in kg m'^s'  ̂

and

p is the density of the solution in kg m'^. Hence for water q^ at 25 °C equals:

8.91x10^ kg m'^s'^ / 0.997x10^ = 8.94 xlO  ̂m^ s‘̂  = 0.00894 cm^ s'̂
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In Eq. 3.2 the kinematic viscosity is raised to the power -1/6, hence small changes in 

viscosity will not affect rjî  to such a great extent. For example taking the kinematic 

viscosity data for polysorbate 80 solutions derived by Amidon et al, (1982) who showed that 

a 2% polysorbate 80 solution had a kinematic viscosity of 0.0075 stokes and that of water 

was 0.007 at 37°C. Where 1 stoke is equal to 1 cm^ s '\  When taken to the power -1/6 these 

values become 2.26 and 2.28 respectively, resulting in an increase of just over 1 %. It was 

therefore decided that the kinematic viscosity of water would be used throughout the study.

The term co, the angular velocity has the units of radians per second (rad s'^). In the 

experimental protocol revolutions per minute (rpm) were measured. In order to convert rpm 

to rad s'  ̂we use the manipulation.

1 radian = 360°/ 2ti.

1 revolution = 360°

therefore 1 revolution = 6.28 radians.

Hence 150 rpm = 150rpm / 60 seconds = 2.5 revolutions per seconds 

in radians per second =15.71.

Cg, is the solubility of drug at a given surfactant concentration, the units are in pg cm '\ 

The dissolution rate is in units of pg cm^ sec"^

The term A, the area has been mentioned above. A = 1.327 x 10^ m^ = 1.327 cm^

As an example the dissolution rate of simvastatim in SDS is given below at lOOrpm, the rest 

of the dissolution rates at different SDS concentrations and rotation speeds are given in 

Tables 3.3 to3.10.
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Figure 3.18. Concentration vs time plot for the dissolution of simvastain in SDS solutions at 

lOOrpm.
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Table 3.3 Intrinsic rotating disk dissolution rates (IRDDR) for simvastatin in SDS.

IRDDR (i^g cm  ̂ min ) x 10̂  ± (s.d)

SDS concentration 

(mol dm

SOrpm lOOrpm 1 SOrpm

8.7 X 1 0 -̂ 26.3 (1.8) 39.5 (2.3) 56.1 (4.2)

0 . 0 1 28.4(5.1) 61.2(5.1) 74.5 (8.4)

0.017 79.5 (6.5) 98.5 (7.4) 111.1 (4.3)

0.035 142.8(2.1) 157.3 (9.2) 167.4 (4.9)
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Table 3.4 Intrinsic rotating disk dissolution rates (IRDDR) for sim vastatin in HTAB.

IRDDR (|Lig cm  ̂min^) x 1 0  ̂± (s.d)

HTAB 

concentration 

(mol dm^)

SOrpm lOOrpm ISOrpm

1.37 X 10 ^ 6.3 (0.45) 8.9(0.51) 12.4 (0.78)

2.06 X 10 ^ 11 (0.7) 16.2(0.93) 19.6 (0.97)

4.12 X 10-̂ 17.6(1.2) 23.4 (0.79) 28.4(1.1)

8.24 X 10 ^ 25.3 (1.4) 36.6 (1.8) 46.7 (1.64)

Table 3.5 Intrinsic rotating disk dissolution rates (IRDDR) for simvastatin in SDCH.

IRDDR (p g cm ̂  min^) x 1 0  ̂± (s.d)

SDCH 

concentration 

(mol dm^)

SOrpm lOOrpm ISOrpm

9.6 X 10'^ 1.4 (0.8) 1.9 (0.71) 2.8 (0.4)

0.014 3.8 (0.2) 8.5(0.3) 8.9 (0.8)

0.019 8.9 (0.95) 11.7 (0.7) 12.7 (0.9)

0 .0 2 2 10.4 (0.7) 14.6 (0.9) 18.4 (1.1)
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Table 3.6 Intrinsic rotating disk dissolution rates (IRDDR) for sim vastatin in Brij 35.

IRDDR (|Lig cm  ̂m in^) x 10^ ± (s .d )

Brij 35 

concentration 

(mol dm^)

50rpm lOOrpm 150rpm

4.17 X 10-̂ 0.8 (0.015) 1 . 1  (0.08) 1.5 (0.25)

8.33 X W 1 . 2  (0 .0 2 ) 1 . 6  (0 .1 ) 2.9 (0.4)

1.25 X 10 ^ 1.6 (0.25) 2.1 (0.4) 3.7 (0.13)

Table 3.7 Intrinsic rotating disk dissolution rates (IRDDR) for simvastatin in Brij 30.

IRDDR (p g cm  ̂m in^) x 1 0  ̂± (s .d )

Brij 30 
concentration 
(mol dm^)

50rpm lOOrpm 150rpm

2.76 X 10 ^ 1.0(0.16) 1.6 (0.14) 2.1 (0.32)

Brij 30 was not used any further due to it very poor water solubility.

Table 3.8 Intrinsic rotating disk dissolution rates (IRDDR) for simvastatin in Triton X-100.

IRDDR (p g cm  ̂m in )̂ x 1 0  ̂± (s.d)

Triton X-100 
concentration 

(mol dm^)

50rpm lOOrpm ISOrpm

1.52 X 10 ^ 0.8 (0.09) 1.3(0.07) 1.6 (0.41)

3.04 X 10'^ 1.5 (0.56) 2.6 (0.49) 3.3 (0.26)
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Table 3.9 Intrinsic rotating disk dissolution rates (IRDDR) for sim vastatin in Tween 80.

IRDDR (pg cm ̂  min )̂ x 1 0  ̂± (s.d)

Tween 80 

concentration 

(mol dm )̂

SOrpm lOOrpm ISOrpm

4.4 X IQ-̂ 0.35 (0.09) 0.68 (0.1) 1.0 (0.11)

8.88 X W 1.0(0.08) 1.5 (0.21) 2.0 (0.28)

4.4 X lQ-3 2.6 (0.41) 4.0 (0.43) 5.8 (0.48)

Table 3.10 Intrinsic rotating disk dissolution rates (IRDDR) for simvastatin in POE-10 LE

IRDDR (pg cm ̂  min )̂ x 10̂  ± (s.d)

POE-10 LE 
concentration 

(mol dm )̂

SOrpm lOOrpm ISOrpm

9.30 X 10-̂ 1.6 (0.13) 2.3 (0.24) 3.1 (0.16)

1.86 X 10 ̂ 1.8 (0.09) 3.6(0.14) 5.7 (0.38)

It was not possible to carry out dissolution rate studies in water due to the poor solubility 

(l.lyug/ml), which resulted in very erratic dissolution (after 4 hours of dissolution 

simvastatin could not be detected in the dissolution bath). Equally it was not possible to 

carry out dissolution rate studies at low surfactant concentrations, or at higher concentrations 

of Tween 85.
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3.4.2.1. The effect of rotation speed on the dissolution of simvastatin compacts.

The effect of rotation speed on the dissolution of simvastatin compacts was studied, this 

provides information regarding whether dissolution is diffusion-convection rate limiting or 

some other factor is involved. For example Gupta et al (1985a&b) using IRDDR studies 

found that there was an interfacial barrier to cholesterol dissolution in a polyoxyethylene 1 0  

nonylphenyl ether and SDS. This barrier was removed when NaCl was added, and the 

dissolution kinetics changed to diffusion-convective controlled. The NaCl was thought to 

reduce the potential energy barrier thus allowing “collision” between the micelle and 

cholesterol surface, not only in the ionic SDS but also in the nonionic surfactant micelles. 

According to the Levich equation a plot of the dissolution rate against the square root of the 

angular velocity should be linear with the intercept through the origin.

Using the gradient from this plot it is then possible to obtain an effective diffusion coefficient 

for the drug-loaded micelle, but because dissolution rate studies of simvastatin in water could 

not be carried out, it was not possible to compare the micelle-loaded diffusion coefficients 

with the diffusion coefficient of the drug.

Figure 3.19. Effect of rotational speed on the dissolution rate of simvastatin in SDS solutions.
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For simvastatin, the plots of IRDDR versus the square root of rotational speed are linear at 

all concentrations. However the intercepts do not necessarily cross the origin. For 8.3E-3M 

(p = 0.315), O.OIM (p = 0.2665) and 0.017M (p = 0.665) the intercepts are not statistically 

different from zero. Statistics were carried out using a Regression analysis tool in Microsoft 

Excel 98. The p values are above p = 0.05 (95% level of statistic), and therefore do not 

significantly differ from zero. For IRDDR in 0.035M SDS, p = 0.007, which is below p = 

0.05 and differs significantly from zero.

Table 3.11 Linear fits to the effects of rotational speed on the dissolution of simvastatin in SDS 

solutions. The diffusion coefficient has also been calculated.

Concentration of SDS 

(mol dm'^)

Effective Diffusion 

coefficient (cm  ̂sec ') ±s.d

0 . 0 1 IRDDR = 0.0176(RSl/2)- 

0.015. r̂  = 0.98, p = 0.315

7 .8x l0 -‘ (0.1 xiQ-«)

0 . 0 1 IRDDR = 0.0279(RSl/2) - 0.03 

r̂  = 0.97, p = 0.267

5.5 xlO ‘ (0.3 xio-^)

0.017 IRDDR = 0.0269(RS 1/2)- 

0.003

r̂  = 0.99, p = 0.665

1 . 1  xlO-^(0 . 1  xiQ-«)

0.035 IRDDR = 0.015(RS 1/2) - 0.11 

r̂  = 0.99, p = 0.007

-

At the higher concentration of0.035M an intercept of 0.11 is obtained, this value is far from 

zero indicating that the mechanism of dissolution does not follow the Levich equation, and 

is therefore not diffusion controlled. From the solubility studies with simvastatin (Figure 

3.7) deviations from linearity were observed at higher SDS concentrations, and this as 

mentioned above could have been due to changes in micelle size and shape due to the 

incorporation o f simvastatin. These effects could also have attributed to the change from 

diffusion controlled dissolution at low SDS concentrations to a reaction-controlled 

mechanism at higher concentrations.
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The diffusion coefficients of the simvastatin/SDS system were derived for only the SDS 

concentrations at which the intercept was sufficiently close to zero. From Table 3.11 it can 

be seen that the effective diffusivity decreases with increasing SDS concentration. A 

comparison between the diffusion coefficient of the drug and drug-loaded micelles is not 

possible. The values of diffusivity obtained are comparable to those obtained by Crison et 

al (1996), for the solubilisation of carbamazepine in SDS, they found that the drug-loaded 

micelle had an effective diffusion coefficient of 1.5 x 10'^ cm^ sec ^ The diffusion coefficient 

for carbamazepine was found to be 7.6 xlO  ̂ cm^ sec ^ indicating that the drug-loaded 

micelles were slower diffusing than the free carbamazepine. The effective diffusivity of 

simvastatin in SDS solutions also decreases as the concentration of SDS increases due to the 

reduced mobility of the drug-micelle complex, hence these changes in the diffusivity may 

well affect the dissolution rate of simvastatin in SDS solutions.

Figure 3.20. Intrinsic rotating disk dissolution rate of simvastatin at lOOrpm, corrected for 

solubility at the given SDS concentration.
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Figure 3.20 shows that the dissolution rate for simvastatin when corrected for the increase 

in solubility at a given concentration of SDS actually decreases exponentially. This decrease 

in the “normalised” dissolution rate can be attributed to the decrease in the effective diffusion 

coefficient of simvastatin-SDS loaded micelles, thus reduced mobility of the drug loaded 

micelles.

Hence even though the solubilisation of simvastatin is highly favorable (high k* value), this 

increased solubility does not completely manifest itself in improving the dissolution rate. 

Bakatselou et al, (1991) reported similar findings for danazol dissolution in a sodium 

taurocholate solution (NaTC), at higher NaTC concentrations there was a fall in the dC/dt/Cs 

value which was due to a slower diffusivity at high bile salt concentrations. The absolute 

value of the dissolution rate (dC/dt) for danazol increased with increasing bile salt 

concentration.

Figure 3.21. Effect of rotational speed on the dissolution rate of simvastatin in HTAB solutions.
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For simvastatin dissolution in HTAB the intercepts of the above lines (Figure 3.21) do not 

significantly differ from zero. The dissolution can therefor be said to be diffusion controlled.

Table 3.12 Linear fits to the effects of rotational speed on the dissolution of simvastatin in 

HTAB solutions. The diffusion coefficient has also been calculated.

Concentration of

HTAB

(mol dm'^)

Effective Diffusion 

coefficient (cm  ̂sec- )̂± 

s.d

1.37 X 10-3 IRDDR = 0.0036(RSl/2) - 0.002 

r̂  = 0.97, p = 0.45

8.4 xiO"* (0.2 xiO"^)

2.06 X 10-3 IRDDR = 0.0052(RSl/2) - 0.0005 

r̂  = 0.99, p = 0.52

5.4 xlQ-«(0 .l xiQ-«)

4.12 X 10-3 IRDDR = 0.0065(RSl/2) + 0.002 

r̂  = 0.99, p = 0.15

2.2 X10-̂  (0.07 xlO'*)

8.24 X 10-3 IRDDR = 0.0127(RSl/2) - 0.0041 

r̂  = 0.99, p = 0.26

1 . 6  xlO-‘ (0 . 1  xio-*)

In a similar manner to SDS, the effective diffusion coefficient decreases with increasing 

surfactant concentration, due to the slow mobility of the drug-loaded micelles. When a 

comparison to the enhanced solubility curve of HTAB is made, a linear increase in the 

solubility of simvastatin with increased HTAB concentration is observed, possibly indicating 

that changes in solubilisation properties with increasing HTAB concentration do not occur. 

However, the diffusion coefficient does decrease with increased HTAB concentration 

indicating an increase in the size of the drug-loaded micelle (from Eq 3.5). Hence the 

solubility and dissolution data cannot be explicitly linked because the solubilisation data 

does not take the diffusion coefficient into account. If there was a diffusion term in the 

solubility enhancement equation (Eq.3.5) then it may have been possible to account for the 

small changes between solubility and dissolution.
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Figure 3.22. Effect of rotational speed on the dissolution rate of simvastatin in SDCH solutions.
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Table 3.13 Linear fits to the effects of rotational speed on the dissolution of simvastatin in SDCH 

solutions.

Concentration of 

SDCH (mol dm-")

Effective Diffusion 

coefficient (cm^ sec'")

9.6 X 1Q-" IRDDR = 0.00082(RSl/2) - 0.0005 

= 0.96, p = 0.54

4.6 xio-^

0.014 IRDDR = 0.003(RSl/2) - 0.0005 

r̂  = 0.84.

-

0.019 IRDDR = 0.0023(RSl/2) + 0.004 

r" = 0.94,

-

0 . 0 2 2 IRDDR = 0.0047(RSl/2) - 0.0006 

= 0.99, p = 0.57

2.65 x lo -6
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As can be observed from Figure 3.22 and Table 3.13, that there is poor correlation between 

the square root of the speed of rotation and the dissolution rate for 0.0145M and 0.0193M. 

The intercepts at these concentrations of SDCH are far from zero, indicating that the 

dissolution of simvastatin in SDCH at these concentrations does not follow the Levich 

model, and dissolution does not occur by a diffusion-convective mechanism. At SDCH 

concentrations of 0.0217 and 9.6E-3M, the lines of best-fit are hnear and show a good 

correlation. The intercept at these concentrations is not significantly different from zero. 

These results show anomalous behaviour with dissolution following the Levich model at low 

concentrations and again at a higher concentrations.

The viscosity at the higher concentrations of SDCH was appreciably enhanced and therefore 

could have affected the dissolution profile somewhat. However, the fact that at intermediate 

concentrations of SDCH dissolution does not follow the Levich model and at concentrations 

above and below this dissolution follows the model remains unexplained.

Figure 3.23. Effect of rotational speed on the dissolution rate of simvastatin in Brij 35 

solutions.
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Table 3.14 Linear fits to the effects of rotational speed on the dissolution of simvastatin in Brij

35 solutions.

Concentration of Brij 

35

(mol dm'^)

Effective Diffusion 

coefficient (cm^ sec'^)

4.17 X 10"̂ IRDDR = 0.00041(RSl/2) - 0.0002 

r  ̂= 0.98, p = 0.567

9.6 xlO ^

8.33 X 10"̂ IRDDR = 0.00062(RSl/2) - 0.0005 

r̂  = 0.99, p = 0.063

8.9 xlO ^

1.25 X IQ-̂ IRDDR = 0.0010(RSl/2) - 0.0006 

r̂  = 0.99, p = 0.048

9.0 xlO "

The diffusion coefficients as calculated using the Levich equation do not change to any great 

extent with increasing Brij 35 concentration, suggesting that the incorporation of drug into 

the micelle does not affect the mobility of the drug-loaded micelle. When we consider the 

solubilisation plots of simvastatin in Brij 35, a linear increase above the cmc is observed, 

which means that at a constant aggregation number from Equation 3.6, the number of drug 

molecules incorporated per Brij 35 micelle also remains constant over the concentration 

range. Given that the size of nonionic micelles (for Brij 35 the micellar radius is 45Â, 

Johnson et al, 1987) is quite large compared to the size of drug molecules, and that the 

amount of drug incorporated is relatively small, it is perhaps not surprising that the effective 

diffusion coefficient has not changed.

Amidon et al, (1982) also observed that there was essentially no change in the effective 

diffusion coefficient of progesterone solubilised in Polysorbate 80 over a concentration 

range that spanned from very low to high progesterone levels.

The effective diffusion coefficients calculated above are high when compared to the micellar 

diffusion coefficient of Brij 35 (5.4 xlO  ̂cm^ sec ^ Johnson et al, 1987) as calculated using 

quasi-elastic light scattering (QELS).

This anomaly in values could simply be due to the fact that IRDDR experiments are an
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indirect method of determining the effective diffusion coefficients, based on a number of 

assumptions. In particular that the size and shape of the micelle does not change with 

concentration and that fluid hydrodynamics obey laminar flow conditions. In addition 

because of the large number of experimental steps taken during an IRDDR experiment, the 

errors that occur can mount resulting in false values. The linear regression was taken from 

only 3 rotational speeds, increasing these would provide added accuracy. QELS provides a 

direct method for determining the diffusion coefficient, since it measures the scattering of 

light by the micelles,(Mazer et al, 1977), however micelles are dynamic, with very small 

lifetimes, light scattering therefore probably measures an average of micelle and monomer 

diffusion.

Hence because the two experimental methods measure diffusion in completely different 

ways it would be difficult to compare the two values.

Table 3.15 Linear fits to the effects of rotational speed on the dissolution of simvastatin in 

Tween 80 solutions.

Concentration of 

Tween 80 (mol dm'^)

Effective Diffusion 

coefficient (cm^ sec")

4.4 X 10"* IRDDR = 0.00039(RSl/2) - 0.0005 

f* = 0.98, p = 0.097

9.6 xlO"

8 .8  X 10" IRDDR = 0.00059(RSl/2) - 0.0004 

= 0.99, p = 0.24

5.8 xlO"

4.4 X 10" IRDDR = 0.0013(RSl/2) - 0.0004 

= 0.99, p = 0.47

1.7 xlO"

The effective diffusion coefficient falls with increasing Tween 80 (also known as 

Polysorbate 80) concentration as would be expected. The values for the diffusion 

coefficients obtained here are lower than those obtained by Amidon et al (1982) for 

progesterone solubilization in polysorbate 80. The fact that progesterone was used by 

Amidon et al (1982) and we have used simvastatin should not make a great deal of 

difference since the drug size is small in comparison to the size of the micelles (Johnson et
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al, 1987). However the values for (table 3.16) obtained by Amidon et al (1982) seem a 

little high for nonionic surfactant micelles, when compared to the micellar diffusion 

coefficients for Brij 35 and Triton X-100.

Table 3.16. Effective diffusion coefficients for progesterone-polysorbate 80 solution as 

obtained from Amidon et al (1982).

Polysorbate 80 concentration 

(%w/v)- (mol dm'^)

Drf, (cm‘̂  s ') at high 

progesterone concentrations

0.103 (7.9x 10- )̂ 6.5 xlO-*

0.56 (4.3 X 10- )̂ 2.5 xlO^

2.03 (0.015) 1 . 8  xlO"^

The difference in values obtained for the simvastatin-polysorbate system and the 

progesterone-polysorbate system could again be due to different methods used to obtain 

diffusion coefficient values. Amidon et al,(1982) used a diffusion cell separated by a 

membrane.

The absolute values for the dissolution rate of simvastatin in polysorbate 80 solutions are 

quite low when compared to the solubilisation enhancement, however the solubility of 

simvastatin at a given concentration of Tween 80 is quite low. When the absolute solubility 

(at xlO cmc, the solubility is only 4.4 x 10'^ mol dm"^) and the slow effective diffusion 

coefficient are considered together, polysorbate 80 does not seem to improve the dissolution 

rate of simvastatin a great deal.

Dissolution studies in Tween 85 could not be carried out due to the poor aqueous solubility 

of the surfactant. At higher Tween 85 concentrations required for dissolution rate studies the 

surfactant formed a milky dispersion that interfered with the assay.
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Table 3.17 Linear fits to the effects of rotational speed on the dissolution of simvastatin in 

Triton X-100 solutions.

Concentration of 

Triton X-100 (mol dm'^)

Effective Diffusion 

coefficient (cm^ sec'^)

1.5 X 10^ IRDDR = 0.00048(RSl/2) - 

0.0003

r  ̂= 0.99, p = 0.22

7.0 xlO ^

3.0 X 10 ^ IRDDR = 0.0011(RS 1/2)- 

0.0009

r  ̂= 0.99, p = 0.12

6 . 1  xlO^

The values for the diffusion coefficient compare well with those for Triton X-100 micelles 

as determined using QELS, Johnson et al, (1987) found the micellar diffusion coefficient. 

Dm, to be 5.7 xlO'^cm^ sec ^ The results also compare well with those found by Weinheimer 

et al, (1981) using a Taylor-Aris technique. Since this technique requires the use of a marker 

which partitions in the micellar phase it can be compared more closely to solubilisation 

(which according to the phase separation model involves the partition of solubilisate 

between the micellar phase and aqueous phase, and in our studies the marker is simvastatin). 

According to Weinheimer et al, (1981), the diffusion coefficient of Triton X-100 at 

comparable concentrations to ours are;

at 1.6 X 10'  ̂mol dm'^ and 2.8 x 10  ̂mol dm'^ Triton X-100, the = 6.93 xlO  ̂cm^ sec ^ 

These results compare well with the data obtained from our IRDDR experiments.

A small decrease in the effective diffusion coefficient is seen with increasing Triton X-100 

concentration, this coupled with the deviation from linearity in the solubilisation plot of 

simvastatin in Triton X-100, is probably due to the change in micellar size with the 

incorporation of simvastatin into the micelles or due to the presence of impurities causing 

a change in the micelle size. Weinheimer et al,(1981) also observed a fall in the micellar 

diffusion coefficient with increasing surfactant concentration.
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Higher concentrations of Triton X-100 were not studied because the viscosity increase was 

quite apparent, and the concentration range studied exceeded xlO cmc.

Table 3.18 Linear fits to the effects of rotational speed on the dissolution of simvastatin in 

POE-10 LE solutions.

Concentration of 

POE-10 LE (mol dm'^)

Effective Diffusion 

coefficient (cm^ sec'^)

9.3. X 10"̂ IRDDR = 0.00088(RSl/2) - 0.0005 

= 0.98, p = 0.38

3.5 xlO ^

1.9 X 10*3 IRDDR = 0.002(RSl/2) - 0.001 

r  ̂= 0.96, p = 0.33

3.75 xlO-^

For polyoxyethylene 10 lauryl ether (POE-10 LE), there does not seem to be a great deal of 

difference in the effective diffusion coefficient with a change in the POE-10 LE 

concentration. The diffusion coefficients for this nonionic surfactant is lower than the 

comparable Brij 35 (polyoxyethylene 23 lauryl ether) probably due to the smaller size of the 

micelle formed by this surfactant.

3.43. Comparison o f  solubility and dissolution o f  simvastatin in surfactant solutions.

In order to compare the different dissolution rates for simvastatin in the different surfactant 

solutions, the dissolution rates have been corrected for the increase in solubility (Table 

3.19). In other words the dissolution rates have been normalised with respect to surfactant 

at an arbitrarily chosen concentration. This concentration was selected as being x 10 cmc. For 

SDS and SDCH dissolution rate studies could not carried out xlO cmc because of the 

increase in the viscosity of the solution. However an estimate for the normalised dissolution 

rate at xlO cmc was obtained by extrapolation (see Figure 3.24). For the dissolution rates 

that were carried out at xlO cmc the normalised dissolution rates give different results from 

the solubilisation results.
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Table 3.19 Comparison of dissolution rates and normalised dissolution rates at xlO cmc, and 

lOOrpm.

Surfactant Concentration of 

surfactant in the 

dissolution medium 

(mmol/1)

dC/dt 

at xlO cmc 

(pg cm'^ min'^)

Cs 

X 10 cmc 

(pg cm'3)

dC/dt/Cs 

(min'^) xlO^

POE-10 LE 1.9 3.6 X 10 ^ 71.3 5

HTAB 8.24 0.037 837 4.4

Brij 35 0.83 1.6 X 10-3 55.7 2.9

Triton X-100 3 2.8 X 10-3 126 2.2

SDCH 22 0.0161 735 2.2

SDS 82 0.165 8600 1.9

Tween 80 0.44 6 .8  X 10-̂ 39.9 1.7

In terms of solubilisation, the k* value for Tween 80 was higher than both Brij 35 and POE- 

10 LE. This did not show in the normalised solubility, with POE-10 LE having a higher 

normalised value than that for both Brij 35 and Tween 80. This may have been due to the 

faster diffusion coefficient for POE-10 LE (Table 3.18), and therefore the lower solubility 

enhancement of POE-10 LE being compensated for by the faster diffusion coefficient.

For Tween 80, Brij 35 and Triton X-100, k* values are higher than POE-10 LE, however the 

normalised dissolution rates are lower, this as mentioned above is probably due to the lower 

diffusion coefficients (Tables 3.15,3.14, 3.17) of these drug-loaded micelles.

The dissolution rate constant for simvastatin in SDS estimated from this exponential at x 10 

cmc is 0.165 pg cm'^ m in '\ which corresponds to a normalised dissolution rate (dC/dt/Cs) 

value of 2.0 x 10'^ m in '\ From Figure 3.24 we see that the rate of increase in the dissolution 

rate of simvastatin in SDS solutions decreases with concentration (this was also shown 

earlier in Figure 3.20), this is probably due to the reduced diffusion coefficient of the drug- 

loaded micelles at higher SDS concentrations. De Smidt et al,(1987) also observed that the 

increase in the dissolution rate was exponential for the dissolution of griseofulvin in SDS
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solutions and this was attributed to the decrease in the diffusion coefficient.

Figure 3.24. Change in dissolution rate constant of simvastatin with concentration of SDS, at 

lOOrpm
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The dissolution rate constant estimated for simvastatin in SDCH, at xlO cmc is 0.016 pg 

cm'^ min \  which corresponds to a dC/dt/Cs value of 2.2 x 10 ̂  m in '\

Hence from this information it is possible to compare all the surfactants at xlO cmc. The 

order for the best surfactants in terms of improving the dissolution rate when the solubility 

has been accounted for is as follows: POE-1 OLE>HTAB>Brij35>Triton X- 

100>SDCH>SDS>Tween 80.

This order does not follow the k* order and this as discussed before is probably due to the 

changes in the diffusion coefficients.

It is important to realise that the order given above and the preceding discussion are a means 

of exploring the mechanism of dissolution, and provides information as to the best surfactant
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when solubility corrections have been applied. The absolute dissolution rate maybe of more 

interest in practical terms but does not allow any inference to mechanisms to be made.

3.4.4. The effect o f SDS on the dissolution o f sulphamerazine.

Figure 3.25 Dimensionless solubility (solubility in SDS/solubility in buffer), and dimensionless 

rotating disk dissolution rate (IRDDR in SDS/ IRDDR in buffer).
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It was found that the solubilisation behaviour of sulphamerazine in buffered solutions of SDS 

and in water were completely different (Figure 3.17). The dissolution behaviour was thus 

investigated. Mall et al(1996) had found that the dissolution of sulphamerazine in water 

(IRDDR) decreases with increasing SDS concentration. The reduction in the dissolution rate 

was put down to a reduction of 25 fold in the diffusion coefficient of the drug-loaded micelle 

Figure 3.25 shows the normalised IRDDR for sulphamerazine compacts in different 

concentrations of SDS made up in buffer at lOOrpm. The dissolution profile mirrors the 

solubility profile, in that there is no real increase in the dissolution rate above the cmc.

122



Thus the improvement in dissolution rate can be attributed to an improvement in the wetting 

of sulphamerazine, since micellar concentrations of SDS do not have much effect on the 

solubility or dissolution rate.

However, the question as to why the dissolution rate of sulphamerazine in SDS solutions 

made up in water decreases with increasing SDS concentration, while the IRDDR of the 

same drug in buffered solutions of SDS remains essentially constant remains unanswered.

This may have something to do with the fact that the surface tension of a buffered solution 

of SDS is lower than a corresponding SDS solution made up in water, thus improving the 

wettability of the solution. Mall et al,(1996) state that it was possible that their 

sulphamerazine compacts made only 50% contact with the dissolution medium. Lowering 

the surface tension could potentially have improved the contact between the surfactant 

solution and the compact, thus improving the dissolution rate in the buffered solution.

Differences in SDS diffusivity in the presence of buffer or water could also have resulted 

in changes in the dissolution profile. Weinheimer et al (1981) determined the diffusion 

coefficients of SDS micellar solutions in water and in O.IM NaCl, respectively, they found 

that the diffusion coefficient in water ( 8  x 1 0 '̂  cm^ s'^) was less than that in the salt solution 

(1.2 X 10  ̂cm^ s'^). In both cases the diffusion coefficient decreases with increased SDS 

concentration. It follows that these minor differences in the diffusion coefficient of the SDS 

micelle (without drug) cannot necessarily account for the fall in dissolution rate for 

sulphamerazine in SDS/water.

Chan et al (1976) have studied the solubilisation kinetics of poorly soluble fatty acids in 

surfactant solutions. They suggest that mixed micelle desorption and diffusion from the 

surface commonly control dissolution rates. The adsorption of surfactant micelles to the 

sulphamerazine surface will depend on the charge of the micelle. An SDS micelle will carry 

a large negative charge and therefore approach the sulphamerazine surface, which will also 

carry a negative charge (Mall et al, 1996), slowly. Neutralising the charge on the SDS 

micelle and on the sulphamerazine surface by having a buffered solution would allow the 

SDS micelle to approach the surface and desorb much faster.
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These arguments do not necessarily answer the questions but raise more questions. Hence 

it is necessary to carry out further studies with sulphamerazine.

3.4.5. The effect o f  SDS purity on the solubility and dissolution o f  simvastatin.

As was mentioned at the beginning of this chapter the purity of surfactants is of importance 

in their behaviour from a dynamic and equilibrium surface tension point of view. 

Dissolution and solubility are macroscopic events and the effect of surfactant purity was 

studied. The surfactant used here was SDS because the purity of this surfactant has been 

extensively studied and because of its wide use in dissolution testing of poorly water soluble 

drugs. It is however often contaminated with the highly surface active dodecyl alcohol. 

Dodecyl alcohol is the hydrolysis product of sodium dodecyl sulphate, it is very surface 

active and thus lowers the equilibrium surface tension and affects the dynamic properties of 

the aqueous solution, even though it is present in minute amounts. The presence of a 

minimum in the surface tension-concentration plot can be used to detect gross contamination 

but is not very sensitive (Mysels and Florence, 1973).

If the purity of a surfactant, and its potential effect on the solubility and more importantly 

on the dissolution of poorly water soluble drugs is significant, it would become very 

important in pharmacoepial tests if consistent and comparable results are to be obtained. For 

example differences in the dissolution of generic and proprietary brands may incorrectly be 

put down to variations in the tablet, yet may be due to differences in the dissolution medium 

due to purity.

Experimental protocol.

Solubility and IRDDR studies were conducted in the same manner as described above, 

except two purities of SDS samples were used. The “pure” sample used was SDS purchased 

from SigmaUltra, and is >99% pure, this sample was then purified further by foaming as 

described above.

The “impure” sample was purchased from BDH Chemicals, Poole and was used as received 

without any further purification.
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Figure 3.26. Solubility of simvastatin in two purities of SDS solution.
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Figure 3.27. Dissolution of simvastatin in two purities of SDS solution, conducted using IRDDR 

apparatus at lOOrpm.
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Figure 3.26 shows the solubility of simvastatin in two purities of SDS. The difference 

between the two types of SDS on the solubility of simvastatin is not significant.

Statistic = the difference between the means of each sample is zero.

Using a paired t -test at 95% level. Degrees of freedom = n-1 = 9, Two-tailed test is used 

because the two samples are independent of each other.

Hence at 95% level there is no significant difference between the two types of SDS 

(p=0.72). The p value is greater than p= 0.05, and therefore we accept the null hypothesis.

The intrinsic dissolution rate profile for simvastatin in the two batches of SDS (Figure 3.27) 

shows a significant difference between the Sigma SDS and the BDH SDS (t-test, p = 0.03, 

at 95% level, reject the null hypothesis that there is no difference between the two batches). 

This difference could not have been due to solubility differences since these were not 

significant. It is possible that the dodecyl alcohol interferes with the interaction of SDS with 

simvastatin on a dynamic level. Dissolution is a dynamic process, with surfactant from the 

bulk of the solution diffusing to the solid-liquid interface. If the rate at which surfactant or 

surfactant micelles are migrating to the solid-liquid interface is retarded then it is possible 

that the dissolution rate will also be slower. Mysels and Florence (1973) showed that the 

presence of dodecyl alcohol in SDS solutions resulted in an increase in the time taken for 

SDS to reach equilibrium surface tension. This is discussed in further detail in Chapter 5.

The fact that dodecyl alcohol will also be solubilised by SDS micelles implies that the space 

available for solubilsate molecules may be less. Hommelen (1959) calculated that one SDS 

micelle solubilises 4 molecules of dodecyl alcohol. However this potential reduction in the 

solubilisation of simvastatin by the impure sample of SDS is not visible from Figure 3.26.

In order to study whether the reduction in the dissolution rate constant for simvastatin in 

BDH SDS solutions was due to lower mobility of the micelles, effective diffusion 

coefficients were calculated as above.
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Figure 3.28. Effect of rotational speed on the dissolution rate of simvastatin in BDH SDS

solutions.

0)
2
co

otn
tn
Q

8.7E-3M
0.01M
0.017M
0.026M
0.035M

-1— I— I— I— I— I— 1— I— I— I— I— |—

0.5 1.0 1.5 2.0 2.5 3.0 3.5

Rotational speed (rad/sec),0.5
4.0

Table 3.20 Linear fits to the effects of rotational speed on the dissolution of simvastatin in BDH 

SDS solutions. The diffusion coefficient has also been calculated.

Concentration of SDS 

(mol dm 3)

Effective Diffusion 

coefficient (cm  ̂sec ’)

0.0087 IRDDR = 0.0189(RS 1/2) - 0.03. 

r" = 0.85,

-

0.01 IRDDR = 0.0246(RSl/2) - 0.03 

= 0.99, p = 0.11

4.6 xio^

0.017 IRDDR = 0.0344(RSl/2) - 0.04 

r" -  0.99, p -  0.043

2.7 xlO-^

0.026 IRDDR -  0.0392(RSl/2) - 0.04 

= 0.99, p = 0.07

1.6 xlO-^

0.035 IRDDR = 0 .031(R Sl/2>-0.02 

r  = 0.98, p = 0.23

7.1 xlO^
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Figure 3.28 shows that the dissolution rate constant is proportional to the square root of the 

rotational speed, thus confirming that dissolution proceeds via a diffusion controlled 

mechanism. The dissolution of simvastatin in 8.3 x lO'^M SDS does not fit the Levich 

equation since the regression correlation coefficient, r, has a value of 0.85. The diffusion 

coefficient at this concentration has not been calculated.

The intercepts do not necessarily cross the origin, but the diffusion coefficients have been 

calculated to provide a comparison with the diffusion coefficients calculated for Sigma SDS.

The results are very similar to the diffusion coefficients of simvastatin in Sigma SDS (Table 

3.11), with the diffusion coefficient falling as the concentration of SDS increases. From 

these results and comparing with those in Table 3.11, it appears that there is not a substantial 

difference between the diffusion coefficients that can account for the deviation in the 

dissolution rates of simvastatin in Sigma SDS and BDH SDS.

Crison et al, (1997) found a diffusion coefficient of 9.5 xlO'^cm^ sec'^for carbamazepine in 

95% pure SDS, which was higher than that for carbamazepine in 99% SDS. This implies 

that the impure SDS-drug loaded micelle was more mobile than the pure SDS-drug loaded 

micelle. From the Stokes-Einstein equation, this means that the impure SDS-drug loaded 

micelle is smaller. Crison et al, (1997) associated these differences to the dodecyl alcohol 

forming mixed micelles with SDS that were more closely packed and thereby having a 

smaller size.

3.5. Conclusion.

What is clear from our study is that purity differences in SDS can have a substantial effect 

on the dissolution of poorly water soluble drugs. To insure that comparable results are 

obtained the purity of surfactant used should always be expressed.

Solubility and dissolution are macroscopic observations, to understand the phenomena that 

occur in solubility and dissolution in the presence of surfactants, and help explain the 

anomalies that have been observed in this chapter, studies at a molecular level are required.
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In the next chapter surface energies will be used to study the interaction between selected 

surfactants, with known surface energies, and simvastatin. This will help in providing 

information regarding the favourability and strength of interaction between drug and 

solubiliser.

In the following chapters the interactions between a drug and surfactant are studied at a 

molecular level using the maximum bubble pressure apparatus, which provides information 

about the dynamics of surfactant adsorption, and microcalorimetery, which will provide 

information on the thermodynamics of interaction between a drug and surfactant.
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Chapter 4

4.1. Introduction.

In the previous chapter the enhancement of solubility in the presence of surfactants was 

studied, this is a macroscopic event. In this chapter we look at surface energies and their 

relationship to solubility enhancement in the presence of surfactants.

The definition of surface energies was given in Chapter 1 along with equations used to 

calculate them. The surface energy of a material provides molecular information from a 

macroscopic observation when used in conjunction with the equations derived by Fowkes 

(1964) and then later on by van Oss et al (1987). For example van Oss and Costanzo,(1992), 

were able to calculate the cmc of SDS and nonionic surfactants (van Oss and Good, 1991) 

from the interfacial properties of these surfactants. In another example they obtained the 

solubility of polymers in water using the surface energies of these polymers and water (van 

Oss and Good, 1989)

Intuitively one can see how surface energy is related to the solubility of a material. Surface 

energy is a measure of the strength of molecular bonding, and solubility is dependent on the 

strength of this bonding. For a material to dissolve in a particular solvent the cavity model 

is a useful description of events. In this model, the material must at first break up such that 

a single molecule is released from the surface. The next step is for the formation of a cavity 

that can accommodate the molecule (hence the size of the cavity and molecule are of 

importance), and finally the insertion of the molecule into the cavity. These steps show that 

there are three interfacial energies involved, that of the solute-solute, then the solvent- 

solvent, and finally the solute-solvent.

If a material is to dissolve in a particular solvent then the overall energy of all these events 

needs to be favourable. It is clear from this description that the initial process of liquid 

making contact with the solid is a surface process.

The Dupre equation (Eq 1.21) provides a handle from which surface energies can be linked 

to the free energy of interaction , AG12 ,between two materials. From AG12 it is therefore
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possible to predict the interaction between two materials. Since AG12 is related to the 

concentration equilibrium constant by equation 1.26 (AG = -RTlnK) macroscopic events can 

be linked to molecular events.

For example we have been able to calculate the cmc for polyoxyethylene 10 lauryl (POE-10 

LE) ether using the method of van Oss. This was possible by using surface energies of 

hydrocarbon groups and polyoxyethylene oxide. Van Oss (1993) suggests that the surface 

energy of surfactant molecules should be treated separately, consisting of hydrophobic and 

hydrophilic parts. For POE-10 LE, this equates to 10 polyoxyethylene groups attached to a 

lauryl (dodecyl) group. The surface energy of the lauryl group is equal to the surface tension 

of dodecane since the lauryl group is apolar, therefore y = y^^ = 25.4 mJ m'^. The acid-base 

parameters of the POE group have been calculated by van Oss and Good, (1991) to be y^^ 

= 43 mJ m'^, y  ̂= 0 and y' = 64 mJ m'^. Using these parameters and Eq. 1.18 and Eq. 1.22 

it is possible to obtain the free energy of interaction of the lauryl group and POE group in 

water. AGi^i (where 1 is the lauryl group) = -102.3 mJ m'^. This value shows that the 

hydrocarbon chains of the surfactant strongly attract each other in water, thus being insoluble 

in water. AG2W2 (where 2 is the PEO group) = + 52.2 mJ m'^, hence the POE groups repel 

each other in water and are therefore soluble in water.

Using these values along with the surface area of dodecane and POE, the free energy of 

interaction in terms of kT can be obtained. The surface area of dodecane can be obtained 

form the literature (Gregg and Sing, 1982). For the POE group the surface area has been 

calculated by van Oss and Good (1991). It follows that for dodecane, AGj^i = -102.3 x 10  ̂

* 44.9 X 10'̂ ® m^ = -4.6 x 10'̂ ® J. For 10 polyoxyethylene groups AG2 ^ 2  = + 1.26 x 10"̂ ® J. 

Finally the total energy of interaction (AG^^i + AG2W2) for POE-10 LE is -3.34 x 10^° J. The 

cmc of POE-10 LE as calculated using surface tension measurements and also taken from 

Mysels and Mukeijee, (1971) is 1.9 x 10^ M at 298K.

Using AG = Â:Tln cmc, and inserting the value of -3.34 x 10'̂ ® J, gives a cmc of 2.3 x 10^ 

M. These values are very close considering they came from completely different methods.

In this chapter we use these arguments to study the interaction of drug with surfactant in 

water.
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As has been described in Chapter 1 the surface energy of solids cannot normally be derived 

by direct measurements as can be done for liquids, and therefore they have to be obtained 

by indirect methods relative to liquid standards. In order to obtain the surface energy of a 

solid, the contact angle against a liquid with known surface energy parameters needs to be 

measured. In this chapter the acid -base components theory developed by van Oss et al 

(1986) is used to obtain surface energy parameters for simvastatin. The surface energy 

parameters for the surfactants, SDS (van Oss and Costanzo, 1992) Triton X-100 (Jahczuk 

et al, 1995) and SDCH (Jahczuk et al, 1992) were taken from the literature. Van Oss and 

Good, (1991) also calculated the surface energy parameters of polyoxyethylene oxide and 

a series of hydrocarbon groups, from this information it will be possible to estimate the 

interaction between simvastatin and the polyoxyethylene mantle of nonionic surfactant 

micelles

Van Oss and Costanzo,(1992), were able to predict whether a model dirt, hexadecane would 

be solubilised by SDS. In a similar study Mall et al,(1996) looked at the solubilisation of 

sulphonamides into SDS head and tail groups, and found that there was excellent correlation 

between the free energy of adhesion (as measured using surface energies) and the enthalpy 

of transfer (as measured by following dissolution as a function of temperature). The most 

favourable interaction was found to be between the apolar tail of SDS and the 

sulphonamides .The interaction between the polar head of SDS and the sulphonamides was 

favourable, except for the more polar sulphanilamide. This sulphonamide also showed a 

thermodynamically disfavoured interaction from a dissolution perspective. This disfavoured 

interaction probably occurs due to the repulsion between the y (electron donor term) of 

sulphanilamide and the electron donor term of SDS, both sulphamilamide and SDS have a 

high y value.

These studies along with many others (Buckton and Chandaiia, 1993, Rillosi and Buckton, 

1995, MacKenzie, 1997, Luner et al, 1996) have shown the value of the acid-base surface 

tension approach to calculating surface energies.

As has been discussed in Chapter 1, to estimate the acid-base parameters it is necessary to 

measure the contact angle with three liquids with known y  ̂and y', (Table 4.1) of which 

two must be polar liquids. It has been recommended by Good (1993) that one of the polar
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liquids should be water. In theory it is possible to solve Eq. 1.20 by using the contact angle 

between the solid and three polar liquids, but this is much more difficult since it requires 3 

simultaneous equations to be solved. By using an apolar liquid (y"̂  = 0 and y" = 0) with 

known y^^, the unknown solid y^^ can be calculated, thus leaving two simultaneous 

equations with y  ̂and y' for solid unknown (Good, 1992). This is the method used below to 

solve Equation 1.20, and obtain the acid-base surface energy parameter for simvastatin.

In the same manner that the surface energy components for an unknown solid can be 

calculated by measuring the contact angle on 3 well defined liquids (in terms of acid-base 

parameters), the acid-base components of surface energy for an unknown liquid can be 

estimated by measuring contact angles on well defined solid surfaces (Table 4.1).

4.2. Experimental protocol.

Contact angles were measured between simvastatin and a series of liquids (these have been 

marked with an asterisk in table 4.1). The liquids for these measurements were carefully 

selected. Of the polar liquids used it was decided early on in the studies to avoid glycerol 

due to its high viscosity. This caused problems of glycerol sticking on the powder plate and 

dripping off. Hence water, and ethylene glycol were selected as liquids for polar 

measurements. The apolar liquids used were a-Bromonapthalene and Diiodomethane.

4.2.1.Preparation o f  simvastatin plates.

1. The dimensions of a clean glass microscope slide (BDH chemicals, approx

dimensions 22mm x 26mm) were measured. To clean the slide it was flamed.

2. The clean slide was then sprayed with glue (Spray Mount, 3M) on both sides and

allowed to dry briefly.

3. The slide was then coated with simvastatin powder on both sides using a soft paint

brush. Excess powder was gently dusted off using the paint brush or by blowing off 

using clean dry nitrogen. The slide was stored in a Petri dish containing silica gel and 

used within 1 0  minutes of preparation.

This method of slide coating was initially proposed by Shanker et al (1994)
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Table 4.1 Surface energy parameters of materials. , the Lifshitz-van der Waals component, y*, the electron-acceptor component, y , electron- 

donor component, y ^  acid-hase component of the surface free energy. All are in units of mJ m^, and at 20°C

U)Ul

Liquid/solid yTOT r yLW yAB Source

Water* 72.8 25.5 25.5 2 1 . 8 51 Good (1993)

Glycerol 64 3.92 57.4 34 30 Good (1993)

Formamide* 58 2.28 39.6 39 19 Good (1993)

Ethylene glycol* 48 1.92 47 29 19 Good (1993)

Dimethyl sulfoxide 44 0.5 32 36 8 van Oss and Good (1989)

Benzene 28.9 0 2.3 28.9 0 van Oss and Good (1989)

a-Bromonapthalene* 44.4 0 0 44.4 0 Good (1993)

Diiodomethane* 50.8 0 0 50.8 0 Good (1993)

Decane 23.83 0 0 23.83 0 van Oss and Good (1989)

Polymethylmethacrylate 41.9 0 1 1 . 6 41.9 0 van Oss and Good (1989)

PTFE (Teflon) 18 0 0 18 0 van Oss and Good (1989)

Nylon 6 - 6 37.7 0 . 0 2 2 1 . 6 36.4 1.32 van Oss et al,(1990)



The use of coated slides has an advantage over compressed powder plates, since it avoids 

the need to exert a force on the powder. Buckton and Newton (1986) showed that 

compression of a powder can cause changes in the morphology of the powder. They showed 

that amylobarbitone underwent plastic deformation on compression, and that the contact 

angle decreased with compression force. The problems that can be encountered in the 

compression of a powder to form compacts is analogous to the problems that can be 

encountered in tablet compression, thus changes in crystal or polymorphic form can occur 

by such processes. Using the coated slide method also allows for the powder material to be 

used as received, this is advantageous since the material will usually be used in a 

pharmaceutical product in that physical form, this preventing any mechanical handling 

which may alter the surface properties of the material.

A disadvantage of the coated slide method is that the powder surface is usually rough, and 

is highly dependent on the particle size and shape of the powder. This results in a high 

degree of contact angle hysteresis (discussed in more detail below). The only way that this 

can be avoided is by using smooth surfaces, and the problems associated with these have 

already been mentioned above. The fact that the surface is rough also means that the overall 

surface area of contact between the solid and the liquid will be higher, and therefore the 

contact angle will be overestimated (Eq 4.1. below shows that the perimeter is inversely 

proportional to Cos 0). Sheriden et al (1994) studied the effects of compact roughness on the 

contact angle of propyl-p-hydroxybenzoate. It was found that the rougher the compact the 

larger the contact angle was, and this was due to the rougher surfaces having a larger 

perimeter than that which is measured from the plate dimensions.

Another disadvantage of the coated slide method is that the glue sprayed onto the 

microscope slide can potentially interfere with the measurement. This would be especially 

true if complete powder coverage of the surface was not achieved, and glue was exposed at 

the surface. In this situation the measured contact angle would be an average of the glue and 

powder contact angles, and be weighted towards which material was more exposed at the 

plate surface. However this problem can be avoided to a certain extent by spraying the 

microscope slide and coating the surface twice with powder.
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The fact that contact angle measurements are so sensitive makes them ideal as probes in 

detecting physico-chemical change at the material surface. In the same manner it also makes 

reproducibility of results difficult. However reproducible results can be possible if great care 

is taken in the preparation of the compacts and cleanliness is practised, and a fixed protocol 

followed religiously.

In most cases errors in contact angle measurements are human, if these can be avoided than 

there is no reason why these simple experiments cannot provide excellent physico-chemical 

information.

4.2,2.Cleaning o f  glassware.

This procedure is probably one of the most important in contact angle or surface tension 

measurements if accurate and reliable results are to be obtained. Glassware used for these 

measurements must not be used for any other purpose and is always be cleaned using the 

following protocol.

1. 25ml glass Pyrex beaker were purchased from Fisher Scientific and examined 

carefully for scratches and defects using a magnifying glass

2. A one in twenty solution of critical cleaner (Microlaboratory cleaner. International 

Products Corporation, Burlington, New Jersey, USA) was made up in a separate 

clean beaker.

3. Approximately 2ml of this cleaner was placed in the 25ml beaker, and filled using 

double distilled water from a USF Elga, Option 4 distiller and filter.

4. This was sonicated at 30°C for 25 minutes.

5. The cleaning solution in the beaker was discarded. The beaker was then filled with 

AnalaR water from BDH chemicals and further sonicated for 25 minutes.

6 . The procedure in 5. Was repeated a total of 4 times. The final time the beaker was 

rinsed with AnalaR water 5 times.

7. The beaker was then placed in a pre-heated oven at 70°C for 12 hours.

8 . As soon as the beaker was removed from the oven it was wrapped in Parafilm® so 

debris or grease could not get into the beaker.

9. Individual beakers used for specific liquids were labeled such that beakers
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containing organic liquids were not used for aqueous liquids, and vice versa.

4.2.3,Contact angle measurements.

The method used here to measure contact angles is based on the Wilhelmy plate method. 

The method briefly is based on measuring the force required to insert or withdraw a plate 

from the liquid. The force is measured by a microbalance. Since the surface tension of a 

liquid is the force per unit area acting at right angles along the length of the surface (units 

N m'^), the Wilhelmy plate method allows for the direct measurement of surface tension 

from the force (in Newtons) measured by the microbalance and the perimeter (in Metres) of 

the plate. The surface tension is related to the force and perimeter (and to the contact angle) 

by the Eq.4.1.

F = PYl v^OS0 Eq.4.1

From this equation it follows that when the contact angle, 0, between the liquid and the plate 

can be assumed to be zero i.e. complete wetting of the plate by the liquid, then the 

surface tension is equal to the force measured over the perimeter of the plate. A thoroughly 

clean thin glass or roughened platinum plate can be considered to have a contact angle of 

0.

In practice the glass plate is held in place (Figure 4.1) the weight of this plate is set as zero, 

and the liquid is raised towards the plate, when the liquid makes contact with the glass plate 

a force is measured by the microbalance. This force is used to calculate the surface tension 

of the liquid.

When the liquid is lowered the plate comes out of the liquid and the force measured here can 

be used to measure the receding surface tension. The entire unit is housed in a temperature 

controlled environment. The humidity inside the measuring chamber can also be regulated 

to a certain extent by having sealed doors, to protect the chamber from the external 

surroundings.
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Figure 4.1. CAHN Dynamic contact analyser (DCA).
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Time dependent effects of surface tension (dynamic surface tension) can be monitored with 

the Wilhelmy plate method if the force is measured against time A problem that can be 

encountered in measuring dynamic surface tension with this technique is that when the plate 

moves the liquid at the plate interface also moves, this results in short time measurements of 

surface tension. Another problem similar to the one above is, how does one form an interface 

without causing disturbances in the fluid ? Simply forming an interface by pouring the liquid 

into the beaker causes large disturbances, and the true equilibrium surface tension may not 

be obtained for hours.

The technique is very useful for measuring the dynamic surface tension of solutions that take 

a long time to reach equilibrium surface tension, such as polymers (Nehringbauer, 1995, Um 

et al, 1997), proteins (Tripp et al, 1995), and impure surfactants (Mysels and Florence, 1973) 

because the plate can be allowed to dwell in the solution for many hours (the surface tension 

measurement will still be an average between the initial disturbance caused on moving the 

plate and the real surface tension).

139



It can be seen how this apparatus can be used to measure the contact angle of a powder plate, 

the only difference here is that the contact angle is not assumed to be zero, it is unknown, 

and the surface tension is known. Once again the force is measured and this is related to the 

contact angle by Equation 4.1. This equation clearly shows how the perimeter of the plate 

as mentioned above, which is affected by the surface roughness of the plate, influences the 

contact angle.

1. The microbalance is calibrated with a 500mg weight.

2. Beakers of the liquid being used are placed around the platform inside the chamber. 

This is done to regulate the vapour inside the chamber.

3. The liquid is poured into a clean glass beaker and pre-equilibrated at 25 °C, the 

beaker containing the liquid is then placed on the motorised platform.

4. The temperature of the chamber is checked, and the liquid is allowed to equilibrate 

for 15 minutes.

Figure 4.2 Schematic output from a Wilhelmy plate experiment.
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5. At first the surface tension of the liquid is measured by placing a clean and flamed 

glass microscope slide. The platform is raised upwards until the glass plate makes 

contact with the liquid, Figure 4.2. shows a schematic experimental output when a 

plate is immersed into the liquid and then withdrawn.

5(b) In contact angle measurements the surface tension value obtained is entered into the 

computer and is used to solve Equation 4.1.

6 . The motorised platform is raised at a fixed rate. Line 0 to D shows this and is before 

the liquid makes contact with the glass plate (in a surface tension experiment) or 

powder plate.

7. At point D the liquid makes contact with the plate. The force rises to point C.

As the motorised plate continues to rise the line A-B is obtained. The force of this 

line is a function of the upward force exerted by buoyancy and the downward force 

exerted by the surface tension. As the plate goes further into the solution the 

buoyancy force predominates and the total force decreases.

8 . Extrapolating line A-B to point C gives the true force required to calculate the 

surface tension of a liquid or the contact angle.

In Figure 4.2. the advancing line B-A (as the plate goes into the liquid) is the same as 

receding line A-B, this shows that the contact angle is 0. In some cases the lines a B-A and 

A-B do not overlap and this could be due to a dirty slide or impurities at the surface of the 

liquid. In such a situation the surface tension must be re-measured.

4.2.3.1. Contact angle hysteresis.

In contact angle studies there is more often than not a large difference between the 

advancing and receding lines, that is the contact angle observed when the liquid advances 

over the fresh surface is different from that when the liquid recedes from an already wet 

surface. The difference between the advancing contact angle (6 Jand  receding angle(0^) is 

known as contact angle hysteresis, H:

H = 6 , - 8 , Eq4.2
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The value of H can vary greatly from 1 ° to 50° or more in some cases. The fact that contact 

angle hysteresis exists, means that Young’s (Eq. 1.10) equation is only theoretically valid, 

since this assumes that the contact angle formed will be on an ideal surface, and the 

preparation of an ideal surface is practically impossible (and possibly irrelevant). Hence 

hysteresis will always be present to some extent.

An ideal surface is one that is chemically homogeneous, is rigid and flat on an atomic scale, 

but also unperturbed by chemical interaction or due to adsorption of the liquid or its vapour 

(van Oss, 1993 deems that the adsorption of vapour onto the solid surface is negligible). 

Where these conditions are met there should be a single unique contact angle.

Powder surfaces however are rough in nature and are heterogeneous surfaces and therefore 

exhibit large levels of contact angle hysteresis. It follows that when the contact angle of a 

solid surface is measured the advancing and receding angle should be measured.

An additional source of contact angle hysteresis can arise from dynamic contact angle effects, 

these are time dependent changes in the contact angle due to reorientation of the molecules 

at the surface or in the liquid For example a certain period of time will be required before 

surfactant molecules in the liquid can diffuse through the liquid and adsorb to the solid 

surface

Figure 4.3. Schematic diagram for the time dependent adsorption of surfactant onto the powder 

plate in a Wilhelmy plate experiment.
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The time period for this will depend on the solid surface and the surfactant. Figure 4.3 shows 

this schematically.

Dynamic contact angle effects are very important in coating processes since the rate at which 

a polymer or surfactant wets the solid surface can affect the spreading of the coating film 

over the solid surface (Aulton, 1995).

9. The advancing angle is used to measure the contact angle of the solid surface.

10. Surface tension and contact angle measurements were repeated 6  times.

The advancing angle is used to measure the contact angle because this is when the liquid 

makes contact with a fresh solid surface that has not previously been contaminated with the 

liquid. This is particularly important when measuring the contact angle of a polar surfaces 

with water since these surface are prone to becoming hydrated (can potentially get 

dissolution of the powder in water). Swelling of the solid surface can also be a problem 

particularly with polymers such as microcrystalline cellulose and hydroxypropylmethyl 

cellulose. The receding angle for these polymers will be more reflective of the hydrated solid 

surface rather than the fresh solid surface.

4.2.3.2. Other methods used to measure contact angles.

The most commonly used method to determine contact angles is the sessile drop technique, 

this method involves compressing the powder sample into a compact with a relatively 

smooth surface. A drop of liquid is then placed on the solid surface. The contact angle is 

then measured using a protractor and goniometer. Photomicrographs and image analysis 

provides a more accurate method, and can also be used to study time dependent changes in 

contact angle. The fact that a compact has to be formed is a disadvantage which has been 

discussed above.

Another disadvantage of the method is that the powder bed needs to be saturated with a 

saturated solution of the powder in the test solution, this can cause swelling of the powder. 

The powder compact may also deform to the extent that it falls apart, this means that larger 

compaction forces are required to keep the compact stable.
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The Liquid penetration method or wicking, involves the penetration of liquid through a 

particulate bed. If one assumes that the particles are packed in a series of parallel capillaries 

then the contact angle is related to the height of these capillaries (/i), the radius of the 

capillaries (r) and the time taken (t) for the liquid of known surface tension (Ylv) ^nd 

viscosity (q) to travel the length of the capillary. The method is based on Washburn’s 

(Washburn, 1921 taken from Buckton and Newton, 1986) equation :

? trYivCosB ; , 2 ^ _ L L V ---------  £  4 3
2r\

This equation however has two unknowns, r, the radius of the capillaries and Cos 0, In order 

to determine Cos 0, r, must be determined. This is done by using a number of liquids which 

perfectly wet the solid surface, in this situation Cos 0 = 1, a comparison between these 

liquids and the test liquids allows for r  to cancelled from the equation. This obviously 

assumes that the packing of the powder is the same each time and hence r, remains the same 

all the way through the packed bed. However liquid flow through these imaginary capillaries 

is not the same all the time (ie is not uniform), but tends to irregular due to poor packing. 

Hence factors that influence packing, such as particle size, particle shape and particle size 

distribution, need to be controlled.

Buckton and Newton (1986) used this method to determine the contact angle of a series of 

barbiturates in order to calculate the surface energetics of these powders. It was necessary 

to use mixtures of ethanol and water and propan-2 -ol and water with powder in which water 

would not penetrate. An extrapolation back to 0% alcohol would give the theoretical contact 

angle between the powder and water. Obviously the use of binary liquid systems is full of 

problems involving the changes in the powder surface caused by the alcohol adsorbing to 

the powder surface. These and other problems have been discussed by Buckton and Newton

(1986) and Buckton (1993).

Spangnolo et al (1996) have used calorimetry to calculate the contact angle of hydrophobic 

powders. The method involves measuring the heat of immersion of the powder into water 

(the heat of immersion is, the heat evolved when a clean solid is immersed in a liquid).
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spangnolo et al (1996) calculated the contact angles of griseofulvin using the heat of 

immersion data of Hansford et al, (1990), and found that the contact angle obtained using 

the heat of immersion was 102°, as compared to the measured value of 101.9° (using the 

liquid penetration method) from Hansford et al, (1990). Spangnolo et al (1996) use the 

equation below to relate contact angle and heat of immersion (A,):

CosB =
- 0 . 0 7 T - / 1 ;

Eq4.5
LV

Where 0.07 is a constant for low energy solids and has the units of mJ m'^ K \

One of the potential problems with the heat of immersion method is that it is very difficult 

to wet the entire surface of a hydrophobic powders with water. For this reason water-alcohol 

mixtures are used, and extrapolations back to pure water are under taken (Hansford et al, 

1990).

Buckton et al (1988) have used vapour sorption experiments to probe the surface properties 

of aspirin which has undergone different milling techniques. This method has advantages 

in that water vapour is used as a probe on the solid powder, and does not require the powder 

to be immersed in water.

4.3, Results and Discussion.

Table 4.2 Contact angles of simvastatin powder plates with water, ethylene glycol, and a- 

bromonapthalene at 25 °C. The perimeter of the coated plate is 44.98mm.

Liquid Surface tension (mN m'^) 

(± s.d, n = 6 )

Contact angle (0) 

(± s.d, n = 6 )

water 72.06 (0.16) 92.3 (0.64)

ethylene glycol 47.06 (0.23) 67.4(1.6)

a-Bromonapthalene 43.47 (0.33) 49.7(1.0)
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4.3,1. The acid-base parameters o f simvastatin.

As was mentioned above and in Chapter 1 Equation 1.20 can be solved by using 3 contact 

angle measurements between the solid and 3 liquids with known acid-base parameters 

(Table 4.2), of which two must be polar and one is apolar.

It follows that Equation 1.20 has three unknowns, and y', and therefore Equation 1.20

needs to solved three times. By using an apolar liquid y^^ for the solid can be obtained.

(1 + cos9)ylv = 2 ( ( Y s ^ - Y t * ) ‘’ ' + ( Y s - Y D ‘’’ +(Ys‘ Y t ) " ' )  E q l.2 0

Using the contact angles in Table 4.2

Surface tension parameters for the three solvents are taken from Table 4.1

Eq. For water: 72.8(1 + Cos92.3) = 2((y [-* .21.8)“  + (y ,^.25.5)°'% (Y7.25i)“'M

Eq. For ethylene glycol: 48(1 + Cos67.4) = 2f(y .29) +(Y i*-47) + (y, .1.92) j

Eq. For a-bromonapthalene

44.4(1 + Cos49.7) = 2((y,‘-* .44.4 )°'  ̂ + (y+.o)°^ + (yT.o)"’ )

5.486 =

This value is now inserted into the equations for water and ethylene glycol. This leaves us 

with two equations, with two unknowns y"̂  and y", and these can be solved by a simultaneous 

linear equation.

For water:

72 .8 (1+ Cos92.3) = 2 ( ( 3 0 .1 0 x  21.8)“ ’ +(25 .5 .Y r)° ' ’ +(25.5 .  Yr)"'’

146



For ethylene glycol:

48(1 + Cos67.4)  = 2^(30.10 X 29)°^ + (47.  y  + (l .92 .y

These equations can be simplified to

for water : 1.846 -  (y s ) “  (y ^ )

for ethylene glycol: 3.678 = 6 .856 (y ^ ) + 1.386(Ys )

1.678 = 6 .8 5 6 ( l . 8 4 6 - ( Y r ) “'^)+1.386(Yr)''''

Hence solving these equations, the surface tension parameters for simvastatin are:

= 30.10 m J m^

= 0.05 mJ m'^ 

y" = 2.7 mJ m'^ 

y ^  = 0.74 mJ m'^ 

y = 30.84 mJ m'^

The y  ̂parameter, the electron acceptor parameter is very small. According to van Oss et al, 

(1987) this can be neglected when it is very small.

The result obtained for simvastatin is in agreement with many other findings for drugs and 

biopolymers, (Mall et al,1995, Rillosi and Buckton,1995, Chandaiia and Buckton,1993, 

Luner et al, 1996, van Oss, 1993) in that these materials have a very low or negligible 

electron acceptor parameter, while having a high electron donor parameter, van Oss et al

(1987) have called these materials monopolar surfaces.
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The fact that simvastatin has such a low electron donor parameter results in poor aqueous 

solubility. This can be explained as follows, the interaction between two molecules with the 

same surface parameter should result in repulsion between the molecules (ie electron donor- 

electron donor interaction should result in repulsion, and therefore separation), however 

when this electron donor parameter is small, such that it cannot overcome the electron donor 

parameter of water then cohesion is favoured.

Ethylene glycol has a high electron donor parameter hence there will be repulsion between 

the ethylene glycol molecules resulting in separation of the molecules, however this energy 

needs to overcome the repulsion between the electron donor parameter of water and of 

ethylene glycol, van Oss et al (1987) and van Oss and Good (1989) have calculated that 

when the electron donor parameter of a monopolar substance is greater than 28.3 mJ m  ̂

then that substance will be soluble in water. Hence ethylene glycol is as expected soluble in 

water.

4.3.2. The free energy o f interaction between simvastatin and surfactants in water.

In a similar manner it is possible to calculate the free energy of adhesion between the 

interaction of two materials in water (AGi^2)» therefore calculate whether the interaction 

is favourable or not. This is done for simvastatin in surfactant solutions using Eq. 1.31. It 

follows that a negative value AGi^ 2  will result in attraction between substance 1 and 2  in 

water.

Below Table 4.4 shows that the interaction between SDS tails and simvastatin has a large 

negative value and a smaller negative value is obtained for the interaction with SDS heads, 

hence the overall interaction between simvastatin and SDS is favourable. To put the AGj^ 2  

value for SDS tails and simvastatin into perspective, the calculated interaction energy 

between SDS tails and SDS heads in water is -34 mJ m'^ (van Oss and Costanzo, 1992 page 

485, mis-typed as SDS-tails-SDS-tails should actually be SDS-tails-SDS-heads) hence the 

attraction between SDS tails and simvastatin is greater than the interaction between SDS 

tails and SDS heads. The fact that the interaction between SDS and simvastatin is favourable 

according to AGi^ 2  manifests itself in the high solubility enhancement of simvastatin in 

SDS.
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Table 4.3 Surface energy parameters for simvastatin and surfactants, all values at 20° and 

in mJ m^.

yTOT
y

yLW

simvastatin 30.8 0.05 2.7 30.1

SDS tails ' 23.8 0 0 23.8

SDS heads ^ 34.6 0 46 34.6

Triton X-100^ 34.9 0.24 33.8 29.2

sodium deoxycholate ^ 6 6 10.5 38.7 25.7

polyethylene oxide head ^ 43 0 64 43
“ van Oss and Costanzo (1992) 

 ̂Janczuk et al (1995)

 ̂Janczuk et al (1992) 

van Oss et al (1990)

Table 4.4 Free energy of adhesion values for the interaction of simvastatin with surfactants, 

at20°C.

Surfactant AGi^ 2  (mJ m'^)

SDS tails -83.5

SDS head group -19.6

Triton X-100 -24.9

SDCH -1.7

POE head group -7.3

The interaction between the nonionic surfactant Triton X-100 is not as favourable as 

between SDS and simvastatin. The free energy is however negative and the drug should be 

solubilised.

The interaction between POE head groups shows only weak interaction. Assuming that the

149



surface energy parameter of POE can be taken as representative of the head group of the 

polyoxyethylene surfactants, Brij 35, POE-10 LE, and the Tween’s, then the interaction 

between these surfactants and simvastatin should be weak.

However the solubilisation data does not show this, and the interaction between simvastatin 

and the nonionic surfactants, particularly Tween 80 and Brij 35 according to the solubility 

enhancement (k*) data (Table 3.2) is highly favourable. This probably arises because the 

hydrophobic tail group has not been taken into account.

For POE-10 LE, the hydrophobic tail is composed of the dodecyl group, the same as for 

SDS. Hence if the interaction between SDS tails and simvastatin is highly favourable then 

one can assume that the interaction between the dodecyl group of POE-10 LE is also highly 

favourable (especially since van Oss recommends that the surface energies of surfactants 

should be treated as separate parts according to their hydrophobic and hydrophilic parts). 

Which means that the overall interaction between a polyoxyethylene type surfactant should 

be favourable.

The fact that a weak interaction is shown by the POE head group would indicate that the 

more PEO groups present (ie in Brij 35, has 23 and Tween 80 has 20) the weaker the overall 

interaction would be, in comparison with those surfactants with lower POE chain length 

(Triton X-100 has 9-10, and POE-10 LE has 10). This does not however manifest itself in 

the solubility enhancement data with Brij 35 and Tween 80 having higher k* values than 

Triton X-100 and POE-10 LE.

The surface energy parameters of SDCH as calculated by Jahczuk et al (1992) are not 

completely reliable since the molecule has not been treated separately according to it’s 

respective hydrophilic and hydrophobic parts and electrostatic interactions have not been 

taken into account in the calculation of the surface energy parameters. Nevertheless the 

surface energy parameters as calculated by Jahczuk et al (1992) can be used as an 

approximate predictor.

The low AGi^ 2  value for SDCH indicates that the it will not interact strongly with 

simvastatin. The solubility enhancement data for simvastatin in SDCH supports this 

prediction.
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SDS heads are monopolar in the y' sense. In the case of HTAB a cationic surfactant, it is 

likely that the trimethylammonium head group is also monopolar but in the y"̂  sense 

(electron acceptor). Hence if we swap the surface energy values of SDS around such that y' 

= 0 and y  ̂ = 46 mJ m'^, this should give us an idea of the interaction between the 

trimethylammonium head and simvastatin.

The AGi^ 2  value for this interaction is -38.9 mJ m'^, hence the overall interaction when the 

hydrophobic tail is taken into account would be favourable. This is shown in the solubility 

enhancement data with a high k* value. However, surface energy parameters for the 

trimethylammonium head group are not available to confirm this hypothesis.

The solubility enhancement (k*) of SDS, Triton X-100 and SDCH follows the same trend 

as the AGi^ 2  data, with simvastatin being most soluble in SDS and least soluble in sodium 

deoxycholate. Harvey et al (1989) also observed that simvastatin was most soluble in SDS 

and least in sodium deoxycholate. The low free energy of interaction between simvastatin 

and sodium deoxycholate indicates that it should be a poor solubiliser, the low k* value for 

SDCH verifies this.

4,4, Conclusion

Theoretically the magnitude of the free energy value and the extent of solubilisation should 

be related. Mall et al (1995) found a linear relationship between the free energy of adhesion 

and the enthalpy of transfer between sulphonamides and SDS tails and heads (see above). 

Figure 4.4 (below) also shows a linear relationship between AGi^ 2  k*. There are 

however only 3 points on the line and so further work needs to be done to test whether this 

correlation can be used to predict the solubilisation of other drugs and surfactants, especially 

when surfactants are modelled as two regions.

Although adsorption, surface organisation and molecular size (surface area) effects are not 

taken into account in the determination of AGi^ 2  values these simple calculations provide 

an insight at the molecular level that can assist in interpreting solubilisation data.
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Figure 4.4 The relationship between the free energy of interaction between simvastatin and 

surfactants in water, and the solubility enhancement k*.
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In the next chapter we use dynamic surface tension to study the interaction of simvastatin 

with the surfactants at a molecular level using the maximum bubble pressure apparatus, which 

will provide information about the dynamics of surfactant adsorption.
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Chapter 5

5.1. Introduction.

In this chapter dynamic surface tension is used to study the interaction of simvastatin with 

the surfactants at a molecular level using the maximum bubble pressure apparatus, which 

will provide information about the dynamics of surfactant adsorption.

In Chapter 3, the fact that dissolution is a dynamic process was discussed. When surfactant 

is present in the dissolution medium then surely the rate at which the surfactant reaches the 

solid-liquid interface is of importance. In most cases it is usually assumed that surfactant 

will instantaneously be present at the interface, the question arises as to how true this is. It 

was also found that the diffusion coefficient of the drug loaded micelles was slower than that 

of the micelles alone. Hence the rate of surfactant migration to the rotating solid surface 

would be expected to be faster than the desorption of the drug-loaded micelle from the solid- 

liquid interface.

Later on in this chapter the purity effects of SDS on the dissolution of simvastatin will be 

discussed, from a dynamic surface tension perspective. In Chapter 3 it was found that the 

solubility of simvastatin in SDS did not seem to be affected by the purity of the sample, yet 

the IRDDR was sensitive to purity differences. This imphes that differences possibly exist 

at a dynamic level since dissolution is dynamic and solubility is an equilibrium 

measurement.

Chan et al, (1976) in their paper on solubilisation kinetics report five steps which help in 

understanding the mechanism of dissolution in surfactant solutions. The first step involves 

the diffusion of surfactant micelles from the bulk to the solid surface. The micelles are then 

adsorbed on the solid (second step). The third step is when the micelle solubilises the solid 

to form a mixed micelle. The micelle desorbing from the solid surface is the fourth step and 

the fifth step is the diffusion of the drug-loaded micelle back to the bulk solution. From the 

dissolution of fatty acids in SDS solution it was found that the rate controlling steps were
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the desorption of the mixed micelle and it’s diffusion back to the bulk.

Steps 4 and 5 can be studied with the aid of the maximum bubble pressure apparatus. The 

diffusion of the drug-loaded micelle can be quantified by recording the dynamic surface 

tension of a saturated mixed micelle solution. Step 1, the diffusion of the micelle to the solid 

surface can also be quantified by measuring the dynamic surface tension in surfactant 

solutions, this would also act as a control. It was found in Chapter 3 (Figure 3.20 and 3.24) 

that the rate of increase in the dissolution rate of simvastatin in SDS solutions decreases with 

increased SDS concentration. This was discussed as possibly being due to the reduced 

mobility of the drug-loaded micelles at higher SDS concentrations. Determining the 

diffusion of the drug loaded micelle using dynamic surface tension will help in answering 

some of the questions raised in Chapter 3, such as the rate at which surfactant reaches the 

interface and the rate at which it moves away from the interface and how this influences the 

dissolution rate.

The maximum bubble pressure apparatus allows for the measurement of surface tension as 

a function of time, this as discussed in Chapter 1 is the dynamic surface tension. The 

dynamic surface tension is the non-equilibrium surface tension. It arises when the surface 

of the liquid is not allowed to age for a sufficiently long enough period of time, such that the 

surface is dynamic. This surface tension will continue to fall with increasing surface age 

until equilibrium is reached between the molecules at the surface and those in the bulk. 

The dynamic surface tension is dependent on a number of factors including the diffusion of 

the material to the interface and the surface orientation effects at the interface. Surface 

orientation effects are particularly important for proteins and polymers (Nehringbauer, 1995, 

Machiste and Buckton,1996, Aulton, 1995, Xu and Damodaran, 1993).

It follows that different surfactants will have differing dynamic surface tension profiles 

depending on the diffusion coefficient, the concentration of the surfactant, molecular 

structure (size and charge), and the ability to form aggregates. It is clear that any substance 

that can affect the environment, such as additives or impurities will affect the dynamic 

surface tension profile for a surfactant.

The Ward and Tordai (Ward and Tordai,1946) equation gives the factors that will affect the 

dynamic surface tension profile of a surfactant.
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m  =2{D/nt[Cj C(t-xfn
Eq 1.7

One of the problems with this equation is that the integral, which accounts for back diffusion 

of the surfactant from the subsurface layer to the bulk of the solution, is a Volterra integral 

and cannot be solved directly. Most authors (Eastoe et al,1996&1997. Miller et al, 1994, 

Hanson, 1961, Bendure,1971) use either a short or long time approximation which neglects 

back diffusion, (discussed in data analysis section below).

The equation can however be solved fully by conducting a graphical integration using the 

Trapezium rule (Lange, 1965 Defay and Pétré 1971, Dukhin et al, 1995 and Lin et al, 1990).

5.2. Experimental protocol.

The dynamic surface tensions of the surfactant solutions were measured using the maximum 

bubble pressure apparatus. Theoretical details of this have been given in Chapter 1. In 

principle the technique involves blowing a bubble through a capillary of known radius that 

is immersed in the solution. The pressure required to blow the bubble is then proportional 

to the surface tension via Laplace’s Law (Eq.5.1)

The method measures the surface tension in the bulk of the liquid and thus avoids problems 

due to surface contamination and surface foam that can occur when measuring the surface 

tension using the Wilhelmy plate method. The instrument used here is the commercially 

available Sensadyne PC9000 and a schematic diagram is shown in Figure 5.1. The diagram 

shows two glass capillaries of different radii immersed in the test solution. Clean dry 

nitrogen gas is bubbled through these tubes, and this produces a differential pressure that is 

measured using a Validyne pressure transducer. The pressure transducer converts the 

differential pressure into an electric output (Figure 5.2)

The entire unit is housed in a temperature controlled incubator.
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Figure 5.1 Block diagram of the Sensadyne PC9000 Surface Tensiometer.
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The differential pressure (AP) is directly proportional to the surface tension by Laplaces’ 

equation (Eq.5.1)

Pi -  Po =
2y

EqS.l

AP= P , - P 2 = ( p g h + ^ ) - ( p g h + ^ ) Eq5.2

Because the probes are maintained at exactly the same height (h), the effects of gravity (g), 

the density of the solution (p) and the effects of the immersion depth (h) can be cancelled.
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AP =
2y 2y

E q 5 . 3

In order to determine the surface tension of an unknown solution the values of r need to be 

calculated accurately. To counter act this problem the differential pressure of a liquid(s) with 

known surface tension is used to calibrate the instrument, this calibration factor is then stored 

in the memory of the computer and all subsequent surface tension values are relative to this.

The rate of nitrogen flow to the orifices is controlled using the flow controller, this allows 

the bubble rate to be varied through both orifices. Consequently the time allowed for 

surfactant diffusion to a fresh surface can be varied. The amount of time taken for a bubble

to form and release is the 

bubble interval, and the 

amount of time available 

for the surfactant  

molecules to migrate 

from the bulk of the 

solution to the bubble 

surface (a i r / l iquid  

interface) is the surface 

age. The surface age is 

the bubble interval 

corrected for dead time 

(discussed below). 

Figure 5.2 Print out of 

s i g n a l  and t he  

corresponding growth of 

the bubble.

0.5

0.4

g 0.2

0 1 3 42
Time (seconds) 

b

t  = 0  

Initial
t  = x

Maximum
pressure 158

t  = Te
Bubble
detachment



The instalment operates by converting the differential pressure into voltage, the output is 

given in Figure 5.2 together with a representation of the bubble growth cycle. For example 

each peak represents a single bubble, while the height of the peak represents the maximum 

bubble pressure and the time interval between the bubbles is the bubble interval (Tg).

5.2.1. Dead time correction.

During the initial growth period of the bubble, the radius of the bubble is less than the radius 

of the capillary, as the bubble grows the radius of the bubble equals that of the capillary. It 

is at this moment that the maximum bubble pressure is reached and therefore proportional 

to the surface tension The bubble continues to grow until it detaches at point c.

The surface age of the bubble is that which occurs during the bubble growth period, up to 

t = T. However the bubble interval also includes the dead time, this is the time that the bubble 

is unstable, and needs to be corrected for (Kloubek, 1972). The question arises as to how 

important this correction is ?

Figure 5.3 Bubble pressure-time outputs to illustrate the effect of dead time on the surface age.

a .

Tg = 0 ,2 0 4  sec  

Tp = 0 .0 9 4  se c

Tg = 2,41 se c

Tp = 0,11 se c  
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Figure 5.3 helps to answer this question schematically (data taken from Um et al,1997). At 

low bubble intervals (high bubble rate) the dead time is relatively large compared to the 

bubble interval and needs to be corrected for, yet at high bubble intervals the dead time is 

proportionally smaller and the dead time correction can probably be neglected. From Figure 

5.3 the proportion of dead time that affects the surface age is greater at faster bubble rates 

than it is at slow bubble rates, for example for solution a, 46% of the bubble interval is 

composed of dead time where as for solution b (same solution but measurements made at 

a bubble interval of 2.41 seconds) the dead time makes up only 4.5% of the bubble interval. 

Hence dead time corrections need to be carried out at fast bubble rates but are not completely 

necessary at slower bubble rates.

To address this problem of correcting for dead time an additional software program is used 

to convert the computer into an oscilloscope. The Unkelscope program allows the voltage

time output to be “frozen” such that the dead time can be eliminated from the bubble 

interval.

5.2.2. Probe selection:

The probes used in this study were made of glass. The small probe had a diameter of 0.5mm 

and the large probe had a diameter of 4.0mm. One of the requirements for these probes is 

that they perfectly wet with the test solution, and therefore need to be perfectly clean. The 

cleaning of the probes was achieved in a similar manner to that for glassware as described 

in the previous chapter. However the fact that the probes are clean also means that liquid will 

rise up and down the probe leaving a liquid film on the inside of the glass probe, it follows 

that this liquid film must also be overcome by the pressure, and this results in a longer 

bubble interval. Mysels (1990) avoided this problem by siliconizing the inside of the glass 

capillary and leaving the outside clean. Hallowed and Hirt (1994) using video microscopy 

to observe bubble growth stated that this overestimation may only be a small fraction of the 

bubble interval. Hence in this study the glass probes are used as received, and were not 

siliconized.

The size of the probes used is dependent on the solution viscosity and on the bubble rate that
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needs to be achieved. For example the small probe of diameter 0.5mm the orifice can 

support 1 0 - 1 2  bubbles per second before the gas flow is too great and bubbles link together. 

When the small probe orifice is reduced to a diameter of 0.25mm, the maximum number 

of bubbles that can be formed per second increases to 20-25 (Janule, 1990).

5.2.3. Cleaning o f  glassware.

Glassware were cleaned in the same manner as described for the surface tension and contact 

angle measurements in chapter 4.

5.2.4. Calibration o f  the instrument.

The output obtained from the pressure transducer is a voltage against time plot (Figure 5.2), 

hence in order to obtain surface tension against time a calibration factor is required. This is 

done by measuring the voltage output of pure liquids with known surface tension. This 

calibration factor is automatically stored in the computer’s memory and subsequent surface 

tension values are relative to this. In order to obtain the calibration factor over the entire 

voltage range (0-5V) two pure liquids are required for calibration. The liquids chosen are 

water, this acts as a “high surface tension” calibrant, and methanol which acts as a low 

surface tension calibrant. Methanol was chosen over ethanol because it can be easily be 

obtained in a high state of purity as HPLC grade methanol.

One of the major problems with using methanol (or ethanol) is the low surface tension (22.2 

mNm'^ at 25 °C, Weast, 1988), and because of this at fast bubble rates coalescence of the 

bubbles occurs. For example a bubble rate of 3 bubbles per second in water corresponds 

approximately to 9 bubbles per second for methanol. This is at the lower end of the number 

of bubbles a 0.5mm probe can form before coalescence occurs. To overcome this problem 

a 50:50 mixture of water and methanol is used as the low surface tension calibrant. This 

moves the worst case (when coalescence occurs) lower limit from 22.2 mNm'^ to 35.9 mNm" 

 ̂for the 50:50 mixture of water and methanol (Weast, 1988).

1. A 50ml beaker with 25ml of AnalR water was placed in a circulating water bath, the 

temperature of the water in the beaker was allowed to reach 25 °C. The temperature 

was checked using a thermocouple temperature probe. The surface tension of the
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water was previously checked using the Wilhelmy plate method as described in 

Chapter 4.

2. When the required temperature was reached, the probes were lowered into the centre 

of the water. The Sensadyne apparatus has an in built thermocouple that records the 

temperature to a precision of ± 0.2°C.

3. The instrument was set to analyse the sample, after 16 separate bubbles the 

instrument gives a reading for the surface tension. The reason behind the instrument 

taking 16 bubbles before a reading was measured is because this allows the system 

to stabilise.

4. Once the surface tension reading is obtained it is recommended that about 45 

seconds are allowed to pass before the actual reading is measured. This is because 

the surface tension reading fluctuates slightly, but tends to level out after about 30 

seconds.

5. The calibration menu was brought down by pressing F2 on the keyboard. When 

water was used as the calibrant, the surface tension of water is entered into the 

computer as the high surface tension calibrant.

6 . The probes were then withdrawn from the water and gently dried using tissue paper.

7. Once dried the probes were lowered into a beaker containing a mixture of 50:50 

methanol: water, the temperature was allowed to reach 25 °C. Again the solution was 

analysed and after 45 seconds the surface tension value of 35.9 mNm'^ was entered 

in the calibration menu. If the unknown solution has an anticipated surface tension 

below that of water:methanol then pure methanol should be used as the low surface 

tension calibrant.

8 . The computer automatically calculates the calibration curve and stores it in the 

memory.

The instrument was now ready to calculate the surface tension of the liquid sample at that

bubble rate. If the bubble rate is changed then the calibration procedure must repeated.

5.2.5. Sample measurement.

1. The surfactant solution was made up in a 50ml beaker, and foamed as described
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previously. The solution was used within an hour of it being foamed.

2. The cleaned probes were lowered into the sample and analysis started. After 

approximately 45 seconds the surface tension value at the given bubble interval was 

obtained.

3. In order to obtain a dynamic surface tension profile the bubble interval was altered 

by changing the flow of nitrogen through the small orifice while the flow through the 

large orifice was left untouched (throughout the whole range of experiments the 

bubble interval through the large orifice was maintained at 1 second). As was 

described above every time the bubble interval was changed the calibration 

procedure was repeated.

4. At very small bubble intervals (<1 second) corrections for dead time were made 

using the Unkelscope software. The software converts the voltage-time output into 

a waveform that can be analysed using the Unkelscope software. This allows the 

waveform to be “frozen” so that accurate surface age measurements can be made, 

and the effect of dead time can be taken away (see Figure 5.3). Details on the use of 

Unkelscope are given in the Unkelscope manual.

A recent development in the data collection software and in the computer interface 

package (this converts the electronic information from the Sensadyne into surface 

tension, bubble interval and temperature) has meant that dead time corrections are 

automatically made by the computer, and the output obtained is that of surface 

tension, surface age and temperature. This new package is now fully operational in 

the system described above. The surface age obtained from the “old” software when 

corrected for dead time were the same as that obtained using the new software. 

Hence the software was changed from PC9000 to PC9700 and the computer interface 

board was changed from MetraByte DAS008® to MetraByte DAS800.

5. The surfactant solutions saturated with simvastatin were prepared by foaming the 

surfactant solution as above and then adding an excess amount of simvastatin to the 

solution. These were then sealed with Parafilm and stirred for 24 hours at 25 °C. A 

sample was withdrawn after 24 hours, filtered and assayed (as described in chapter 

3) to check if the solution had reached saturation. This solution was then stored at 

25°C until it was ready to be analysed by the MBPA (usually within an hour).
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In all cases the lowest surface age attainable was 0.1 seconds and the highest surface age was 

40 seconds.

In order to solve the Ward and Tordai equation and the long time approximation to this 

equation, the surface excess concentrations (T) for each of the surfactant solutions at 

different concentrations are required. The surface excess concentrations can be obtained by 

using equation 1.4).

r  = - 1

nRT

dy

d l n C
Eq.1.4

Hence gradients to the equilibrium surface tension (N m'^) versus In (concentration, mol m'^) 

plot should give the values of F (mol m'^). Equilibrium surface tension values were also 

measured to check whether the dynamic surface tension had reached equilibrium. The 

method used to measure the equilibrium surface tension was the Wilhelmy plate method as 

described in chapter 4.

As with all surface tension measurements cleanliness is of paramount importance both from 

human errors and from airborne contaminants. The glass probes were always handled with 

powder free gloves and were maintained absolutely clean. The probes were examined using 

a magnifying glass when received to check for any scratches. Probes with scratches were 

discarded.

The entire unit was housed in a temperature controlled incubator which could be sealed off 

such that atmospheric contamination was kept at a minimum.

5.2.6. Data analysis.

The surface age and the corresponding surface tension values obtained from the MBPA were 

plotted against each other. The data is fitted to Eq 1.8 (Hua and Rosen, 1988) which is a 

simple relaxation function. The fitting procedure to this equation was carried out so that a 

mathematical comparison could be made between different surfactant solutions, and 

different surfactant solution containing simvastatin.
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Yt  = Y m  +
Y o - y m

^ U ( t / t V
Figure 5.4 Generalised dynamic surface tension versus time plot.

Eq.1.8

■1/2

Surface age (time)

The fitting is carried out using Microcal^^^ Origin which utilizes a successive approximations 

technique, in other words the computer continues to fit the equation to the data until the error 

between the expected value and actual value is at a minimum. The statistical error is given 

by the chi^ value. The smaller the chi^ value the better the fit is, however the chi^ value 

between one set of data and another may not necessarily be comparable. Figure 5.4 shows 

a generalised surface tension versus time curve with the constants from Eq 1.8 shown. Figure 

5.5 is the data for the dynamic surface tension of 0.98mM SDS, the line being a fit to Eq 1.8 . 

Figure 5.4 shows four stages, Hua and Rosen (1988) divided these stages into: an induction 

region, a fast fall region, mesoequilibiium region, and equilibrium region. The induction 

period is when the dynamic surface tension is close to or at the surface tension of the pure 

solvent.
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Figure 5.5 Dynam ic surface tension versus surface age for 0.98m M  SDS.
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Water was used throughout these studies and therefore Yo = 72.06 (± 0.16) mNm'* (measured 

using the Wilhelmy plate method at 25 °C, with n = 6 ). For 0.98mM SDS the induction 

period cannot be determined because the lowest surface age attainable at this concentration 

was only 0 . 1  seconds ( 1 0  bubbles per second), a surface age of less than this would have 

resulted in coalescence of the bubbles. To determine the induction period at this 

concentration the surface tension at lower surface ages would be required, and to achieve this 

a smaller probe size of 0.25mm would have been required.

The second region is the fast fall region (from t, to 1̂ ) and the third region is the 

mesoequilibiium region. The mesoequilibiium region has been defined (Hua and Rosen, 

1988) as, ^ e n  the surface tension does not fall appreciably with surface age. This definition 

is somewhat ambiguous but the value of , can be obtained using Origin, t* is a time 

constant and is equal to the half time between ygand Yĵ . The constant, n is a dimensionless 

value.
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Hua and Rosen (1988) used these constants to study the effect of sodium chloride and 

temperature on the dynamic surface tension of the ionic surfactant sodium di- 

sulphosuccinate (Aerosol OT-100). It was found that the dynamic surface tension fell much 

faster when salt was present, and also when the temperature was increased. The reason 

behind the faster fall rate was due to a much lower mesoequilibrium surface tension when 

salt was present and due to a lower t* value when the temperature was increased.

It follows that by comparing these constants for the different surfactants at different 

concentrations, and also in the presence of simvastatin allows us to discuss the dynamic 

surface tension data more fully. An additional term defining the rate of fall of the dynamic 

surface tension can be obtained by differentiating Eq 1.8 with respect to the surface age (t). 

The differential for of Eq 1.8 is:

^Yy ( Y o - Y m ) [ n ( t / t * ) “- ' / t * ]
Eq 5.4

Hence the rate of dynamic surface tension fall at t = t* is given by Eq 5.5

d y ,

d i
n ( Y o  -  Y m )

* Eq 5.5
(*  4 t

5.2.6.1. Calculating the diffusion coefficient.

The Ward and Tordai equation and the long-time approximations to this equation have been 

discussed in brief above. One of the problems with using the Ward and Todai equation was 

that the integral that accounts for back diffusion is a Volterra integral and cannot be solved 

directly. Therefore many authors (Hanson I960.,Eastoe et al (1996,1997 & 1998) Bendure 

1971, Mysels and Florence, 1973, Fainerman et al, 1994., Joos et al, 1992., Rilaerts and 

Joos, 1982., Rosen and Gao, 1995) have used long and short time approximations to the 

Ward and Tordai equation.

Both the long and short time approximations avoid the tedious calculation of the integral by 

assuming the integral equals 1 or 0 respectively. The integral occurs due to “back diffusion”,
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which arises due to a slowing down of diffusion of the surfactant to the subsurface layer as 

the concentration in that layer increases (Ward and Tordai 1946).

For the longtime approximation developed initially by Hansen (1960), when the surface age 

is large (> 1 second) or tends to infinite time then the concentration at the subsurface will 

be approximately equal to the bulk concentration. Therefore at long surface ages Rillaerts 

and Joos (1982) have calculated that the Ward and Tordai equation can be simplified to:

=  Y e a  +
n R i r 2

t — I eq 2Dt

1/2

Eq 5.6

dy 1 n R i r ^  ̂ n  ^ 1/2

t— C U dJ

For 1:1 ionic surfactants with an excess amount of electrolyte with common counterion, or 

a non ionic surfactant n = 1 , in the absence of electrolyte n = 2 .

This long time approximation is used later in this chapter to analyse the dynamic surface 

tension data. From this equation a plot of the surface tension versus for long time data 

(ie greater than 1 second) should give an intercept that is equal to the equilibrium surface 

tension. The gradient of this plot is equal to:

Eq 5.7

Hence by knowing the surface excess concentration and bulk concentration, the apparent 

diffusion coefficient for the surfactant at different concentrations can be calculated. The 

effect of simvastatin on the apparent diffusion coefficients of surfactant was investigated 

using IRDDR experiments in Chapter 3, the above method allows for the same to be done 

but this time using dynamic surface tension data, thus potentially allowing dissolution data 

to be compared to dynamic surface tension data.

The short time approximation to the Ward and Tordai equation has also been derived for 

surface ages that are less than 1 second (Fainerman et al, 1994), in this approximation the 

back diffusion is assumed to be equal to zero, and therefore the integral can be neglected. 

This simplifies the Ward and Tordai equation to:
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Y -  Yo 2 n RTc
 ̂ 71 y

Eq 5.8

Hence a plot of dynamic surface tension against the square root of surface age gives an 

intercept at the solvent surface tension (in this case water, Yq = 72.06 (± 0.16) mNm'^) and 

the gradient from which the apparent diffusion coefficient can be calculated.

Lin et al (1990) and Chang and Franses (1995) recommend that a direct comparison method 

be used to determine the diffusion coefficient. This method involves integrating the back 

diffusion integral either graphically as was done by Defay and Hommelen (1959) and Lange 

(1965) or by numerically solving this term (Lin et al, 1990 and Dukhin, 1995). The 

difference between the two methods is that the graphical integration method utilises the 

Trapezium rule to solve the integral, whereas the numerical method utilises the trapezium 

rule but solves the integral mathematically, in any case both methods use the whole dynamic 

surface tension profile and are not approximations.

Lin et al (1990) used the direct comparison method and found that the diffusion coefficient 

of Triton X-100 was 2.6 x 10^ cm^ sec ^ Using the short time approximation given above 

they found that D = 2.9 x 10^ cm^ sec'* The two values compare very well but the standard 

deviation for the short time approximation was twice that which was obtained for the direct 

comparison method. In this thesis the long time approximation is utilised to calculate the 

apparent diffusion coefficient.

In Chapter 3 we discussed the effects of SDS purity on the solubilisation and dissolution of 

simvastatin. It was found that the solubility of simvastatin did not change appreciably yet 

dissolution of simvastatin was higher in the Sigma (pure) SDS. These differences in 

dissolution could not be accounted for by the diffusion coefficient since this was very similar 

for both the Sigma SDS and the BDH sample (less pure sample). Dynamic surface tension 

measurements have been used extensively to study the presence of impurities in SDS 

(Mysels and Florence, 1971., Mysels, 1990., Volthardt and Czichocki, 1990., Fang and 

Joos,1992a&b). Later on this chapter we use the MBPA to study this effect.
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5.3. Results and Discussion.

In the section below the data are discussed for each of the surfactants, with and without 

simvastatin added Initially the equilibrium surface tension will be discussed, then the dynamic 

surface tension together with the parameters from Eq 1.8 and finally the apparent diffusion 

coefficients.

5.3.1. The effect o f simvastatin on the equilibrium surface tension o f SDS.

Equilibrium surface tension measurements were carried out using the Wilhelmy plate method 

as described in the previous chapter. The preparation of the surfactant solutions and 

surfactant solutions saturated with simvastatin were described above.

Figure 5 . 6  shows a surface tension versus log concentration plot for SDS and SDS solutions 

saturated with simvastatin. The pre-cmc data has been fitted to a quadratic equation.

Figure 5.6. Surface tension for SDS solutions and solutions saturated with simvastatin.
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The surface tension of SDS solutions saturated with simvastatin is lower than that of SDS 

only in all cases. This may arise simply from the fact that simvastatin is possibly surface 

active itself, and adsorbs at the solution-air interface. This would be particularly true for the 

hydroxy-acid form of simvastatin, the hydroxy-acid carries a carboxylic acid group and two 

hydroxyl groups and would be expected to be surface-active. However due to it’s poor water 

solubility simvastatin does not lower the surface tension of water.

In SDS solutions the drug is appreciably soluble such that the surface tension of SDS is 

lowered.

The cmc of SDS has changed from 8 mM to 6 mM when simvastatin is added. An explanation 

could be that simvastatin below the cmc is assisting in the adsorption of SDS to the liquid-air 

interface, and also making micellisation easier to occur. A theoretical explanation for this 

could possibly be that, below the cmc SDS molecules will exist as monomers, these 

monomers in water will be ionised with the dodecyl cation carrying a large negative charge 

due to the sulphate group. Simvastatin also carries a negative surface charge (y' = 2.7 mJ 

m'^, the hydroxy-acid form of simvastatin will carry a larger negative charge due to the 

carboxylic acid group) and so there will be a degree of repulsion between them. This 

repulsion would therefore make the interaction between the simvastatin and SDS 

unfavourable below the cmc, resulting in SDS moving away from the simvastatin and 

concentrating at the surface. Above the cmc the interaction according to the solubilisation 

(Chapter 3) and surface energy studies (Chapter 4) is favourable between SDS and 

simvastatin. This can be explained by the fact that SDS micelles will carry a negative charge 

on the surface. Since the drug carries a small negative charge as well, the most favourable 

place for the drug to reside is in the core of the micelle, and therefore micellisation in the 

presence of simvastatin is favoured.

The extent of adsorption of SDS at the solution-air interface can be studied using the Gibbs 

equation. For a 1:1 ionic surfactant in the absence of electrolyte the equation is given by:

1 dy 

" 2 R T d l n C
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Figure 5.7 gives a plot for the surface excess concentration (F) against concentration of 

surfactant.

The maximum surface excess concentration (T^) can be obtained by fitting the lines to a 

Langmuir isotherm (Eq 5.9).

K,  c
m 1 + K i , c

Eq 5.9

This isotherm can be used for surfactant adsorption at both liquid and solid surfaces 

(Attwood and Florence, 1983). The T^ value can be used as a measure of surfactant 

effectiveness (Rosen, 1989) hence the larger the value of this term the more molecules of 

surfactant will pack in a given area of interface.

Figure 5.7. Langmuir plot for SDS and SDS saturated with simvastatin.
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The Fn, values for SDS solution and SDS solution saturated with simvastatin are 3.9 x 1 0 '̂  

mol m'  ̂ and 3.4 x lO'  ̂ mol m' ,̂ these values compare well with those obtained by
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Dahanayake (1986, taken from Rosen, 1989). The value for SDS was 3 .3 x 10'  ̂mol m'̂ .

Hence there is not a substantial difference between the packing of SDS at the interface when 

simvastatin is added. This implies that in the presence of simvastatin SDS does not 

concentrate at the interface, in actual fact there is a reduction in the value when 

simvastatin is present indicating reduced packing.

The Langmuir constant, K, is a measure of surfactant activity (Rosen, 1989). The larger the 

value o f Kl the better the surfactant is at lowering the surface tension and being adsorbed at 

the interface.

The Kl values for SDS and SDS saturated with simvastatin are 0.65 m'  ̂mof‘ and 0.56 m'  ̂

mof’ again showing that there is not a large difference in the surface activity between the 

two.

5.3.2. Dynamic surface tension fo r  SDS

Figure 5.8. The dynamic surface tension profile for SDS at different concentration.
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The dynamic surface tension as expected falls with surface age, this occurs because more 

time is allowed for the surfactant molecules to diffuse from the bulk of the solution to the 

bubble interface. The dynamic surface tension also falls to a greater extent with increasing 

concentration below the cmc. This occurs because there are more surfactant molecules, and 

hence the distance that a particular surfactant molecule needs to travel before it reaches the 

bubble surface is less. Above the cmc, ie greater than 8 mM (as was measured above) the 

surface tension does not fall to such a great extent because the concentration of surfactant 

monomers remains essentially constant, and any further increase in the surfactant 

concentration goes towards the formation of micelles. Similar observations were found by 

Woolfrey et al(1986) and Miller and Meyer (1984) This discussion is based simply on the 

visual analysis of the data in figure 5.8. A closer examination of the data is afforded by 

analysing the constants from Eq 1.8 and by determining the rate of fall of the surface tension 

from Eq. 5.5.

Table 5.1.Dynamic surface tension parameters for SDS, and the rate of surface tension fall 

(25°C).

Concentration 

of SDS (mM)

7m (mNm-*) 

± s.d

t* (seconds) 

± s.d

n 

± s.d

dy/dt

(mNm'^sec'*)

0 . 1 2 70.95 (0.12) 0.67 (0.14) 0.73 (0.20) 0.69

0.98 60.95 (1.8) 1.29 (0.25) 0.31 (0.10) 6.31

4.75 44.09 (0.93) 0.005 (0.001) 0.31 (0.06) 408

7.69 40.09 (0.34) 0.005 (0.001) 0.49 (0.07) 775

8.56 39.38 (0.40) 0.004 (0.0009) 0.59 (0.10) 1158

9.08 38.5 (2.1) 0.001 (0.0005) 0.41 (0.07) 2750

9.98 38.68 (0.19) 0.004 (0.001) 0.67 (0.13) 1304

48.5 37.21 (0.24) 0.005 (0.001) 0.58(0.16) 1095

From this table it can be seen that the rate of fall for dynamic surface tension (dy/dt) 

increases rapidly up to 9mM SDS after which it decreases. It follows that the rate of fall of 

the dynamic surface tension, which represents a function of the effective diffusion of
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surfactant to the interface, increases with SDS concentration but then decreases above the 

cmc. The possible reasons for this are 1) that the solution-air interface is saturated with 

monomers and therefore the rate of dynamic surface tension cannot increase any further, 

however this would not necessarily explain the decrease above the cmc. 2 ) that the viscosity 

of the solution increases and by the Stokes-Einstein equation the effective diffusion falls, and 

therefore dy/dt falls. This could be a plausible argument since Kodama and Miura (1972) 

found that the viscosity of SDS solutions increased by 30% over a concentration range of

0.01-0.06M. However the largest decrease in dy/dt occurs from 9mM to lOmM. Hence it 

appears that viscosity is not the only factor that is causing a decrease in dy/dt above the cmc. 

3) That the micelles present above the cmc in some way interfere with the rate at which 

monomers reach the bubble surface.

Above the cmc micelles are in equilibrium with monomers, as the concentration of SDS 

increases the aggregation number for the micelles also increases (Mazer et al, 1976, Hayashi 

and Ikeda, 1980). This coupled with an increase in micellar stability of SDS, where micellar 

stability is 1/rate of demicellisation, with increasing concentration (Inoue et al, 1977, Takeda 

et al, 1977, Oh and Shah, 1994) would possibly imply that an increase in micellar stability 

would result in a decrease in the “ability” of the micelle to give up it’s monomers by 

dissociation. Since only surfactant monomers are surface active, micelles that are stable will 

not be able to provide surfactant monomers rapidly enough to a freshly expanding surface

1.e. the bubble surface (Figure 5.9). Thus leading to a decrease in the rate of dynamic surface 

tension fall at higher SDS concentrations. However this argument is only valid when the 

lowest surface age is the determining factor on how quickly the micelle needs to dissociate, 

for example if the surface age is 0.5 seconds, then the micelle has 0.5 seconds to dissociate 

and diffuse (the surfactant monomer) to the surface. In most cases micellar lifetimes are of 

the order 10'^-10^ seconds (Almgren et al, 1977). For SDS at 0.0IM  the micellar life time 

was found to be 3 x 10^ seconds (Inoue et al, 1978), it follows that micellar life times will 

be of importance when they are large, such that they limit the adsorption of surfactant to the 

bubble surface (Rillaerts and Joos, 1982, Fastoe et al, 1997).

An example by Oh and Shah (1994) serves to illustrate this point. They found that the most 

stable micelles were formed at a concentration of 200mM SDS, these micelles had a life
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time of 7 seconds, and therefore affected the rate at which textiles were wetted by SDS 

solutions. The wetting time increased with surfactant concentrations above the cmc, and was 

maximal at 2 0 0 mM SDS when the micellar life time was greatest.

Figure 5.9 Schematic diagram for the adsorption of surfactant monomers from a micellar 

solution to a freshly expanding bubble surface.
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A further factor with ionic surfactants is that of surface charge. By effectively neutralising the 

surface charge by the addition of electrolyte resulted in a large increase in the rate of dynamic 

surface tension fall (Woolfrey et al, 1988, Hua and Rosen, 1988). Miller and Meyer (1984). 

Woolfrey et al, (1988) studied the effect of electrolyte on the dynamic surface tension of SDS 

above the cmc, and also found that the rate of dynamic surface tension fall decreases above 

the cmc. These authors could not however explain why this occurred.

Hence the effect that micelles have on the dynamic surface tension of SDS is a complex one 

and could potentially be a combination of all the above factors.

176



Figure 5.10. Long-time plots for the dynamic surface tension of SDS. The lines are fits to Eq

5.6
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According to Eq 5.6, a plot of the long-time surface tension data (surface age greater than 

1 second) against should give a line with an intercept through the equilibrium surface 

tension for that concentration, and a gradient that is proportional to the diffusion coefficient. 

Table 5.2 gives the intercept, the gradient, the correlation coefficient, the 95% confidence 

interval for the intercept and the equilibrium surface tension as obtained from the Wilhelmy 

plate method.

177



Table 5.2. Long time approximation parameters fîtted to Eq 5.6 for SDS. The gradient is used 

to calculate the apparent diffusion coefficient

Concentration 

of SDS (mM)

Gradient 

(mNm‘̂  sec'^)

intercept

(mNm'i)

r̂ Confidence

interval

Equilibrium 

surface tension 

(mNm'^) ± s.d

0 . 1 2 0.3 70.9 0.62 70.6-71.0 71 (0.3)

0.98 5.2 62.8 0.95 62.2-63.6 63.4 (0.4)

4.75 3.7 45 0.96 39.5-40.5 42.4 (0.2)

7.69 2 . 1 40.1 0.94 38.1-39.7 39.4 (0.4)

8.56 1.9 38.8 0 . 8 8 38.1-39.6 38.9 (0.3)

9.08 1 . 6 38.7 0.98 38.4-38.9 38.3 (0.2)

9.98 1 . 2 38.5 0.89 37.9-38.9 38.3 (0.1)

48.5 0.7 37.1 0.58 - 38.3 (0.2)

The table shows that the highest and lowest concentrations of SDS used, 0.12mM and 

48.5mM have low values of r ,̂ and therfore do not fit the approximation. This probably 

arises because at longer times the fall in dynamic surface tension is not significant, for 

example for 48.5mM SDS after 1 second the fall in dynamic surface tension is so minimal 

that near equilibrium surface tensions are reached. Hence any deviation around the 

equilibrium surface tension will amplify the scatter. At low SDS concentrations, 0.12mM 

the fit is again quite poor, this is probably because the difference between the solvent surface 

tension and the dynamic surface tension is so small that minor deviations in the surface 

tension measurements result in greater scatter between the data. The confidence intervals 

give the spread of result around the point at which the line crosses the y-axis, it can be seen 

that the intercept in most cases is not significantly different (95% confidence) from that 

obtained using the Wilhelmy plate apparatus. Hence for the above data it can be said that the 

dynamic surface tension data fit the long-time approximation quite well, except for when the 

SDS concentration is very low or very high. Using Eq 5.6 it is possible to obtain the 

diffusion coefficient from the gradient. In order to solve this equation the surface excess 

concentration (F) is required, and this was obtained by using Eq 5.9 and Figure 5.7. Table
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5.3 gives the apparent diffusion coefficients for SDS.

Table 5.3. Apparent diffusion coefficients for SDS as calculated using the long-time 

approximation of the Ward and Tordai equation.

Concentration of SDS (mM) Diffusion coefficient (cm^ sec'^)

0 . 1 2 -

0.98 2.8 X 10 *

4.75 5.3 X 10 *

7.69 7.5 X 10 *

8.56 8.7 X 10 *

9.08 1.1 X 10'^

9.98 1.6 X 10^

48.5 -

The apparent diffusion coefficients calculated using the long-time approximation are very 

low when compared to those calculated by Weinheimer et al (1981, D = 1.3 x 10'^cm^ sec'^) 

using a Taylor-Aris method, and Hammarstrom et al, (1993, D = 4.5 x 10'^cm^ sec'^) using 

pulsed-field-gradient-spin echo-NMR. The diffusion coefficients obtained by these authors 

were over 40 times larger than those obtained above. The fact that completely different 

techniques were used cannot justify the large difference in results. The differences in the 

apparent diffusion coefficients can be explained in terms of a barrier being present that 

appears to be preventing adsorption of surfactant at the interface. One of the main 

assumptions of the Ward and Tordai equation and its approximations is that adsorption of 

surfactant follows a diffusion controlled mechanism. Defay andHommelen (1959) state that 

calculated values of the apparent diffusion coefficient which are much lower than accepted 

diffusion coefficients would indicate the existence of an energy barrier at the surface. It is 

apparent from the above data that SDS does not seem to follow a diffusion controlled 

mechanism. Fainerman et al (1994) studied the dynamic surface tension behaviour of SDS 

and sodium decyl sulfate and found that adsorption was not diffusion controlled, and that a 

barrier existed.
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The fact that an adsorption barrier exists can be explained in two ways, firstly in order for 

the Ward and Tordai equation or it’s approximation, which assume diffusion controlled 

adsorption, to be valid, each surfactant molecule must have an equal opportunity to adsorb 

at the interface. In other words there must be no hindrance of the surfactant molecules to 

adsorb at the interface. However as time proceeds more and more molecules arrive at the 

interface and thus the interface becomes crowded. This results in the surfactant molecule 

having to work against this surface crowding in order to adsorb. Eastoe et al, (1996) studied 

the dynamic surface tension effects of a catanionic surfactant, n-hexylammonium-n-dodecyl 

sulfate (AM-DS), and found that for this surfactant there was a barrier to adsorption, 

resulting in the diffusion coefficient being 50 times too low. This barrier could simply be 

accounted for by taking into account this “crowding” effect at the surface. They called this 

correction a sticking probability. The energy barrier was then calculated to be approximately 

15kJ mol"\ Um et al (1997) looked at the dynamic surface tension behaviour of a modified 

ethyl cellulose derivative and found that the adsorption of this polymer was not diffusion 

controlled but was kinetically controlled (i.e. an adsorption barrier existed, and some form 

of energy was required to overcome this barrier), they concluded that the barrier to 

adsorption was due to the inability of the polymer to penetrate into the surface and then once 

it had reached the surface, it’s inability to re-orientate.

Liggieri et al (1996) were able to calculate this adsorption barrier in terms of an activation 

energy, such that a surfactant molecule would need to attain a certain activation energy 

before it could be adsorbed at the interface. Since this is an activation energy Liggieri et al 

(1996) used an Arrhenius type equation:

Dgff = D exp(-E^ / RT) Eq 5.10

Hence using this equation we were able to calculate the activation barrier to adsorption, 

taking the diffusion coefficient values for SDS from Weinheimer et al (1981) and 

Hammarstrom et al (1993), and comparing these to the values obtained in Table 5.3 gives 

an adsorption barrier of between 6  and 13 kJ mol ^
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The second reason for this barrier can be explained using the above idea of crowding at the 

interface, but replacing the surfactant molecules with surfactant ions. These ions will 

produce a surface potential which needs to be overcome if surfactant is to be adsorbed at the 

interface. Bonfillon et al (1994) studied the dynamic interfacial tension of SDS against 

dodecane. The water-dodecane interface was used so that any dodecyl alcohol would 

preferentially dissolve in the organic phase. They found that adsorption of SDS was not 

diffusion controlled but a barrier was present. When O.IM NaCl was added this barrier 

disappeared and adsorption was diffusion controlled. This implies that as surfactant ions 

adsorb at the interface they produce an electrostatic potential which slows down further 

diffusion of surfactant to the interface. When salt was added this potential was removed.

The third reason for the barrier could be due to the presence of impurities, it is well known 

that surface active impurities adsorb much more slowly than the main surfactant. At long 

times such as above 1 second it could be possible that impurities are adsorbing at the surface 

as well as SDS, and that the measured diffusion coefficient is a composite of the diffusion 

coefficients of SDS and the dodecyl alcohol (this is discussed in more detail below).

This in terms of dissolution means that the diffusion of surfactant monomers and micelles 

to the simvastatin interface at the rotating disc surface is influenced and slowed down by a 

number of factors.

In the rotating disc experiments with sulphamerazine it was found that dissolution decreased 

with increasing SDS concentration (Mall et al, 1996), whereas in buffer dissolution increased 

with SDS concentration (Figure 3.25). One of the reasons for this could have been due to the 

slow diffusion of SDS either because of the charge on the sulphamerazine surface or due to 

the slow diffusion of the SDS molecules due to the electrostatic potential (as described 

above). Gupta et al (1984) found that the dissolution rate of cholesterol in SDS was slower 

than expected because an electrical barrier existed which retarded adsorption. When NaCl 

was added to the dissolution medium this barrier was removed and dissolution followed a 

diffusion controlled mechanism.
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5.3.2.1. Dynamic surface tension of SDS saturated with simvastatin.

Figure 5.11. Dynamic surface tension for SDS saturated with simvastatin.
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Figure 5.11 shows the dynamic surface tension for SDS when the SDS solution was saturated 

with simvastatin. The reason why the SDS solution was saturated with simvastatin was so 

that at a given SDS concentration all the SDS would have “reacted” with the simvastatin. 

This would be particularly important with SDS concentrations at and above the cmc, since 

as the concentration of SDS increases the number of SDS micelles will also increase. To 

account for this increase in the number of micelles the amount of simvastatin would also need 

to be increased. This could not be achieved if a fixed amount of simvastatin was added to 

SDS solutions at different concentrations, as this would lead to some SDS molecules/micelles 

not having interacted with simvastatin.

At all the concentrations of SDS except at 4.75mM, the data fit Eq 1.8 quite well. At 

4.75mM however there appears to be two processes occurring. Figure 5.12 shows this more 

clearly together the data from 4.75mM SDS without any simvastatin (the control).
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Figure 5.12. Dynamic surface tension for SDS and SDS saturated with simvastatin at 4.75mM
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This effect is similar to that found when surface active impurities are present in surfactant 

solutions. Mysels and Florence (1971) found that when dodecyl alcohol was present in 

significant amounts in SDS solutions there was a delay in the time taken to reach equilibrium 

surface tension.

The above figure shows that with the control SDS solution the fall in dynamic surface tension 

after 1 second is quite a small one, however with the SDS solution “contaminated” with 

simvastatin there is a slow and time-dependent fall in surface tension. Mysels (1986) showed 

that the presence of impurities in SDS caused an initial rapid fall in the dynamic surface 

tension. At longer surface ages, there was a relatively slow adsorption of impurities causing 

a hump in the dynamic surface tension profile. The “hump” was completely removed by 

purifying the SDS solution. In a similar study Mysels and Stafford ( 1990) studied the dynamic
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dynamic surface tension behaviour of a phospholipid surfactant and found that at low 

surfactant concentrations a hump in the dynamic surface tension profile was present due to 

the adsorption of impurities, however this hump disappeared at surfactant concentrations 

above the cmc. This was put down to the solubilisation of the impurity in the micelles, thus 

withdrawing it from the surface.

Hence the two processes occurring can be explained as follows, initially at small surface 

ages there is a rapid adsorption of SDS to the bubble surface, after a period of time 

simvastatin starts to adsorb at the surface as well, causing the hump in the dynamic surface 

tension profile. The reason why simvastatin takes a longer time to adsorb is simply because 

it is present in a smaller concentration than SDS. Another explanation for this could simply 

be that after 16 hours of equilibration with simvastatin, significant amounts of dodecyl 

alcohol have been produced by the hydrolysis of SDS, resulting in the hump in the dynamic 

surface tension profile in figure 5.13. The removal of dodecyl alcohol in SDS solutions was 

carried out by foaming, with the procedure described in chapter 3. The same procedure was 

carried out using an identical protocol for both SDS solutions and SDS solutions saturated 

with simvastatin, but the complete removal of dodecyl alcohol could not be guaranteed.

Rosen (1981), Mysels (1986) and Vollhardt and Czichocki (1990) used a C^g-ODS column 

to purify their surfactant solutions this could not be done for the above solutions because this 

would have resulted in the removal of simvastatin from the SDS solution.
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Table 5.4.Dynamic surface tension parameters for SDS saturated with simvastatin, and the 

rate of surface tension fall (25 °C).

Concentration of SDS (mM) (mNm'*)

± s.d.

t* (seconds) 

± s.d.

n

± s.d.

dy/dt

(mNm'^sec'^)

0 . 1 2 47.9 (4.9) 17.72 (2.3) 0.95 (0.2) 0.25

0.98 37.51 (2.8) 2.99 (0.75) 0.95 (0.1) 2.56

4.75* - - - -

7.69 34.68 (0.2) 0.046 (0.008) 1.17 (0.1) 236.8

8.56 33.85(0.1) 0.038 (0.007) 1 .1 1 (0 .2 ) 272.4

9.08 34.64 (0.2) 0.051 (0.006) 1.48(0.1) 269.1

9.98 33.09 (0.3) 0.039 (0.009) 1.25 (0.2) 308.1

48.5 32.17 (0.4) 0.049 (0.01) 1.62 (0.3) 326.6
*Data could not be fitted to Eq.1.8 (discussed above)

Table 5.4 show the fitted parameters to Eq 1.8, together with the rate of dynamic surface 

tension fall for SDS solutions saturated with simvastatin.

Comparing these results with those obtained for pure SDS (Table 5.1) it can be seen that the 

Ym value always occurs at a lower surface tension. This was explained above from the 

perspective of equilibrium surface tension. The rate of dynamic surface tension fall is 

actually much smaller than that for pure SDS, this is particularly the case when approaching 

and exceeding the cmc. The rate of decrease in the dynamic surface tension is nearly 10 fold 

less when the SDS solution has been saturated with simvastatin. There are 2 possible ways 

to explain this, firstly this can be explained by an increase in micellar size and thus a 

possible reduction in the apparent diffusion coefficient when simvastatin is solubilised in 

SDS micelles.

The second explanation could be that by solubilising simvastatin, SDS micelles become 

more “stable” and thus do not dissociate fast enough, and therefore do not reduce the 

dynamic surface tension rapidly. It has already been stated above that when impurities are 

present the rate of fall of dynamic surface tension is much slower (Mysels and Florence,
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1971). Chan et al (1976) in their paper on the solubilisation kinetics of fatty acids in SDS 

report that micelles of pure surfactant diffuse as micelles and as monomers, whereas mixed 

micelles tend to diffuse intact. This implies that the mixed micelle is more stable and thus less 

likely to dissociate. This is supported by the findings of Robinson et al (1975) and James and 

Robinson (1976) who studied the relaxation of SDS in the presence of the dye Nile blue and 

Eosin Yellow. The dye was solubilised in the micelles and resulted in an increase in the 

stability of the micelle. However this is not always the case as was found by Tondre et al 

(1975) who found that micellar stability decreases with solubilisation of the dye acridine 

orange into SDS micelles. They concluded that an increase or decrease in micellar stability 

can occur depending on the surfactant and dye concentration.

Another interesting finding is that in the presence of simvastatin the rate of dynamic surface 

tension fall increases in an exponential manner with SDS concentration (Figure 5.13). For the 

control SDS solutions the rate of dynamic surface tension fall increased up to the cmc, but 

then decreased.

Figure 5.13. The rate of dynamic surface tension as a function of SDS concentration for SDS and 

SDS saturated with simvastatin.
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Hence it appears that the simvastatin in some way affects the rate of fall in the dynamic 

surface tension. The most obvious reason for this is that by increasing SDS concentrations, 

larger micelles are formed resulting in larger amounts of simvastatin being incorporated into 

the micelle. This leads to a fall in the diffusion of the micelle, resulting in a decrease in the 

rate of dynamic surface tension fall with respect to SDS concentration (exponential increase 

in the rate of dynamic surface tension fall results in a decrease in the gradient of this 

function).

Figure 5.14. Long-time plots for the dynamic surface tension of SDS saturated with simvastatin. 

The lines are fits to Eq 5.6.
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Table 5.5. Long time approximation parameters fitted to Eq 5.6. for SDS saturated with 

simvastatin. The gradient is used to calculate the apparent diffusion coefficient.

Concentration 

of SDS (mM)

Gradient 

(mNm'^ sec'^)

intercept

(mNm'^)

r^ Confidence

interval

Equilibrium 

surface tension 

(mNm'^) ± s.d

0 . 1 2 18.4 54.9 0.81 62.2-50.1 59.3 (0.6)

0.98 29.5 37.1 0.97 33.1-40.8 52.4 (0.4)

4.75 20.5 32.3 0.98 30.5-32.9 37.4 (0.3)

7.69 1 . 1 33.4 0 . 8 6 33.5-35.9 33 (0.1)

8.56 1.4 34.4 0 . 6 32.6-34.7 32.9 (0.1)

9.08 0.67 34.4 0.65 34.1-34.8 32.9(0.1)

9.98 2 33.8 0.96 33.2-34.0 32.9 (0.2)

48.5 - - 0.38 - -

At 48.5mM the long-time data does not fit the equation, and hence is left out from further 

study, the possible reasons for this are given above. Generally the long time dynamic surface 

tension data show more scatter. The regression correlation coefficient, r  ̂ for the SDS 

solutions saturated with simvastatin is lower than when compared with the data for SDS 

only. This probably arises due to the greater presence of impurities, since impurities are 

known to adsorb much more slowly than the main component they will tend to affect the 

long time dynamic surface tension (Mysels and Florence, 1971, Mysels, 1986, Mysels and 

Stafford, 1990). The apparent diffusion coefficients at concentrations that fit the long-time 

approximations have been calculated and are given in Table 5.6 for the sake of 

completeness. As mentioned above it was not possible to calculate the diffusion coefficient 

for all the SDS concentrations saturated with simvastatin due to the low regression 

correlation coefficient. However the above discussion on the rate of dynamic surface tension 

fall can be applied to this situation since the rate of dynamic surface tension fall is 

proportional to the diffusion coefficient.

Using eq 5.10 it was possible to estimate the energy barrier to adsorption, and was found to
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be between 6  and 25 kJ m o r\ These values are higher than those obtained for SDS only. 

This implies that a greater activation energy is required to overcome this barrier in order that 

SDS can adsorb at the interface when simvastatin is present. Some of the reasons why this 

could be have been discussed above in terms of the rate of dynamic surface tension fall.

This type of barrier to adsorption has been observed by Gupta et al (1984,1985a&b) for the 

dissolution of cholesterol by SDS. In their study the electrical barrier was detected using 

IRDDR experiments. This barrier was removed when NaCl was added and the dissolution 

of cholesterol became diffusion controlled. In our study we have detected this barrier using 

DST studies and used this to interpret the dissolution rate data from the previous chapter.

Table 5.6. Apparent diffusion coefficients for SDS saturated with simvastatin as calculated 

using the long-time approximation of the Ward and Tordai equation.

Concentration of SDS (mM) Diffusion coefficient (cm^ sec'^)

0 .1 2 9 .7  X 10-^°

0 .9 8 1.7 X 10-̂ ®

4 .7 5 1.1 X 10^

7 .6 9 8 .8  X 10-*

8 .5 6 -

9 .0 8 -

9 .9 8 1.6  X 10^

4 8 .5 -

5.3.3. Dynamic sutface tension fo r  Hexadecyl trimethyl ammonium bromide (HTAB).
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Figure 5.15. Dynamic surface tension for HTAB at 25 ° C.
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The above figure shows that the dynamic surface tension data for HTAB fit Eq 18 quite well. 

The fitted parameters to this equation for HTAB are given below.

Table 5.7.Dynamic surface tension parameters for HTAB, and the rate of surface tension fall.

Concentration of 

HTAB (mM)

Ym (mNm-’)

±  S.d.

t* (seconds) 

± s.d.

n

± s.d.

dy/dt

(mNm'^sec'^)

0 . 1 69.86 (0.2) 0.96 (0.3) 0.79 (0.2) 0.42

0.15 67.10(0.5) 2.99(1.1) 0.59 (0.09) 0.24

0.26 49.23 (0.5) 0.66 (0.04) 1.02 (0.09) 8.79

0.32 47.43 (0.3) 0.51 (0.01) 1.04 (0.08) 12.4

0.64 37.72 (0.5) 0 . 2 2  (0 .0 2 ) 0.88 (0.09) 33.7

0 . 8 6 37.6 (0.6) 0.14(0.01) 1.35 (0.09) 80.9

1.7 36.56 (0.4) 0.06 (0 .0 1 ) 0.85 (0.2) 126

5.1 35.74 (0.3) 0.05 (0.008) 0.89 (0.1) 161
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The rate of dynamic surface tension fall for HTAB follows an exponential growth with 

respect to concentration, with the rate of dynamic surface tension fall slowing down at 

concentrations above the cmc of HTAB. The cmc of HTAB was found to be 0.84mM 

(Figure 5.16, literature value is 0.8mM, Mukeijee and Mysels, 1971).

As was discussed above for SDS this could have been due to a possible increase in the 

viscosity of the solution resulting in a decrease in the rate of dynamic surface fall with 

respect to the concentration. Further arguments concerning the slowing down of the rate of 

dynamic surface tension fall with increasing HTAB concentrations have been discussed 

above with respect to SDS.

The major difference between SDS and HTAB in terms of the rate of dynamic surface 

tension fall is that the rate of fall for SDS is much higher than that for HTAB. A direct 

comparison between the two cannot be made until the concentration difference is taken into 

account. The apparent diffusion coefficient for HTAB is calculated below using the long

time approximation, and this allows for a better comparison since the surface excess 

concentration has been taken into account. For completeness the surface tension versus 

concentration profile for HTAB at 25 °C from which the surface excess concentration was 

obtained is given below.

Figure 5.16. Surface tension for HTAB solutions at 25°C.
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Figure 5.17 Long-time plots for the dynamic surface tension of HTAB. The lines are fits to Eq.

5.6
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Table 5.8. Long time approximation parameters fitted to Eq 5.6. for HTAB. The gradient is used 

to calculate the apparent diffusion coefficient.

Concentration o f  
HTAB (mM)

Gradient 
(mNm ’ sec ’)

intercept
(mNm’)

r̂ Confidence
interval

Equilibrium 
surface tension 
(mNm ’) ±  sd

0.1 1.44 69.7 0.8 70.0-69.1 5 7 .7 (0 .1 )

0.15 3.37 67.5 0.96 67.0-68.0 5 4 .7 (0 .1 5 )

0.26 9.57 47.7 0.98 47.0-48.5 49 (0.17)

0.32 8.72 45.9 0.97 45.0-47 .0 46 (0.4)

0.64 6.65 36.9 0.98 36..3-38.0 39.4 (0.7)

0.86 3.42 36.5 0.93 35.9-37.4 36.4 (0.2)

1.7 3.27 36 0.96 35.6-36.5 36.2 (0.5)

5.1 3.6 36.1 0.97 35.5-36.7 36 (0.5)
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Table 5.8 shows that the data fit the long-time approximation quite well. However the 

confidence intervals (95% confidence) for the intercept do not always overlap with that 

obtained from the Wilhelmy plate method. According to the long-time approximation (Eq 

5.6) the intercept of the plot of dynamic surface tension versus the inverse square root of the 

surface age should be equal to the equilibrium surface tension. The reason for this could 

simply be due to the fact that the surface age was not long enough so that near equilibrium 

conditions were not reached, this is particularly the case at low HTAB concentrations (this 

has been discussed in more detail above for SDS). None the less the above data is used to 

calculate the apparent diffusion coefficient

Table 5.9. Apparent diffusion coeffîcients for HTAB as calculated using the long-time 

approximation of the Ward and Tordai equation.

Concentration of HTAB (mM) Diffusion coefficient (cm^ sec'^)

0 . 1 9.6 X 10 ̂

0.15 3.2 X 10^

0.26 7.8 X 10 "

0.32 7.9 X 10 "

0.64 5.5 X 10 "

0 . 8 6 1.3 X 10 "

1.7 1.8 X 10 "

5.1 2.0 X 10 ̂

Due to the lack of diffusion coefficient values for HTAB in the literature, a direct 

comparison of the above apparent diffusion coefficients together with those form the 

literature could not be made. However, the diffusion coefficients of surfactants usually lie 

in the range 0.1-8 x 10^ cm^ sec'^ (Kamenka et al,1972, van den Bogaert and Joos, 1980, 

Weinheimer et al, 1981, Johnson et al, 1987). Hence below the cmc of HTAB the above 

diffusion coefficients compare quite well with those obtained from the literature. The 

apparent diffusion coefficient does however deviate at concentrations above the cmc. This 

is particularly the case at 5.1mM HTAB, in this situation it can be assumed that the vast 

majority of the surfactant will be present as micelles, and that this diffusion coefficient is the
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micellar diffusion coefficient of HTAB. The data also shows a fall in the diffusion coefficient 

with increasing HTAB concentration, as mentioned above this could be due to an increase 

in viscosity of the system, and/or due to the greater proportion of micelles being present such 

that the diffusion of the surfactant monomers to the surface is retarded.

Since the apparent diffusion coefficients obtained from the dynamic surface tension 

measurements compare favourably with those from the literature for other surfactants, we 

can conclude that the adsorption of HTAB to the air-liquid interface resembles that of 

diffusion controlled adsorption. This is in contrast to the diffusion of SDS, which had an 

activation barrier to adsorption. It is not clear as to why this occurs, but a speculative reason 

could be that in general cationic surfactants tend to pack much more efficiently at the air- 

liquid interface (Rodakiewicz-Nowak,1981, and Thomas et al, 1993) and are therefore less 

likely to encounter crowding effects.

5.3.3.1. Dynamic surface tension fo r HTAB saturated with simvastatin.

Figure 5.18. Dynamic surface tension for HTAB saturated with simvastatin.
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Figure 5.18 shows that the dynamic surface tension data fit Eq.1.8 quite well. The fitted 

parameters to this equation are given below.

Table 5.10.Dynamic surface tension parameters for HTAB saturated with simvastatin, and 

the rate of surface tension fall.

Concentration 
of HTAB (mM)

Ym (mNm'^) 
± s.d

t* (seconds) 
± s.d

n 
± s.d

dy/dt
(mNm'^sec'^)

0 . 1 48.1 (1.0) 5.48 (0.4) 1.75 (0.1) 1.89

0.15 40.3 (1.0) 4.21 (0.3) 1.11 (0.04) 2.07

0.26 29.5 (1.8) 1.51 (0.09) 1.23 (0.02) 8 . 6 6

0.32 28.4(1.5) 2 . 0 1  (0.08) 0.76 (0.02) 4.14

0.64 29.9 (1.2) 0.47 (0.04) 0.78 (0.06) 17.4

0 . 8 6 32.6 (0.8) 0 . 1 1  (0 .0 1 ) 0.88 (0.05) 65.3

1.7 32.0 (0.8) 0.06 (0.004) 0.74 (0.04) 118

5.1 31.6 (0.2) 0.05 (0.003) 0.82 (0.05) 165

An interesting finding for the above data is that a minimum in the mesoequilibrium surface 

tension exists, this indicates that impurities are adsorbing at the interface. At concentrations 

above the cmc, the surface tension again rises as the HTAB micelles solubilise the impurity. 

This impurity probably arises in this solution because the HTAB solution is allowed to 

equilibrate with simvastatin for 16 hours. The discussion above for SDS gives further details 

regarding the dynamic adsorption of impurities.

A similar finding to that obtained for SDS above is observed for HTAB saturated with 

simvastatin, in that the rate of surface tension fall is smaller when simvastatin is present. 

This was explained in detail above in terms of an increase in micellar size or due to 

enhanced mixed micellar stability.
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Figure 5.19 Long-time plots for the dynamic surface tension of HTAB saturated with

simvastatin. The lines are fits to Eq. 5.6.
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The apparent diffusion coefficients for HTAB when saturated with simvastatin were 

calculated from the gradients to these plots. It was not possible to calculate the diffusion 

coefficient of0.26mM due to a very low intercept. According to the long-time approximation 

the intercept at the y-axis should be equal to the equilibrium surface tension. For 0.26mM 

HTAB saturated with simvastatin the intercept is at 24mNm'% also the regression correlation 

function is 0.7. Thus it was not possible to calculate the diffusion coefficient at this 

concentration.

For the rest of the solutions the long-time data fit Eq 5 . 6  well, with the regression correlation 

coefficient lying between 0.9 and 0.99.
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The diffusion  coefficien ts for H TAB w hen saturated with sim vastatin are g iven  in Table 5.11

Table 5.11. Apparent diffusion coefficients for HTAB saturated with simvastatin, as calculated 

using the long-time approximation of the Ward and Tordai equation.

Concentration of HTAB (mM) Diffusion coefficient (cm^ sec'^)

0 . 1 2.2 X 10 ^

0.15 3.3 X 10 ^

0.26 -

0.32 8.9 X 10 *

0.64 1.0 X 10^

0 . 8 6 1.3 X 10^

1.7 1.1 X 10-̂

5.1 1.7 X 10^

The apparent diffusion coefficients when compared to the controls (HTAB only) are smaller. 

With the control solutions it was discussed that adsorption was probably diffusion 

controlled, yet with HTAB solutions saturated with simvastatin there is slower diffusion. 

This again shows that it is more difficult for HTAB to adsorb at the interface when 

simvastatin is present, this finding is analogous to that of SDS saturated with simvastatin. 

At micellar concentrations the probable cause for this deviation could be simply the larger 

size of the mixed micelle. A full discussion of these and other causes have been given in the 

above section on SDS and SDS saturated with simvastatin

5.3.4. Dynamic surface tension fo r  sodium deoxycholate (SDCH).
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Figure 5.20. Dynamic surface tension for Sodium deoxycholate (SDCH).
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The dynamic surface tension data for SDCH fits Eq 1.8 quite well, what is clear from the 

above plot when compared to the other ionic surfactants is that the fall in surface tension is 

not as great. This arises due to the higher (meso) equilibrium surface tension At SDCH 

concentrations exceeding the cmc, the equilibrium surface tension is approximately 46 mNm' 

\  For SDS and HTAB this value is over 10 mNm'^ lower, indicating greater surface activity.

Table 5.12.Dynamic surface tension parameters for SDCH, and the rate of surface tension fall.

Concentration of 
SDCH (mM)

Tm (mNm'*) 
± s.d

t* (seconds) 
± s.d

n
± s.d

dy/dt 
(mNm'* sec'*)

0.95 5 4 .0 (1 .2 ) 1.78 (0.5) 0.52 (0.05) 1.3

2.5 5 1 .0 (0 .2 8 ) 0.21 (0.01) 0.62 (0.03) 15.4

5 47.4 (0 .33) 0.08 (0.01) 0.67 (0.07) 27.8

7.5 45.5 (0.46) 0.04 (0.004) 0.44 (0.04) 78.6

10 46.1 (0.53) 0.02 (0.006) 0.47 (0.08) 178

20 46.6 (0.49) 0 .004 (0.001) 0.53 (0.06) 734

198



The rate of fall of dynamic surface tension continues to increase above the cmc, this is in 

contrast to what was found with SDS and HTAB. With SDS and HTAB it was suggested 

that the rate of fall of dynamic surface tension falls with respect to concentration due to an 

increase in viscosity, and increase in micellar size, or due to an increase in micellar stability. 

The increase in the rate of fall of dynamic surface tension for SDCH occurs in the face of an 

increase in the viscosity of the solution. Presumably the rate continues to rise because of the 

complicated behaviour of bile salt micelles when compared to “conventional” surfactants. For 

example the micellar size and therefore aggregation number varies more for bile salts than 

occurs with conventional surfactants (Mazer et al, 1977, Mukeijee and Cardinal, 1976), and 

it may be possible that the variation in the micellar concentration and therefore the monomer 

concentration may affect the rate at which the dynamic surface tension falls.

Figure 5.21 Long time plots for the dynamic surface tension of SDCH. The lines are fits to Eq.

5.6
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T he apparent d iffusion  coefficien ts were calculated from  the gradients to these plots

Table 5.13. Apparent diffusion coeffîcients for SDCH as calculated using the long-time 

approximation of the Ward and Tordai equation.

Concentration of SDCH (mM) Diffusion coefficient (cm^ sec" )̂

0.95 4.3 X 10 *

2.5 2.6 X 10 *

5 1.3 X 10*

7.5 6.0 X 10 ^

10 9.7 X 10-̂

20 1.7 X 10*

The literature value for the diffusion coefficient of SDCH was not found, however that of 

sodium cholate was found. The only difference between these two bile salts is an additional 

hydroxyl group in the 7a position for sodium cholate. Therefore the diffusion coefficient for 

sodium cholate is used as representative of that of sodium deoxycholate, the values of this 

apparent diffusion coefficient for sodium cholate is 5 x 10  ̂cm^ sec'^ (Bleys and Joos, 1983 

& 1985) The apparent diffusion coefficients obtained from the dynamic surface tension data 

are between 10-50 times lower than the literature value.

This was discussed in detail above for SDS from the perspective of an adsorption barrier. 

Using the equation of Liggieri et al (1996), Eq 5.10 it is possible to calculate the strength of 

this barrier. This was found to be between 6-12 kJ mol^ which is about the same as that 

obtained for SDS. Since bile salts are also ionic in nature it is perhaps not surprising that an 

electrical barrier to adsorption should exist.

The dynamic surface tension for SDCH when saturated with simvastatin was studied in order 

to determine the potential effect of simvastatin on the adsorption of SDCH.

5.3.4,1. Dynamic surface tension fo r  SDCH saturated with simvastatin.
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Figure 5.22. Dynamic surface tension for SDCH saturated with simvastatin.
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Table 5.14.Dynamic surface tension parameters for SDCH saturated with simvastatin, and the 

rate of surface tension fall.

Concentration of 
SDCH (mM)

Ym (mNm *) 
± s.d.

t* (seconds) 
± s.d.

n
± s.d.

dy/dt
(mNm’sec')

0.95 50.1 (1.3) 0.84 (0.15) 0.95 (0.1) 5.9

2.5 46.1 (0.8) 0.33 (0.04) 0.56 (0.05) 11

5 43.4(1.1) 0.17(0.02) 0.44 (0.05) 17.7

7.5 43.5(0.9) 0.04 (0.01) 0.43 (0.04) 84.2

10 43.8 (0.7) 0.02 (0.009 0.49 (0.05) 168

20 43.9 (0.4) 0.01 (0.009) 0.69 (0.1) 354

The rate of dynamic surface tension fall is smaller when simvastatin is present, this is the same 

as is found with SDS and HTAB. A discussion as why this occurs has been given in terms of 

SDS and HTAB.
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Figure 5.23 Long time plots for the dynamic surface tension of SDCH saturated with simvastatin.

The lines are fits to Eq. 5.6.
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Table 5.15. Apparent diffusion coefficients for SDCH saturated with simvastatin, as calculated 

using the long-time approximation of the Ward and Tordai equation.

Concentration o f SDCH (mM) Diffusion coefficient (cm^ sec'^)

0.95 1.3 X 1Q-»

2.5 5.6 X 10-"

5 2.2 X 10-’

7.5 2.1 X 10"

10 2.8 X 10"

20 1.1 X 10'*

The apparent diffusion coefficients for SDCH when saturated with simvastatin also show that 

there is a barrier to adsorption. The nature and existence o f  this barrier has been
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discussed in detail above.

Molokhia et al (1977), Feld et al (1982), Gupta et al (1985) have all detected an electrical 

barrier to the adsorption of bile salts to cholesterol surfaces. The presence of this electrical 

barrier was thought to increase the resistance to dissolution of cholesterol by bile. The 

addition of electrolyte and substances (amines) that neutralised the charge on the bile salt 

micelles caused a reduction in the electrical barrier, leading to diffusion controlled 

dissolution and a significant improvement in the dissolution rate. For example the 

dissolution rate of cholesterol in chenodeoxycholic acid (conjugated deoxycholic acid) was 

improved by 90 fold when the electrical resistance was reduced by the addition of excess 

NaCl.

Using the acid-base parameters obtained from surface measurements in Chapter 4 it is 

possible to interpret the nature of this electrical barrier. It was found that the surface of 

simvastatin had ay ' = 2.7 mJ m'^, and ay^ =OmJ m'^, indicating that the simvastatin surface 

is an electron doner. SDCH monomers (y ' = 38.7 mJ m'^, Jahczuk et al, 1992) and micelles 

(Gupta et al, 1985) both carry a negative charge, this would imply that there should be 

repulsion between simvastatin and SDCH monomers and micelles resulting in fewer 

“collisions” between micelles and drug.

The question still arises as to how this affects dissolution ? One way of looking at this 

argument is from the perspective of solubilisation rates (Carroll, 1981) rather than 

dissolution rates. In Chapter 3 it was found that the ionic surfactants had a relatively high 

solubilisation capacity, and thus the solubilisation of simvastatin into ionic surfactants was 

favourable. Yet the normalised dissolution rates (when solubility enhancement was taken 

into account) were quite low.

Chan et al, (1976) found that the solubihsation of fatty acids by anionic surfactants followed 

a mechanism that involved the adsorption of surfactant monomers and micelles to the solid 

surface. Carroll (1981) studied the solubilisation kinetics of insoluble oils by a non ionic 

surfactant, and found that the rate limiting step to dissolution was the adsorption of micelles 

to the solid surface. The argument regarding diffusion of drug into micelles does not apply 

to poorly soluble drugs since their aqueous concentration will be very low.

203



Hence, it is possible that the electrical barrier retards the adsorption of surfactant monomers 

and micelles to the charged simvastatin surface of the rotating disk during a dissolution 

experiment. Since the surfactant has to adsorb to the surface and then solubilise the drug, it 

follows that if either step is rate limiting then dissolution will be retarded.

Thus using the surface energy parameters and the dynamic surface tension data it is possible 

to interpret the nature of the electrical barrier and link this to dissolution.

In the next section we look at the dynamic surface tension characteristics of non ionic 

surfactants, Triton X-100, Polyoxyethylene 10 lauryl ether (POE-10 LE) and 

Polyoxyethylene 23 lauryl ether (Brij 35).

5.3.5. Dynamic surface tension fo r  Triton X-100.

Figure 5.24. Dynamic surface tension for Triton X-100,
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The cmc for Triton X-100 was determined using the Wilhelmy plate method, and was found 

to be 0.27mM. This value is in very close agreement to that obtained by many authors 

(Herrmann and Kahlweit, 1980, found a value of 0.3mM, and 0.24mM was found by Lin et 

al, 1990)

Table 5.16.Dynamic surface tension parameters for Triton X-100,and the rate of surface 

tension fall.

Concentration of 
Triton X- 
lOO(mM)

(mNm‘̂ ) 
± s.d

t* (seconds) 
± s.d

n
± s.d

dy/dt
(mNm'^sec'^)

0.04 59.1 (0.6) 3.11 (0.3) 1.85 (0.2) 1.5

0.08 49.3 (2.2) 2.24 (0.6) 0.89 (0.1) 3.3

0.16 39.3 (1.4) 1.56 (0.5) 0.62 (0.09) 6 . 1

0.26 36.2 (0.9) 0.78 (0.2) 0.6 (0.07) 11.7

0.38 32.4 (1.4) 0.27 (0.03) 0.63 (0.04) 23.5

1 . 6 31.6(0.3) 0 . 0 1  (0 .0 0 2 ) 0.53 (0.03) 340

4 31.4(1.6) 0.002 (0.0007) 0.46 (0.08) 1910

The rate of fall of dynamic surface tension for Triton X-100 is quite high when compared 

to both HTAB and SDCH, this shows that Triton X-100 reduces the dynamic surface tension 

quite rapidly.

The diffusion coefficients for Triton X-100 were calculated from the long-time plots to the 

dynamic surface tension data.

The surface excess concentration, F, was obtained from the surface tension versus In 

(concentration) plot. The Langmuir isotherm parameters for Triton X-100 were found to be 

Fjjjax = 3.25 X 10  ̂mol m'^ and = 4180 mol'^ m \ which are slightly higher than the values 

obtained by Lin et al (1990), Fĵ x̂ = 3.20 x 10^ mol and K^ = 3110 mol^ m \ However 

this may have something to do with the fact that the study by Lin et al (1990) was carried out 

at 22 °C and they used a different method to obtain surface tension values, they used 

pendent-drop tensiometry.
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Figure 5.25. Long time plots for the dynamic surface tension of Triton X-100.
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Table 5.17. Apparent diffusion coefficients for Triton X-100, as calculated using the long-time 

approximation of the Ward and Tordai equation.

Concentration o f Triton X-100 (mM) Diffusion coefficient (cm^ sec ')

0.04 T 2 x lO ^

0.08 4 .2 x 1 0 ^

0.16 3 .8 X 10-^

0.26 1.4 X 10'^

0.38 5.6 X 10-"

1.6 3.4 X 10-"

4 2 . 1  X 1 0 "

The apparent diffusion coefficients for the non ionic surfactant Triton X-100 compare 

favourably with those calculated by Weinheimer et al (1981) for Triton X-100 using the
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Taylor-Aris dispersion method (Cussler, 1984) and those calculated by Rillaerts and Joos 

(1982), Lin et al (1990) and Brazee et al (1994). These authors calculated the apparent 

diffusion coefficient using dynamic surface tension methods, with Brazee et al (1994) using 

the maximum bubble pressure apparatus. The literature values for the diffusion coefficient 

of Triton X-100 are as follows:

6.5 X 10 ̂  to 8.2 X 10'  ̂cm^ sec'^ (Weinheimer et al, 1981), 2.6 x 10'^ cm^ sec'^ (Lin et al, 

1990), 7.0 X 10 ^to 3.7 x 10  ̂cm^ sec'^ (Rillaerts and Joos, 1982) and 1.1 x 10^to 3.4 x 10'  ̂

cm^ sec'^ (Brazee et al, 1994)

The apparent diffusion coefficients obtained form the dynamic surface tension studies also 

compare favourably with those obtained using the IRDDR apparatus. The apparent diffusion 

coefficients when compared to those obtained for the ionic surfactants indicate to an absence 

of a barrier to the adsorption of surfactant molecules to the interface, and that adsorption of 

the surfactant is diffusion controlled.

The simplest reason for the absence of the adsorption barrier could be the fact that no 

electrical charge is present on either surfactant monomers or micelles. However, when 

looking at these results in conjunction with the surface energy parameters, it is apparent that 

there should be some degree of electrical repulsion between the polyoxyethylene head of the 

non ionic surfactant (y = 33.8 mJm ' )̂.

5.3.5.I. Dynamic surface tension fo r  Triton X-100 saturated with simvastatin.

The data below show that at high Triton X-100 concentrations the rate of fall of dynamic 

surface tension is very large, indicating that the mesoequilibrium surface tension is reached 

extremely rapidly. The rates of dynamic surface tension fall for Triton X-100 saturated with 

simvastatin are higher than those of the control (Triton X-100 only), this is in contrast to the 

ionic surfactants, in which dy/dt was always lower for the surfactant solution saturated with 

simvastatin.
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Figure 5.26. Dynamic surface tension for Triton X-100 saturated with simvastatin.
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T able 5.18. Dynamic surface tension parameters for T riton X-100 saturated with simvastatin and 
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Concentration o f 
Triton X- 
lOO(mM)

Ym (mNm-‘)
±  S.d.

t* (seconds) 
± s.d.

n
± s.d.

dy/dt
(mNm'^sec'^)

0.04 52.9 (0.9) 2.21 (0.3) 0.82 (0.05) 1.7

0  08 46(1.1) 1.35(1.2) 0.78 (0.04) 6.4

0.16 38.7(1.0) 0.67 (0.07) 0.75 (0.04) 9.3

0.26 37.5 (0.5) 0.35 (0.02) 0.82 (0.03) 2 0 . 1

038 31.9(0.4) 0 . 2 2  (0 .0 1 ) 0.77 (0.02) 34 9

1 . 6 28 6(1 5) 0.004 (0.0006) 0.35 (0.04) 952

4 29.9 (0.8) 0.0004 0.36 (0.05) 8777
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This implies that simvastatin in some way enhances the ability of the surfactant to reach the 

interface. For the ionic surfactants it was mentioned above that electrical repulsion between 

simvastatin and the surfactant monomers and micelles may be responsible for the low 

diffusion coefficients. With the non-ionic surfactants if we assume that there is no electrical 

repulsion then there will be less resistance for the surfactant to reach the interface.

However, the assumption that there will be no repulsion between the non-ionic surfactant and 

the drug may not be completely true. Gupta et al (1984&1985) found that there was 

repulsion between the negatively charged cholesterol surface and polyoxyethylene 

nonylphenol ether (similar in structure to Triton X-100). They concluded that the barrier to 

adsorption was not electrical in nature but was due to the inability of the negatively charged 

hydrophobic cholesterol to penetrate through the hydrated polyoxyethylene mantle of the 

micelle

The exact reason as to why Triton X-100 behaves in this manner is not known but the above 

discussion gives a foresight into the possible causes.

Figure 5.27 Long time plots for the dynamic surface tension of Triton X-100 saturated with 

simvastatin.
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Table 5.19. Long time approximation parameters fitted to Eq 5.6. for Triton X-100 saturated 

with simvastatin. The gradient is used to calculate the apparent diffusion coefficient.

Concentration of 
Triton X-100 (mM)

Gradient (mNm^ 
see')

intercep 
t (mNm‘ 
')

r2 Confidence
interval

Equilibrium 
surface tension 
(mNm ') ± s.d

0.04 15.67 52.3 0.9 50.5-54.1 49.7 (0.4)

0.08 15.5 45 0.96 42.4-47.7 42.8 (0.6)

0.16 16.44 36.9 0.99 34.2-39.7 38.2 (0.4)

0.26 11.61 36.5 0.97 35.3-37.8 35.6 (0.1)

0.38 10.58 30.9 0.94 30.2-31.5 32.2 (0.3)

1 . 6 3.81 30 0.94 29.6-30.5 30.9 (0.5)

4 2 . 0 1 30.4 0.97 29.9-30.9 30.8 (0.3)

The long time plots fit Eq 5.6 quite well, with the regression function, r  ̂being close to 1 in 

all cases. The intercept at the y-axis should be equal to the equilibrium surface tension 

according to Eq 5.6. At 0.04mM Triton X-100 the equilibrium surface tension does not lie 

within the 95% confidence interval for the intercept, however at all other concentrations the 

equilibrium surface tension overlaps with the confidence interval.

Hence the apparent diffusion coefficients are calculated from the gradients of these plots. 

The surface excess concentration has been calculated from the surface tension versus In 

(concentration) plot for Triton X-100 saturated with simvastatin (Figure. 5.28).

The apparent diffusion coefficients for Triton X-100 saturated with simvastatin (Table 5.20) 

were again very similar to those obtained form the literature for Triton X-100 on it’s own, 

indicating that adsorption is diffusion controlled. The apparent diffusion coefficients when 

compared to those for the control (Triton X-100 only) are again quite similar, however the 

diffusion coefficients were higher at concentration below the cmc, and lower after the cmc 

for Triton X-100 saturated with simvastatin. It is understandable that the diffusion 

coefficient is lower when drug is present since the solubilisation of the drug will result in the 

reduced mobility of the drug loaded micelle, and thus a lower apparent diffusion coefficient.
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Figure 5.28. Equilibrium surface tension for Triton X-100 saturated with simvastatin.
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Table 5.20. Apparent diffusion coefficients for Triton X-100 saturated with simvastatin, as 

calculated using the long-time approximation of the Ward and Tordai equation.

Concentration of Triton X -100 (mM) Diffusion coefficient (cm  ̂sec'*)

0.04 2 .4x  10^

0.08 6.6 X 10-^

0.16 1.7 X 10^

0.26 1.1 X 10'®

0.38 6.5 X 10 ^

1.6 2.8 X 10 ^

4 1.6 X 10 "

In the above section on the rate of dynamic surface tension fall it was discussed that 

simvastatin possibly enhances the ability of Triton X-100 to reach the surface, this is again 

shown here at sub-micellar concentrations. The reasoning behind why this occurs is not at 

all clear.
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What is interesting however is that the non-ionic Triton X-100 seams to adsorb by a diffusion 

controlled mechanism, this has been previously been shown by Lin et al ( 1990), Rillaerts and 

Joos (1982) and Brazee et al (1994). Whereas the adsorption of ionic surfactants was 

retarded by the presence of a barrier, which was hypothesised as being electrical in nature

5.3.6. Dynamic surface tension for polyoxyethylene 10 lauuryl ether (POE-IO LE).

Figure 5.29. Dynamic surface tension for POE-10 LE.
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It was not possible to fit the dynamic surface tension data for 0.0009mM POE-10 LE to Eq

1.7 due to the lack of surface tension fall over time.

From the equilibrium surface tension against concentration plot (Figure 5.30) the cmc was 

obtained. This found to be 0.09mM. The literature value for POE-10 LE has been found by 

Lange et al (1965, taken from Rosen, 1988) to be O.lmM at 23°C. Hence the value obtained 

above is in close agreement to that from the literature. The pre-cmc surface tensions fit a 

quadratic equation, and from the gradient to this line the surface excess concentrations were 

obtained.
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Figure 5.30. Equilibrium  surface tension for PO E-10 LE at 25 ° C.
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Table 5.21.Dynamic surface tension parameters for POE-10 LE, and the rate of surface 

tension fall.

Concentration of 

POE-10 LE (mM)

7 m (mNm’̂ ) 

± s.d.

t* (seconds) 

± s.d.

n

± s.d.

dy/dt

(mNm'^sec'^)

0.013 59.3 (0.5) 2.17 (0.4) 1.71 (0.2) 2.5

0.025 49.3 (0.50 1.27(0.13) 1.48 (0.1) 6.5

0.032 49.4 (0.8) 1.12(0.06) 1.39 (0.1) 6.9

0.063 42.3 (0.8) 1.1 (0.07) 1.22 (0.07) 8 . 2

0 . 1 2 39.8 (0.5) 0.66 (0.04) 1.2 (0.05) 14.5

0.23 37.5 (0.9) 0.45 (0.02) 1.09 (0.050 2 0 . 8

0.51 36.6 (0.3) 0.18(0.01) 0.91 (0.1) 44.4

1.28 34.3 (0.2) 0.09 (0.003) 0.78 (0.04) 81.5
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Figure 5.31 Long-time plots for the dynamic surface tension of POE-10 LE.
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It was not possible to fit the long time approximation to 0.013mM  PO E -10 LE because the 

fit was very poor (r̂  = 0.65) and also the intercept did not cross the equilibrium surface 

tension.

Table 5.22. Apparent diffusion coefficients for POE-10 LE, as calculated using the long-time 

approximation of the Ward and Tordai equation.

Concentration o f POE-10 LE (mM) Diffusion coefficient (cm^ sec ’)

0.013 -

0.025 9.2 X 10'^

0.032 8.5 X 10-"

0.063 1.1 X  10-^

0.12 5.4 X 10'^

0 23 7.7 X  icr?

0.51 4.2 X 10-^

1.28 3.2 X  1 0 - "
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The apparent diffusion coefficients for POE-10 LE are similar in value to those for other 

non-ionic surfactants (Weinheimer et al,1981 and Johnson et al, 1987). A direct comparison 

could not be made, but as an approximation the diffusion coefficients obtained by Lin et al 

(1996) for POE- 8  LE can be used. The POE - 8  LE diffusion coefficients were between 8  

X 10  ̂and 4 x 10'^ cm^ sec'\

Hence the adsorption of POE-10 LE to the air-Hquid interface is diffusion controlled, this 

was also found for Triton X-100. This is in contrast to that for the ionic surfactants, in which 

a barrier to adsorption was present.

The apparent diffusion coefficients of POE-10 LE do however fall by two orders of 

magnitude over the concentration range studied. Lin et al (1996) suggested that the 

mechanism for adsorption of POE - 8  LE changes from diffusion to kinetic controlled as the 

concentration is increased. These studies of Lin et al (1996) were all carried out at 

concentrations below the cmc to avoid any effects due the presence of micelles. A reason as 

to why the change in mechanism was occurring with concentration effects was not given by 

Lin et al (1996). However a speculative reason for this can be given by considering surface 

crowding effects as the surface concentration of surfactant increases, this was discussed 

above in the section for SDS. Hence it appears that a similar change in adsorption 

mechanism may well be occurring with POE-10 LE as the concentration increases.

5.3.6.1. Dynamic surface tension fo r  POE-10 LE saturated with simvastatin.

The rate of dynamic surface tension fall for POE-10 LE saturated with simvastatin (Figure 

5.32 and Table 5.23) is smaller than the control values (POE-10 LE only). For Triton X-100, 

dy/dt was larger for surfactant solution saturated with simvastatin. The reason for this change 

is not known, however for the ionic surfactants the rate of fall for dynamic surface tension 

was always smaller for the solutions saturated with simvastatin.
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Figure 5.32. Dynamic surface tension for POE 10 LE saturated with simvastatin.
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Table 5.23.Dynamic surface tension parameters for POE 10 LE saturated with simvastatin, and 

the rate of surface tension fall

Concentration of 

POE-IOLE (mM)

Ym (mNm-')

±  S.d.

t* (seconds) 

± s.d.

n

±  s.d.

dy/dt

(mNm'sec'^)

0.013 5 4 .7 (3 .1 ) 1 1 .2 (3 .4 ) 1 .3 2 (0 .1 4 ) 0.5

0.025 50.4 (2.6) 2.73 (0.13) 1.26 (0.18) 2.5

0.032 50.1 (3.3) 1.97 (0.2) 1.45 (0.1) 4

0 063 46 9 ( 2  9) 1.26 (0.05) 1.32 (0.05) 6.5

0.12 38 0 ( 0  8) 1 .1 8 (0 .0 8 ) 0.85 (0.04) 6.1

0 23 32.9 (0.7) 0.82 (0.04) 0.77 (0.03) 9.2

0.51 32.1 (0.4) 0.29 (0.01) 0.65 (0.02) 22 3

1.28 32 4 ( 0 4 ) 0.07 (0.004) 0.62 (0.04) 87.5
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Figure 5.33.Long time plots for the dynamic surface tension of POE 10 LE saturated with

simvastatin.
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Table 5.24. Apparent diffusion coefficients for POE-10 LE saturated with simvastatin, as 

calculated using the long-time approximation of the Ward and Tordai equation.

Concentration o f POE-10 LE (mM) Diffusion coefficient (cm^ sec ’)

0.013 -

0.025 1.8 X 10'^

0 032 1.0 X IQ-5

0.063 7.6 X 10-^

0.12 2.1 X 10-^

0.23 7.0 X 10'"

0.51 Z 8 x l O ^

L28 1.7 X 10"
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Once again it was not possible to fit the long time approximation to 0.013mM POE-10 LE 

because the fit was very poor (r  ̂= 0.71) and also the intercept did not cross the equilibrium 

surface tension. For the rest of the POE-10 LE solutions the intercept crossed the equilibrium 

surface tension within error (95% confidence level).

The apparent diffusion coefficients for POE-10 LE saturated with simvastatin are very 

similar to the values obtained for the control. The apparent diffusion coefficient becomes 

lower as the surfactant concentration and the corresponding drug concentration increase. 

At low surfactant concentration the amount drug in solution will be very small and would 

not be expected to interface with the adsorption of surfactant. However, as has been 

discussed above in order to saturate the surfactant solution with drug, the solution was 

equilibrated with simvastatin for 16 hours. During this time period the purity of the resulting 

solution could not be guaranteed to be the same as that for the control. It is possible that the 

differences in the dynamic surface tension data and the apparent diffusion coefficients, 

between POE-10 LE solutions saturated with simvastatin and the controls, at low 

concentrations, are due to differences in purity.

5.3.7. Dynamic surface tension fo r  Brij 35 and Brij 35 saturated with simvastatin.

The long time approximation was used to calculate the apparent diffusion coefficients for 

Brij 35 and Brij 35 saturated with simvastatin. The dynamic surface tension plots and long 

time plots are not show.

The dynamic surface tension data for Brij 35 fit the long time data quite well. If we take into 

consideration the error in obtaining the equilibrium surface tension measurements, which 

at a minimum are ± 0.2 mNm'^ (DCA User manual), then the intercepts of the long time 

approximations at the y-axis are approximately equal to the equilibrium surface tension.
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Table 5.25. Long time approximation parameters fitted to Eq 5.6. for Brij 35. The gradient is 

used to calculate the apparent diffusion coefficient.

Concentration of 

Brij 35 (mM)

Gradient (mNm' 

 ̂sec')

intercept

(mNm')

r2 Confidence

interval

Equilibrium 

surface tension 

(mNm ') ± s.d

0.009 12.62 57.2 0.92 56.7-59.1 56.9(0.1)

0.018 17.01 55 0.98 54.1-56.9 53.6 (0.15)

0.036 13.83 51.1 0.98 50.2-52.3 49.5 (0.2)

0.06 13.72 48.5 0.96 47.6-48.9 47.8 (0.2)

0.18 6.89 45.3 0.96 44.2-46.6 45.1 (0.1)

1 . 8 2.33 43.6 0.9 43.4-43.8 44 (0.05)

The Brij 35 saturated with simvastatin shows greater scatter (Table 5.26 below), this as 

explained previously could be due to the presence of greater amounts of impurities. Due to 

the scatter of data the equilibrium surface tension measurements do not always coincide with 

the 95% confidence interval for the intercept, this applies to the higher concentrations of Brij 

35 where the intercept is lower than the equilibrium surface tension.

Table 5.26. Long time approximation parameters fitted to Eq 5.6. for Brij 35 saturated with 

simvastatin. The gradient is used to calculate the apparent diffusion coefficient.

Concentration 

of Brij 35 (mM)

Gradient 

(mNm ' sec ')

intercept

(mNm')

r2 Confidence

interval

Equilibrium 

surface tension 

(mNm') ± s.d

0.009 16.24 57.5 0.84 51.2-58.8 56.9 (0.15)

0.018 20.95 56 0.91 51.5-59.2 53.6 (0.3)

0.036 20.97 49.8 0.97 48.1-51.7 49.5 (0.2)

0.06 21.5 45.5 0.7 41.3-46.2 47.8 (0.6)

0.18 13.7 43.7 0.96 42.8-44.0 45.1 (0.1)

1 . 8 2.73 42.1 0.99 41.9-42.8 44 (0.2)
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Table 5.27. Apparent diffusion coefficients for Brij 35, as calculated using the long-time 

approximation of the Ward and Tordai equation.

Concentration of Brij 35 (mM) Diffusion coefficient (cm^ sec'^)

0.009 3.6 X 10 ^

0.018 5.0 X 10^

0.036 2.9 X 10-̂

0.06 2.2 X 10 ^

0.18 1.1 X 10^

1 . 8 1.0 X 10^

Table 5.28. Apparent diffusion coefficients for Brij 35 saturated with simvastatin, as

calculated using the long-time approximation of the Ward and Tordai equation.

Concentration of Brij 35 (mM) Diffusion coefficient (cm^ sec'^)

0.009 2.7 X 10 ^

0.018 2.8 X 10 ^

0.036 3.5 X 10^

0.06 -

0.18 2 . 8  X 1 0 -’

1 . 8 7.3 X 10 ’

The apparent diffusion coefficients for Brij 35 micelles (where the cm c= 0.083mM, Johnson

et al, 1987 find a cmc value of 0.098mM) are in close agreement to the value obtained, 5.4

X 10  ̂cm^ sec ^ by Johnson et al (1987) using QELS.

This together with the diffusion coefficients for Triton X-100 and POE-10 LE show that the 

adsorption of non-ionic surfactants to the interface is diffusion controlled, which is in 

contrast to the diffusion of ionic surfactants, SDS and SDCH. These surfactants were shown 

to have an activation barrier to adsorption, the strength of which was approximately 6-13 kJ 

mol ^
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5.3.7. Apparent diffusion coefficients and dissolution rates for simvastatin in the

surfactant solutions.

Table 5.29 shows the apparent diffusion coefficients and the normalised dissolution rates for 

simvastatin (at lOOrpm rotation speed and x 10 cmc) in the surfactant solutions.

From this table it can be seen that the normalised dissolution rates of the non-ionic 

surfactants were higher than their ionic counterparts (expect HTAB).

Hence it appears that the electrical barrier present for the ionic surfactants (discussed above) 

impedes the adsorption of surfactant at the interface, and this manifests itself in a lower 

normalised dissolution rate than that which would be expected from simply looking at the 

solubility enhancement, k*.

Table 5.29 A comparison of the normalised dissolution rates and the apparent diffusion 

coefficients for the surfactants in the presence of simvastatin.

Surfactant k*

(xlO^ M*)

dC/dt/Cs 

(min'^) xlO^

Dapp (with simvastatin) 

(cm^ sec'^) X 10*

POE-10 LE 32 5 18-0.17

HTAB 8 8 4.4 0.17-0.02

Brij 35 56 2.9 27-0.73

Triton X-100 45 2 . 2 24-0.16

SDCH 23 2 . 2 0 .0 1 -0 . 0 0 2

SDS 95 1.9 0.16-0.001

The reason why the adsorption of HTAB resembles diffusion controlled in contrast to that 

of SDS and SDCH, can be explained hypothetically in terms of surface energies The HTAB 

monomers and micelles will carry a positive charge in solution, and therefore expected to 

be electron acceptors. With simvastatin being an electron doner (y' = 2.7 mJ m'^), it is 

therefore expected that the interaction between HTAB and simvastatin would be favourable. 

This probably represents itself by the absence of an electrical barrier and thus diffusion
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controlled adsorption (this was discussed above for SDCH and SDS). Subsequently this 

leads to a higher normalised dissolution rate than that of the other ionic surfactants, SDS and 

SDCH, due to the absence of an electrical barrier.

The probable reason why the electrical barrier does not manifest itself in the solubilisation 

studies, is because the activation energy needed to overcome this barrier is surpassed. This 

may have been because in the solubility studies 16 hours of intimate contact between the 

surfactant solution and particulate drug greatly increased the probability of overcoming this 

barrier.

5.4. The effect o f  SDS purity on the dynamics o f  SDS adsorption, and it*s subsequent 

effect on the dissolution rate o f  simvastatin.

In Chapter 3 it was found that the solubility of simvastatin in Sigma SDS (“pure”) and BDH 

SDS was not significantly different (Figure 3.26), yet the IRDDR was different (Figure 

3.27). A brief discussion was given hypothesising the effect of the impurity dodecyl alcohol 

on the dynamic adsorption of SDS.

The dissolution of a drug in the presence of surfactant involves the migration of surfactant 

monomer and or surfactant micelles to the surface. If this process is retarded then it is 

expected that the dissolution of the drug will also be retarded.

In Chapter 3 the measurement of diffusion coefficients from IRDDR experiments gave the 

apparent diffusion coefficients of drug-loaded micelles in both BDH and Sigma SDS, and 

was found that the difference in the apparent diffusion coefficients between the two batches 

was negligible (Table 3.20). In this study we look at the dynamic adsorption of BDH SDS 

and Sigma SDS and attempt to relate this to the dissolution of simvastatin.

Mysels and Florence (1973) showed that the presence of small amounts of dodecyl alcohol 

in SDS solution resulted in an increase in the time taken for equilibrium surface tension to 

be reached. Hence it can be concluded that mixed micelles of SDS and dodecyl alcohol are 

slower at reaching the interface. This may not be completely true since at concentrations 

above the cmc the distance that any given micelle has travel before it reaches the interface
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is quite small due to the large concentration of micelles being present. However another 

hypothesis can be made and that is that mixed micelles are more stable than the SDS 

micelles, and therefore more reluctant to give up surfactant monomers (discussed above, 

Figure 5.9). Since the mixed micelles are more stable, then this implies that they will be less 

likely to interact with the solid simvastatin surface.

Patist et al, (1998) and Jha et al, (1999) have found that the addition of long chain alcohols, 

and in particular dodecyl alcohol to SDS results in an increase in the micellar stability. The 

micellar stability was assessed by measuring the long time relaxation (Aniansson et al, 1976) 

by a pressure jump technique. It was found that the long relaxation time increased from 1ms 

to 230ms on the addition of 5% dodecyl alcohol to a 25mM solution of pure SDS. These 

authors state that the hydroxyl groups of dodecyl alcohol shield the negative charges of the 

SDS head groups, and thus stabilise the hydrocarbon tails, resulting in tightly packed 

micelles.

Since the dynamic surface tension depends on a number of factors (discussed in detail 

above) including surfactant concentration, micellar stability, diffusion coefficient and the 

presence of additives it is a useful probe to determine how impurities can potentially effect 

the adsorption surfactant to the interface, and how this can affect the dissolution rate.

Figure 5.34 shows the dynamic surface tension for two purities of SDS, it can be observed 

that at higher surface ages the dynamic surface tension of BDH SDS is lower than that of 

Sigma SDS, and this occurs due to the presence of impurities. However when the surface age 

is small, the dynamic surface tension curves overlap with each other and actually cross. This 

possibly means that the mixed micelles are unable to give up there surfactant monomers 

rapidly enough at the bubble surface and therefore the dynamic surface tension of the BDH 

SDS is higher than that of Sigma SDS when the surface is being formed very rapidly.
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Figure 5.34. Dynamic surface tension of two purities of SDS at 25°C

41-1

40-

38

I 38^

I  37-

36-

50m M 9gm asds  
50m M BDH sds

10 15 20

Surface age (seconds)

Taking the data from Patist et al ( 1998), the micellar lifetime o f a 25mM SDS solution with 

5% dodecyl alcohol was found to be 230 ms (0.23seconds), at higher SDS concentrations 

they found that the micellar lifetime was higher Assuming that we take the micellar lifetime 

for the BDH SDS to be the same as that for 25mM SDS with 5% dodecyl alcohol, then this 

implies that at small surface ages the micellar stability is o f  importance.

Since dissolution is a dynamic process it is therefore feasible that if micelles are unable to give 

up their monomers at the drug interface, this can then potentially retard drug dissolution This 

may be the reason why the IRDDR for simvastatin compacts in BDH SDS is smaller than that 

o f  Sigma SDS, even though there is no visible difference in the solubility o f  simvastatin in the 

two purities o f  SDS The above argument does however assume that dissolution is a rapid 

process and that surface ages as small as 0.23 seconds are o f relevance to the dissolution 

mechanism.
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In the next chapter titration microcalorimetry is used to study the interaction between 

simvastatin and selected surfactants. In this chapter we have found that dynamic surface 

tension studies used in conjunction with dissolution and solubilisation studies provide a 

useful insight into the mechanisms involved in the dissolution of poorly soluble drugs.
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Chapter Six

Titration
microcaiorimetry
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Chapter 0

6.1. Introduction.

In the previous chapters dynamic surface tension and surface energy studies were described 

to probe drug: surfactant interactions in order to improve the understanding of how 

surfactants improve the solubility and dissolution of poorly water soluble drugs. The 

previous Chapter and Chapter 3 showed that the solubility enhancement and normalised 

dissolution rate did not correlate with each other, this was explained in terms of a slower 

diffusion coefficient due to the presence of an electrical barrier or a barrier that arises due 

to crowding at the surface.

In this chapter microcalorimetry is used to assess the favourability of the interaction between 

drug and surfactant from a thermodynamic perspective.

Microcalorimetry is an extremely sensitive thermal method, that involves measuring the heat 

change at a microwatt and sometimes at a nanowatt level. Hence the method is highly suited 

to measuring small thermal changes associated with surfactant monomer and micellar 

dilution, in the presence very small amounts of poorly water soluble drug.

In order to study the interaction between drug and surfactant solution a number of 

experimental complications arise. The direct measurement of the interaction between solid 

drug and surfactant solution is possible but would provide a series of non specific heat 

changes due to surfactant adsorption, drug disintegration, drug dissolution, surfactant 

dilution and solubilisation. Thus it would be very difficult to isolate a specific heat change, 

since the microcalorimeter records all heat changes occurring in the sample cell and treats 

them as one.

This in some situations would be an advantage since the materials can be used as received, 

and no special preparation would be required. However caution must be exercised when 

interpreting these results and designing these experiments to prevent false conclusions. It 

follows that to get the best out of a microcalorimetry experiment, some knowledge of the 

reaction is required.
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In this study both the surfactant and the drug are in solution to avoid some the non specific 

heat changes, and thus to make data interpretation easier.

A brief over view of microcalorimetry was given in chapter one. In this study an isothermal 

microcalorimeter is used. This type of calorimeter maintains the sample at constant 

temperature and any heat change occurring in the sample cell is transferred to a heat sink. 

The heat flow into or out of the sample cell is detected by a series of thermopiles situated 

between the reaction vessel and heat sink (Figure 6.1). These convert the heat response into 

an electrical response which is amplified and recorded as a function of time.

The microcalorimeter used in this study was a Thermal Activity Monitor (TAM, 

Thermometric AB, Jarfalla, Sweden). The instrument has four twin channels, each of the 

twin channels is composed of a reaction cell and a reference cell. The reference cell is loaded 

with the same material as that in the reaction vessel (Figure 6.3). For example for the 

titration of SDS into water, the reference side must have the same mass of water as the 

reaction side. This is done to minimise the difference in the heat capacity between the 

reference and reaction cells since the heat change measured in the reaction side is relative 

to that in the reference side. The instrument is adjusted such that the reading between the 

two cells is zero. An electrical calibration is performed over the entire range of 

measurement, a separate calibration is required if the sensitivity is changed. The calibration 

is achieved by passing a known amount of heat through the thermopiles over a period of 

time. The heat flow recorded is then adjusted until it matches the expected (known) value.

Briggner and Wadso (1991) recommend that an electrical calibration should be carried out 

in conjunction with a chemical calibration that is representative of the reaction. For example 

for titration microcalorimetry they recommend that barium chloride should be titrated 

against 18-crown-6.The dilution of sucrose solutions into water can also be used. In this 

study we have used the neutralisation of aqueous hydrochloric acid with sodium hydroxide 

solution as a calibration to assess injection accuracy and mixing efficiency.
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Figure 6.1. A diagram of the TAM, and a close-up view of the thermopile arrangement.
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Figure 6.2. A diagram of the TAM, a schematic view of the calorimetric chamber.
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All experiments in this study were carried out at 25 °C, however it is possible to change the 

temperature at which the study is carried out. This would be particularly useful in studying 

the variation of enthalpy change with respect to temperature i.e. the heat capacity change. 

The heat capacity change for micellisation of surfactants has been used by many authors to 

infer mechanistic information regarding the interaction of the hydrophobic tails with water 

(Shinoda, 1977, Gill and Wadso, 1976, Gill et al, 1985 and Paula et al, 1995). However 

changing the temperature is not particularly convenient because the length of time required 

for the microcalorimeter to stabilise at a given temperature is large.

In order to study the interaction of surfactant solution with a drug solution, a titration vessel 

has been used (Figure 6.3 and 6.4). In its simplest form this involves stepwise injections of 

surfactant solution into the drug solution, such that the concentration range includes the cmc 

of the surfactant solution. The measurement of the heat change with each injection, when 

compared to the control (titration of surfactant solution into water) hence provides 

thermodynamic information regarding the interaction.

The titration of concentrated surfactant solution into an ampoule containing water will 

initially result in the dilution of the micellar solution into monomers, at the cmc 

micellisation will occur. Further injections of the concentrated surfactant solution will result 

in the dilution of the micelles into a micellar solution, such that the final concentration in 

the ampoule will exceed the cmc.

The major advantage of using titration microcalorimetry over conventional methods to 

monitor surfactant monomer or surfactant micelle changes is that the technique is sensitive 

to changes in both monomer concentration and micellar concentration, this means that the 

heat changes associated with monomer and micellar interactions can be monitored. It 

follows that using titration microcalorimetry it is possible to obtain the enthalpy of 

micellisation and the cmc from a single experiment.

The enthalpy of micellisation is conventionally obtained using the van’t Hoff derivative 

(Equation 1.29), which involves measuring the cmc at a range of temperatures.
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&

Figure 6.3 (above) The TAM set up with a Titration 

insertion vessel.

Figure 6.4 (right) A schematic of a titration vessel, 

that allows the injection of liquids through a cannula 

into a substance placed in the ampoule. The contents 

of the ampoule can be continuously stirred.

231



A H „ = R Eq. 1.29
a i n X , „ ,

V 9(1/ T )

However many authors have stipulated that this method is not very accurate (White and 

Benson, 1959, Birch and Hall, 1972, Johnson and Olofsson, 1988, and van Os et al, 1991), 

since the variation of cmc with respect to temperature is not necessarily linear (Goddard and 

Benson, 1957) due to changes in micellar size or counterion binding (Mukeijee, 1967)

The thermodynamics of micellisation were discussed in Chapter 1, and it was stated that 

various models exist to describe micellisation. Two of the most widely used are the phase 

separation model, which considers micelles and monomers as distinct phases, and the mass 

action model which considers the micelles and monomers in equilibrium with each other. 

When the aggregation number, n, is large then the mass action model approximates to the 

phase separation model (Attwood and Florence, 1983).

Assuming Regular solution theory in which the excess entropy change for mixing for an 

ideal solution is zero, and thus the excess enthalpy and excess free energy are equal 

(Atkins, 1990), then the enthalpy change of dilution of surfactant micelles into an infinitely 

dilute solution of surfactant monomers should be constant. Also the dilution of surfactant 

micelles into a solution of surfactant micelles should produce an excess enthalpy change that 

is constant. Hence it follows that the difference in the enthalpy change from these two 

reference states at the cmc should give the enthalpy of demicellisation, AAĤ gnj. These 

arguments are used below to describe deviations from ideality for surfactant solutions.

6.2. Experimental protocol.

A brief description of the experimental protocol is given here.

The calorimetric measurements were made using the 2277 TAM, placed in a water bath at 

25°C ± 0.0001 °C. The 4 ml titration/perfusion insertion vessel (Figure 6.4) obtained from 

Thermometric AB was used.
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The titration insertion vessel was composed of 3 main sections:

The main titration shaft which at the bottom end accepts the turbine stirrer and at the top end 

accepts the stirrer driver. The bottom end was blocked off to prevent liquid flow up the 

shaft. The second section is the main titration tube in which the shaft is housed.

The third section of the titration insertion vessel is outside the TAM, and consists of the 

stainless steel cannula that is inserted down the titration tube and into the stainless steel 

ampoule. This cannula is attached by epoxy resin to a Hamilton gas-tight syringe. The 

injections were made via a pulse free motor driven syringe driver (Lund pump, 

Thermometric AB) which was set to deliver lOpl of surfactant solution at a rate of 

1.5mL/min. The delivery of the injections was controlled by the microcalorimeter dedicated 

software, Digitam 4.1.

1. Control experiments were conducted by accurately weighing 3g of pure water into 

the 4ml stainless steel ampoule.

2. The ampoule was attached to the titration shaft and stirrer and carefully inserted into 

the microcalorimeter. The stirring rate was set at 50rpm. The reference used for each 

experiment was a 4ml stainless steel ampoule filled with approximately the same 

mass of water as was in the measurement side.

3. The heat change from these micellisation experiments was expected to be small and 

therefore the sensitivity of the amplifier was set accordingly.

4. The Hamilton gas-tight syringe was primed with the surfactant solution such that 

their were no air bubbles. The concentration of surfactant in the syringe was chosen 

such that, the cmc was reached during the experiment. In most cases the 

concentration of surfactant solution in the syringe was high, and thus the solution 

was quite viscous. The stainless steel cannula attached to the syringe was then 

inserted into the titration tube until it was just above the surface of the liquid.

5. Once equilibration was achieved the baseline was adjusted to zero, and an electrical 

calibration was carried out.

6 . Once the baseline had reached zero, 25 injections of surfactant (lOpl) were made at 

intervals of 45 minutes. This was a long enough period of time to record the heat 

change associated with the injection. A faster procedure involving injections every
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7 minutes is possible by dynamically correcting the data (Bastos et al,1991).

In the second set of experiments the above procedure was repeated with a saturated solution 

of simvastatin in the ampoule instead of water. This solution was prepared as described in 

Chapter 3. The saturated solution was filtered using a 0.2pm Sartorius SRP15 F IF E  filter 

so to remove any solid simvastatin. The filtered solution was then accurately weighed into 

the stainless steel ampoule, and the injections of surfactant solution made.

6.2.1. Data analysis

The data collected were in the form of a power-time plot. For each of the injections a peak 

was obtained. This peak was integrated in order to obtain the heat change due to the 

injection of surfactant. The data analysis procedure was carried out using Microcal Origin.

The data recorded by the microcalorimeter are reflections of the actual heat change 

occurring, this is because when a reaction produces heat, i.e. when AH is negative, the 

microcalorimeter absorbs the heat produced and records a positive signal. Similarly when 

a reaction requires heat from it’s surroundings, i.e AH is positive, the microcalorimeter 

records a negative signal. The power-time data given below are data directly from the 

microcalorimeter and have not been corrected for the change in sign. However the change 

in enthalpy plots have been corrected by reversing the sign of the raw data.

6.2.2. Controls and Calibrations.

A blank set of experiments were carried out in which water was titrated into an ampoule 

containing water. These experiments showed that their was no measurable heat change 

associated with this titration.

The calibration experiment carried out was the dilution of lOpl of O.OIM HCl into O.OIM 

NaOH. Since the reaction involves the injection of a small quantity of reactant into a large 

excess of reactant, the heat output should and did remain constant for each injection (see 

Figure 6.5 below). The enthalpy change for the interaction was found to be -56.941 ±0.134 

heat output was proportional to the number of moles injected.
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Figure 6.5. Injection accuracy for lOjiil injections o f 0.09M  SDS.
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Before the titration experiment was carried out the mass of liquid expressed by a single 

injection was determined, this was repeated over the 25 injection cycle, to determine the 

accurate mass o f liquid expressed per injection. The example given above is for lOpl 

injections of 0.09M SDS (Figure 6.5).

To determine whether their was any difference between the individual masses of injections 

and the mean mass injected, a t-test was carried out. The null hypothesis was that the 

gradient o f the mass injected should be zero (i.e the mass injected is the same each time). At 

95% significance the null hypothesis was accepted since p = 0.56, therefore p > 0.05, and we 

accept the null hypothesis. Hence there was no statistical difference (95% confidence) 

between the individual masses injected and the mean mass.
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6.3. Results and Discussion.

6.3.1. Dilution o f  0.09M SDS into water.

Figure 6 .6 . Power-time data for the dilution of lOpl of 0.09M SDS into water.
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Each of these peaks was integrated in order to obtain the heat flow in pJ, The amount of 

SDS injected was known and therefore the enthalpy change (AH) for the reaction as a 

function of SDS concentration could be obtained.
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Figure 6.7. Reaction enthalpy for the dUution of 0.17M SDS into water, as a function of total

SDS concentration in the ampoule.
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The addition of a micellar surfactant solution into water initially resulted in the break up of 

micelles to give monomers. This enthalpy change was due to the demicellisation process. 

This enthalpy change should ideally be constant, as was mentioned above. There is a sharp 

change in the enthalpy at the cmc. If more micellar solution is added, the micelles no longer 

break up and the only heat change measured is that of dilution of the micelles. Again the 

enthalpy change due to the dilution of micelles should ideally be constant.

The average cmc value for SDS is 8.1 ±0.2  mM (3 repeats) as obtained by the calorimetric 

method and compares favourably with that obtained by surface tension methods (Elworthy 

and Mysels, 1966, and Mukeijee and Mysels, 1971)

Below in Figure 6 .8 , for the dilution of 0 .17M SDS into a O.OIM pH7 Phosphate buffer (Na^ 

salt) we obtain this ideal enthalpy change as a function of SDS concentration.
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6.3.2. Dilution o f SDS into buffer.
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Figure 6.8. Titration of SDS into O.OIM phosphate buffer, a) Power versus time plot for 

titration, b) Reaction enthalpy (obtained by integrating the peaks of plot a) as a function of 

total SDS concentration in the ampoule. The beat of demiceUisation is given by the length of 

the arrow.
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6.3.3. Deviations from ideal solution behaviour.

Hence the question arises as to why the enthalpy change as a function of SDS concentration 

differs for the titration of SDS into water and buffer ?

The main difference between the two solutions is the fact that the buffered solution contains 

large amounts of common counterion, and therefore the system that we inject into remains 

essentially constant throughout in terms of counterion concentration i.e there is an excess of 

counterion provided by the buffer (this hypothesis is discussed in further detail below). 

Where as for the titration of SDS into water the counterion concentration and the pH change 

after each injection and therefore the system that we inject into changes continuously. Hence 

the differences that we observe, which are particularly pronounced below the cmc could 

possibly be due to deviations in the dissociation of SDS in water with each subsequent 

injection, and hence a departure from ideal solution behaviour for the dilution of SDS into 

water. Whereas the dilution of SDS in the buffered solution (monobasic sodium phosphate) 

behaves ideally.

The argument regarding a change in the pH with each subsequent injection may not be 

completely reliable since the pH of a 5mM SDS solution made up in water (pH 6.2) is 5.9, 

that of a 20 mM SDS solution is 5.8 and that of a 70 mM SDS solution is 6.5. Hence there 

is very little change in the pH of SDS with respect to concentration, and therefore it is 

unlikely that the pH would effect SDS dissociation to any great extent.

Figure 6.9 shows the enthalpy change for the mixing of two ideal solutions, NaOH and HCl. 

The gradient of the enthalpy change as a function of HCl concentration is not statistically 

different from zero (95% confidence interval, the confidence interval for the slope of the line 

includes zero, and therefore the slope is not significantly different from zero) and hence the 

activity coefficient = 1, and therefore the mixing of the solutions is ideal. When this figure 

is compared to Figures 6.7 and 6 .8 b, it is clear that the pre-micellar dilution of SDS into 

water is not ideal, whereas the dilution of SDS into the buffered system behaves ideally.
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Figure 6.9. Enthalpy of mixing for an ideal solution. The dilution of O.OIM HCl into excess 

NaOH.
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In order to make the differences between the enthalpy changes for SDS dilution into water 

and buffer clearer, the data were normalised such that they were relative to the initial 

enthalpy change. This is analogous to the partial molar enthalpy which is the difference 

between the observed enthalpy change and the enthalpy change at infinite dilution. Since it 

was not possible to determine the enthalpy change at infinite dilution with any degree of 

certainty, the initial enthalpy change was used. The initial enthalpy change (AHq) was 

obtained by extrapolating the fitted lines in Figures 6.7 and 6 .8 b to zero concentration using 

Microcal Origin. The values for AHq for SDS dilution into water and buffer are 1.09 kJ mol'^ 

and 2.35 kJ mol'^ respectively.

Figure 6.10 shows the plot of A(Hqyg - H^) for SDS dilution into water and buffer with 

respect to total SDS concentration.
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Figure 6.10. A(H„bs -Ho) for SDS dilution into water and buffer with respect to total SDS

concentration.
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By definition an ideal solution is one that has a zero enthalpy change o f mixing (Atkins, 1990). 

Figure 6.10 shows that the enthalpy change associated with the mixing o f SDS monomers into 

buffer is approximately zero, whereas for the SDS/water system there is a positive deviation 

from ideality. Regular solution theory therefore provides a method by which this deviation 

from ideality can be quantified.

For a non ideal process, the excess Gibbs free energy. G^, is given by:

- T S ’ Eq 6.

Where G^, FI ,̂ and Ŝ ' are defined as the difference between the actual energy change (be it 

free energy, enthalpy or entropy) and the energy change o f  a hypothetical ideal solution at the 

same temperature and pressure.
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Hence by definition:

G E = G -  G Eq6.2a

S ® = S - S ‘‘’ Eq6.2c

According to Regular solution theory the excess entropy of mixing, S® = 0, and therefore 

from Equation 6.1, = G^, where = 0, at a given temperature and pressure.

G - G “  ̂ = G ^  = nRT In y i Eq 6.3

It follows that a plot of nG^/RT ( = nH^/RT) as function of the number of moles of surfactant 

(n) should be a linear function with a slope equal to In y,. Where ŷ  is the activity coefficient 

and a measure of the deviation from ideal solution behaviour (Rubingh, 1979). Figure 6.11 

shows the plot of nH^/RT against n for the pre-micellar data. nH^/RT increases almost 

linearly with the number of moles of surfactant, with a gradient of 0.026 ± 0 .0 0 2 , and a 

regression correlation coefficient, r = 0.98.

The activity coefficient ŷ  for the SDS monomers in water is therefore equal to 1.026. This 

value is in close agreement to that found by Meagher et al (1998) of 1.035. This result shows 

that SDS monomers show a small positive deviation from ideality.

Birch and Hall (1972), Johnson et al (1987) and Meagher et al (1998) have all observed 

similar positive deviations for the dilution of SDS monomers in water using calorimetry. 

There are many other reports of calorimetry being able to detect deviations from ideality 

below the cmc of surfactants, for example, DeLisi et al (1979) report a positive deviation for 

nonyltrimethylammonium bromide in water. Archer et al (1983) also report a positive 

deviation for sodium decyl sulfonate and sodium benzene sulfonate in water.
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Figure 6.11. nH^/RT as a function of the number of SDS moles injected, for the dilution of SDS 

monomers into water.
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Cutler et al (1978) and Kale et al (1980) using ion selective surfactant electrodes sensitive 

to dodecyl sulphate cations and sodium anions concluded that the activity of SDS monomers 

below the cmc is ideal, and that SDS behaves as if it were a 1:1 electrolyte. These electrodes 

as the name suggests monitor the activity of selective ions with respect to surfactant 

concentration.

The reason as to why caloiimetery and ion selective activity measurements show contrasting 

results is not known. However it is possible that at a given temperature for a given surfactant 

the conductance of the monomer and dimer (the concept of dimers affecting the solution 

behaviour of SDS is discussed at length below) are equal, due to a cancellation of effects 

(Kreschek,1975). This may arise because conductivity experiments involve measuring the 

electrical mobility of the charged species, and therefore an average of the multiple charged 

species and the monomer charged species are measured.

Titration microcalorimetry, therefore represents a very sensitive tool for probing nonidealities
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associated  w ith the dilution o f  surfactant solutions.

The question that arises from the above discussion on the non ideal behaviour of SDS is, 

what is the source of this behaviour and why does it revert to ideality in the presence of 

buffer?

For the dilution of SDS monomers in water a positive deviation was observed, in other words 

Yi is larger than 1. Therefore according to Equation 6.3, the measured Gibbs free energy 

change (G) is greater than G'^, and therefore the SDS monomers are less stable than the 

corresponding ideal solution. Solutions with a negative deviation, thus < 1 are more stable 

than there ideal solution counterparts (Levine, 1995).

Hence the above data on the dilution of SDS monomers into water and buffer imply that SDS 

monomers are less stable in water than they are in the buffer solution (electrolyte solution), 

this in turn means that the presence of large amounts of Na"̂  ions in the buffer are stabilising 

the SDS monomers. This is further supported by the findings below for the non-ionic 

surfactants, in which deviations from ideal solution behaviour for the surfactant monomers 

were not observed. Aratono et al (1997), Woodhead et al (1981) and Keh et al (1989) have 

also found that the dilution of non-ionic surfactant monomers into water is ideal.

Thus it follows that the deviations from ideal behaviour possibly arise either from the 

interactions of the dodecyl sulphate cation and Na"̂  anions (solute-solute interactions), or due 

to the change in the polarity of the solution, and hence the structure of water (solute-solvent 

or solvent-solvent interactions)

Mukeijee (1967) stated that below the cmc the dodecyl sulphate ions form dimers by pair 

wise interactions between the alkyl chains. This argument was further supported as a possible 

reason for the positive deviation for the dilution of SDS monomers in water by Birch and 

Hall (1972) and Johnson et al (1987).

The possible reasons as to why dimérisation could occur in water and not in the electrolyte 

solution can be explained by two arguments. Firstly the SDS monomers in water will 

dissociate into dodecyl sulphate and sodium ions, the extent to which they dissociate will 

depend on the polarity of the solution.
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When two dissociated dodecyl sulphate ions approach each other in water, they can repel 

each other, or they can pair up with each other to form a dimer with the sulphate head groups 

at opposing ends to each other (Mukeijee, 1967). In simple terms this is supported by the 

findings of Figure 6.10, where there is a net positive enthalpy change below the cmc. Since 

an endothermie enthalpy change implies bond formation and an exothermic process involves 

bond breaking, the argument regarding dimérisation of SDS monomers below the cmc is 

tentatively supported.

The second argument is that the buffered solution will have a high polarity, this will possibly 

result in the dodecyl sulphate ions remaining as monomers in the favourable polar 

environment rather than dimerise.

Birch and Hall (1972) observed positive deviations from the Debye-Hückel slope for alkyl 

sulphate surfactants having hydrocarbon chains with more than ten carbon atoms. This study 

showed that alkyl sulphates with hydrocarbon tails less than 1 0  carbon atoms behaved 

ideally, and this could have been due to the absence of pairwise interactions for these 

surfactants. This can once again be explained from the perspective of solution polarity. When 

the alkyl chain is small the difference between the solvent polarity and solute polarity is small 

resulting in the solute remaining in solution.

Franks (1976) also concludes that these deviations from ideality are probably caused by 

association between the solute molecules to form dimers. Franks (1976) stated that the 

removal of alkyl chains by dimérisation however cannot completely account for association 

and that some other unexplained source of non ideality must also exist.

A further factor that needs to be considered is the possibility of electrostatic effects on the 

deviation from ideality. The head group of the dodecyl sulphate cation carries a substantial 

charge due to the size of the sulphate group and also due the presence of 4 oxygen molecules, 

each carrying 2 lone pairs of electrons. This charged head group must therefore contribute 

to the enthalpy change of monomer dilution. In addition this is supported by the negligible 

change in the enthalpy associated with the dilution of non ionic surfactant monomers (shown 

below).
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When the solution contains large amounts of Na^ ions the charge on the dodecyl sulphate 

group will be effectively shielded. The charge is neutralised to a certain extent and the solute 

and solvent are more “alike”. Since deviations from ideal solution behaviour arise due to the 

dissimilarity between the solute and solvent, neutralising the charge on the dodecyl sulphate 

head group would result in the solute molecules and solvent molecules being alike, and thus 

the absence of the deviation from ideality of the buffered solution.

Finally the concept of counterion dissociation from the micellar surface needs to be 

considered, and how this would potentially effect the enthalpy change of dilution as a 

function of SDS concentration.

When SDS micelles are titrated into the ampoule containing water, the micelles demicellise 

to form monomers, in addition there is also dissociation of the Na"̂  counterions from the 

micelles. It follows that this dissociation, all be it small, must also contribute to the total 

enthalpy change for demicellisation. Ingram and Jones (1969) calculated the enthalpy of 

dissociation of counterions from SDS micelles to be 2.51 kcal mol'^ ( = 10.5 kJ mol'^). It was 

therefore possible to calculate the enthalpy contribution due to the dissociation of counterions 

when lOpl of 0.09M SDS was added to the ampoule containing water (assuming that above 

the cmc the surfactant monomer concentration and the aggregation number remain constant). 

For example an injection of lOpl of 0.09M SDS contains 2.85 x 10 * mol of SDS micelles. 

Given that the enthalpy of dissociation of counterions from SDS micelles is 10.5 kJ m ol'\ 

then the contribution due to the dissociation of counterions when 2.85 x 10 * mol of SDS 

micelles are added is equal to 0.3 mJ, which in turn is equal to 0.2 kJ mol'^ of total SDS 

injected. This value is endothermie and is approximately the extent of deviation from 

ideality, which is between 0-0.6 kJ mol"  ̂as seen in Figure 6.10. Hence it appears that when 

the enthalpy of counterion dissociation for SDS micelles is taken into account the anomalous 

behaviour between SDS dilution into water and electrolyte solution can be interpreted. 

However complete interpretation cannot be given because after each injection the system 

changes in terms of counterion concentration and monomer concentration, thus making it 

very difficult to come to a conclusive answer.

Hence the non-ideal behaviour of SDS monomers in water could possibly be ascribed to

246



electrostatic effects of the head group and/or to pairwise interactions between the alkyl chains 

of the dodecyl sulphate ions. The nature of these interactions is not completely clear, but 

Meagher et al, (1998) state that these interactions probably involve hydrophobic hydration. 

Archer et al.(1984) state that the nature of pairwise hydrophobic interactions are different 

form micellar hydrophobic interactions, because it was found that the positive deviations 

from ideality become greater with temperature due to stronger pairwise interactions. The 

micellar hydrophobic interactions however became weaker with temperature as was shown 

by the increase in the cmc with temperature. As was stated above the reason why these 

interaction are different is not known because the nature of the pairwise interactions is not 

clear. The final possible reason for the deviation, as stated above could also have been due 

to the effect of counterion dissociation from the micelles.

In order to help understand these interactions and clarify the potential effects of electrolyte 

on these interactions further work is required. In particular SDS monomer dilution studies 

with respect to sodium ion concentration, and also SDS monomer dilution studies in water 

at different temperatures. This study would help to provide information regarding the heat 

capacity change which in turn would provide information on how the structure of water is 

affected by pairwise interactions.

6.3.4. DUution o f  SDS into simvastatin solution

Figure 6.12 Power-time plot for the titration of 0.09M SDS into a solution of simvastatin
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Figure 6.13. Dilution of 0.09M SDS into water (black) and a saturated solution of simvastatin 

(red).
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Figure 6.13 above shows the titration of 0.09M SDS into a saturated solution of simvastatin. 

The preparation of the saturated solution has been described above. Figure 6.13 shows the 

change in enthalpy for the dilution of SDS into the simvastatin solution together with the 

enthalpy change for the dilution of SDS into water. The above curve shows that there is a 

shift in the cmc from 8.1 ± 0.2 mM for the dilution of SDS into water, to 6.3 ± 0.25 mM for 

the dilution of SDS into a saturated solution of simvastatin.

The solubility of simvastatin was previously calculated to be 2.7 ±0.3 pM. Hence it appears 

that the presence of simvastatin is causing a fall in the cmc, and thus promoting the 

micellisation of SDS. This is supported by the solubility data from Chapter 3, from which it 

was found that 15 molecules of simvastatin were solubilised per SDS micelle.

6.3.4.1 Thermodynamics o f  micellisation fo r  SDS,

The enthalpy of demicellisation for SDS has been given in Figure 6.10, and is in close 

agreement to that found in the literature. Table 6 .1 shows the literature values for AH^g^  ̂and 

cmc at 25 °C.
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Table 6.1. Literature values for AĤ enuc and cmc for SDS at 25®C.

AHĵ nijc (kJ mol ') cmc(mM) authors

-0 . 6 8 8 . 1 Paredes (1976)

0 . 2 8.4 Johnson et al (1987)

-0.47 8 . 1 Sharma et al (1987)

0 . 2 1 8.3 Wang and Olofsson (1995)

-0 . 0 2 8 Paula et al (1995)

The accuracy of the enthalpy of micellisation value for SDS is in question since the 

value approaches zero, and therefore a clear break in the enthalpy versus concentration curve 

is not observed (as occurs in Figure 6 .8 b), making the determination of inaccurate.

Since micellisation is a spontaneous process then the free energy of micellisation will be 

negative and with being small, it can then be concluded that micellisation of SDS at 

298K is entropically driven, a conclusion that is in accordance with other workers and the 

general mechanism for micellisation (Tanford, 1980).

The free energy of micellisation for the transfer of 1 mol of surfactant monomer to the 

micellar state is given by equation 1.28,

AG^i ,  = ( 2 - a ) R T l n X cmc Eq 1.28

Where X̂ mc is the cmc in mole fraction units, and a  is the degree of ionisation for ionic 

surfactant micelles, a  = 0.85 for SDS (Kale et al, 1980).

Comparing the AG^^c values in water and in a saturated solution of simvastatin, AG^^ (water) 

= -25.1 kJ mol'^ and AĜ ĵc (simvastatin solution) = -25.9 kJ mol ^

These values show that micellisation is spontaneous and is more favourable in the solution 

containing simvastatin. It is however worth mentioning that the concentration of simvastatin 

present is very small.
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To put the measurements into perspective it is worth considering the concentration of 

simvastatin in the ampoule and the concentration of SDS micelles. The concentration of 

simvastatin in the ampoule is 2.7pM. The concentration of SDS micelles (= total 

concentration - cmc / aggregation number, n, where n = 58, Kratohvil, 1980) at a total 

concentration just above the cmc (i.e 9mM) is 14 pM, hence the number of simvastatin 

molecules available to interact with a single micelle is only 0.2, or in other words 5 SDS 

micelles would attempt to interact with a single simvastatin molecule. This is in contrast to 

the solubility enhancement experiments in Chapter 3 where an excess of simvastatin was 

allowed to interact with a fixed concentration of SDS, and from which it was found that 1 

SDS micelle would solubilise 15 simvastatin molecules. Hence it is not surprising that the 

difference between the enthalpy change of SDS titrated into water and SDS titrated into a 

saturated solution of simvastatin is so small.

A conclusive answer regarding the favourability cannot be made until further experiments 

with different concentrations of simvastatin are carried out. This however is quite difficult 

since the solubility of simvastatin in water is very low.

6.3.5. Dilution o f  HTAB into water.

Figure 6.14. Power-time plot for the dilution of 50mM HTAB solution into water.
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The raw data for HTAB were not smooth because after 4 injections the cannula had to be 

removed from the titration vessel, washed, refilled with HTAB and re-inserted. This 

procedure was necessary due to the high viscosity of the HTAB solution causing blockages 

in the cannula, which would have resulted in an inaccurate mass of HTAB solution being 

dispensed. The volume injected was adjusted to 7pl in order compensate for the viscosity 

change. Another problem encountered with HTAB was that the solution precipitated at 

temperatures below 20 °C, and hence allowed only 4 injections to be made before a blockage 

was encountered. This problem was avoided to a certain extent by keeping the Lund syringe 

driver and Hamilton syringe in an incubator maintained at 25 °C, and insulating the cannula 

with foam lagging.

The enthalpy change as a function of HTAB concentration (Figure 6.15) shows a classical 

plot, with an initial large enthalpic effect due to the demicellisation process, followed by a 

relatively sharp change in the reaction enthalpy at the cmc. Finally, the small heat change 

measured is due to the dilution of micelles. This is in contrast to the dilution of micellar SDS 

into water, in which an indistinct difference in the enthalpy change as a function of SDS 

concentration was obtained.

The AH^ic for HTAB at 298K was found to be -8.9 ± 0.5 kJ m ol'\ which is in close 

agreement to AH^ûc = -9.7 kJ mol'^ obtained by Bashford and Woolley (1985) and -8.2 kJ 

mol'^ obtained by Wang and Olofsson (1995).

It has been mentioned above that microcalorimetric measurements are also an accurate way 

to determine cmc values. This was determined for HTAB by taking the first derivative of 

Figure 6.15a. The cmc is the concentration at which the first derivative plot is at a minimum.

The cmc value of 0.96 ± 0.05mM compares very well to the cmc values obtained from the 

literature of 0.92mM (Mukeijee and Mysels, 1971) and 0.96mM (Paredes et al, 1976). The 

values obtained from Mukeijee and Mysels (1971) were from surface tension measurements 

and those by Paredes et al (1976) were from calonmetiic measurements.
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Figure 6.15 .a) Reaction enthalpy for the dilution of 50mM HTAB into water, as a function of

total HTAB concentration in the ampoule, b) First derivative of a).
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The cmc was also measured using the Wilhelmy plate technique (described in Chapter 4) in 

order to compare the cmc value obtained by this technique and that from microcalorimetry. 

Figure 6.16 shows the surface tension measurements for HTAB. The foaming procedure 

described in Chapter 3 for SDS purification was used to remove impurities from HTAB 

before surface tension measurements were under taken.

Figure 6.16. Surface tension of HTAB solutions at 25 °C.
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The cmc from the surface tension measurements was found to be O.SmM, which is lower than 

that found using the microcalorimetric method. The possible reason for the discrepancy in 

the results could have arisen from the fact that surface tension methods are much more liable 

to encounter surface contamination effects, either from atmospheric impurities or from the 

cleanliness of the Wilhelmy plate. Inadequate temperature control can be another source of 

potential error. The microcalorimetric method can to a certain extent avoid all these problems 

since the entire apparatus is essentially sealed off from the outside, and temperature control 

is maintained. Hence the microcalorimetric method is an extremely useful method to measure
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the cmc o f  surface active agents.

6.3.5.1. Dilution of HTAB into a saturated solution of simvastatin.

Figure 6.1 below shows the enthalpy change for the dilution o f  HTAB into a saturated 

solution o f  simvastatin. Once again we observe that the cmc has fallen from 0.96mM for the 

control to  0.85mM for the dilution o f HTAB into the saturated solution o f  simvastatin. This 

finding is similar to that observed for SDS above, in that it is easier for HTAB to micellise in 

the presence o f  simvastatin. This could possibly occur because the mixed micelles o f  HTAB 

and simvastatin are more stable than HTAB micelles. However, as it was mentioned above 

for SDS, that it is not possible to confirm this hypothesis.

Figure 6.17. Dilution of 50mM HTAB into water (black) and into a saturated solution of 

simvastatin (red).
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The differences between the enthalpy o f  micellisation and the cmc for the control and HTAB 

titrated into the saturated solution o f simvastatin is not large, and this maybe a consequence
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of the very small concentration of simvastatin being present. However a closer examination 

of Figure 6.17 shows that the transition over which micellisation occurs is broader when 

simvastatin is present in solution. A similar broader transition is seen in the demicellisation 

phenomena of sodium deoxycholate by Paula et al (1995), they put this down to aggregation 

phenomena occurring before the cmc is reached.

The reasons as to why the transition is broader is not at all clear for HTAB, but could arise 

due to the formation of hetrodisperse aggregates. The phase separation model and the mass 

action model (when the aggregation number is large) for micellisation both predict that 

micellisation occurs over a narrow range with the formation of micelles with a narrow size 

range. Clearly Figure 6.17 shows that the presence of simvastatin causes an increase in the 

heterogeneity of HTAB micelles.

6.4.6. Dilution o f  Sodium deoxycholate (SDCH) into water.

Figure 6.18. Power-time plot for the titration of 0.24M SDCH into water.
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Figure 6.19. Titration of SDCH into water, a) Reaction enthalpy as a function of total SDCH 

concentration in the ampoule, b) First derivative of curve a, the arrow shows the cmc of SDCH.
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Figure 6.19a shows the enthalpy of dilution for the bile salt, sodium deoxycholate (SDCH) 

as a function of SDCH concentration. When Figure 6.19a is compared to the enthalpy plot 

for HTAB and later on in this chapter against the plots for the non-ionic surfactants, it is clear 

the bile salt exhibits a broader transition around the cmc, as a result the cmc is not measured 

to the same degree of accuracy as for the other surfactants in this study. The broad transition 

probably arises due to the smaller aggregation number of SDCH or due to pre-cmc 

aggregation.lt is known that bile salt micelles at concentrations below the cmc form primary 

micelles, these micelles are composed of maybe 2-10 monomers. As the concentration of bile 

salt is increased larger micelles are formed by the polymerisation of these primary micelles 

(Carey and Small, 1972 and Mazer et al, 1979).

Hence due to the variation in aggregation number with concentration it is more difficult to 

define a clear cmc. Instead of the cmc occurring over a very narrow range as with 

conventional surfactants with distinct polar head groups and apolar hydrocarbon tails, the bile 

salts tend to aggregate over a broad concentration range. Roda et al (1983) suggest that rather 

than using the term cmc, the term “noncritical multimer concentration” be used to define the 

concentration over which bile salt association occurs. They even go as far as recommending 

the term multimer rather than micelle since the association is gradual, concentration 

dependent and dependent on the method used to measure the aggregation.

The microcalorimetric method provides an accurate method to determine the cmc value for 

bile salts from the first derivative of the enthalpy versus concentration plot (Figure 6.19b). 

In Figure 6.20 below the difficulty associated with determining the cmc from surface tension 

measurements is highlighted by the broad range over which the cmc for SDCH occurs.

The cmc value obtained by the microcalorimetric method is 7.6 ± 0.3 mM and is slightly 

higher than that obtained by Paula et al (1997), who obtained a value of 5.5mM at 298K 

using microcalorimetry. Roda et al (1983) obtained values of lOmM using a surface tension 

method and a dye solubilisation technique. The AH^^ = - 0.97 kJ mol'^ and compares 

favourably with the value obtained by Birdi (1985) of -0.92 kJ mol'^ and Paula et al (1997) 

of -0.6 kJ mol^ using calorimetry.
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Figure 6.20. Surface tension for SDCH at 2 5 °C. Show ing a broad cm c range around 6mM.
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6.3.6.1, Dilution o f  SDCH into a saturated solution o f  simvastatin.

Figure 6.21 shows that there is an increase in the cmc, from 7.6 ± 0.3 mM to 11. 8  ± 0.7 mM 

when SDCH is titrated into the saturated solution of simvastatin. This is in contrast to the 

decrease in the cmc observed when SDS and HTAB were titrated into simvastatin.

The increase in the cmc for SDCH indicates that micellisation is less favoured when 

simvastatin is present. The surface free energy results from chapter 4, also showed that the 

interaction between SDCH and simvastatin would only be slightly favourable, with a AGi^ 2  

(free energy of adhesion between SDCH and simvastatin in the presence of water) value of 

-1.7 mJ m'^.

An interesting finding from Figure 6.21 is that the transition over which aggregation occurs 

is broader when SDCH is titrated into the solution containing simvastatin. From the argument 

above that the broader transition is possibly due to pre-micellar aggregation, implies that 

when simvastatin is present it in some way assists in the formation of heterodisperse
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aggregates. This cannot be substantiated from the results above, but a useful experiment 

involving Quasi elastic light scattering (QELS) would assist in finding if there were any 

changes in the shape and aggregation number o f  SDCH when simvastatin were to be present.

Figure 6.21. Dilution of 0.241VI SDCH into water (black) and into a saturated solution of 

simvastatin (red).
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The enthalpy o f  micellisation for SDCH becomes more endothermie when simvastatin is 

present, this is in contrast to the enthalpy o f  micellisation for SDS and HTAB. The respective 

AH ĵ .̂ values for ionic surfactants are given in Table 6.2 together with the AH^;^ when 

simvastatin is present.
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Table 6.2. for ionic surfactants w ith and without the presence o f sim vastatin.

Surfactant

(kJ mol'^) ± s.d

AH^e*

(kJ mol'^) ± s.d

AH^c* - AH^c 

(kJ mol'^)

% change in 

enthalpy

SDS -0.75 (0.02) -0.95 (0.04) -0 . 2 26.7

HTAB -8.9 (0.5) -9.5 (0.6) -0 . 6 6.75

SDCH -0.97 (0.07) -0.52 (0.04) 0.5 -46.4
AHn^* is the enthalpy of micellisation of the surfactant when simvastatin is present.

Hence, for SDS and HTAB the enthalpy of micellisation when simvastatin is present 

becomes more exothermic, whereas for SDCH the value becomes more endothermie. It is 

tempting to put these differences in the enthalpy of micellisation down to potential changes 

in the size of the micelles when simvastatin is incorporated into the micelle.

However from Chapter 3 it was found there was not a significant difference between micellar 

size and mixed micellar size (also from Johnson et al, 1987). In addition the amount of 

simvastatin incorporated into the micelle would be very small since the amount of 

simvastatin present to interact with the surfactant micelles is very small.

The micellisation enthalpy is made up of surfactant-surfactant interactions, simvastatin- 

surfactant interactions, and simvastatin-simvastatin interactions. These are further broken 

down into apolar interactions between surfactant-surfactant, simvastatin-simvastatin and 

simvastatin-surfactant apolar chain. In the case of ionic surfactants there is a further 

contribution from the interaction of the head group and simvastatin. The difference between 

AHnic* - AH^c should give an idea of the simvastatin-surfactant interactions. The interaction 

between simvastatin-simvastatin would not be observed because the amount of simvastatin 

present is small. It follows that the differences in AH^,.* - AH^jc observed in Table 6.2 are 

probably due to simvastatin-surfactant interactions.
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6.3.7. Dilution o f Triton X-100 into water.

Figure 6.22. Power versus time plot for titration, of 7.7mM Triton X-100 into water.
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From Figure 6.22 and 6.23a it is clear that the dilution of a micellar solution of Triton X-100 

into water follows an ideal profile. This is in contrast to the demicellisation of SDS micelles 

into water, where deviations from ideal solution behaviour were observed below the cmc. 

Hence it is likely that the deviation observed for the SDS monomers is due to some from of 

electrostatic interaction, which would be absent for the non ionic surfactant, Triton X-100.
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Figure 6.23. a) Reaction enthalpy as a function of total Triton X-100 concentration in the 

ampoule, b) First derivative of Figure 6.24a. The cmc is where this plot is at a maximum
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The cmc value of 0.27 ±0.013 mM (3 runs) corresponds very well to the cmc value obtained 

form surface tension measurements which was found to be 0.26mM. The cmc value also 

compares well with that of Paredes et al (1976), Andersson and Olofsson (1988), Keh et al 

(1989) and Majhi and Moulik (1998). These authors obtained cmc values of between 0.23 

and 0.28mM using calorimetry. For Triton X-100 = 6.15 ± 0.52 kJ mol"  ̂ which

compares well with the values obtained by Paredes et al (1976) of 5.6 kJ mol'^ and Majhi and 

Moulik (1998) of 6.35 kJ m ol'\ The value obtained in this study is however slightly 

lower than that obtained by Andersson and Olofsson (1988) and Keh et al (1989) who 

obtained values of 9.0 and 10.5 kJ mol'^ respectively.

The possible reasons for the range in cmc and AH^^c values for Triton X-100 could have 

arisen due to the fact that Triton X-100 is not a pure surfactant but is polydisperse in terms 

of the number of polyoxyethylene groups. Triton X-100 is made up of a mixture of 9 and 10 

polyoxyethylene t-octylphenols.

The AH^ic for Triton X-100 is more positive than that for SDS, HTAB and SDCH, it is 

possible that this difference is due to the fact that Triton X-100 has an uncharged head group 

whereas SDS, HTAB and SDCH carry charged head groups. Paula et al (1995) also found 

that AH^c for the non ionic surfactant octyl glucoside was more positive than that for SDS, 

however a reason for this was not given. The differences between the AHĝ g for the ionic 

surfactants and non ionic surfactants are discussed in further detail below, together with the 

data for the other nonionic surfactants polyoxyethlene 10 lauryl ether and Brij 35.

6.3.7.I. Dilution o f  Triton X-100 into a saturated solution o f  simvastatin.

From Figure 6.24 (below) and Figure 6.23b it is clear that there is no difference between the 

cmc or AĤ jic for the dilution of Triton X-100 into water or a saturated solution of 

simvastatin. This shows that the presence of the very small amount of simvastatin does not 

have any observable affect on the micellisation of Triton X-100. This is in contrast to what 

was observed for SDS, HTAB and SDCH where the presence of simvastatin caused a shift 

in the cmc and a change in AHĝ g lt is however possible that the interaction between the small 

amounts of simvastatin and the very small concentration of Triton X-100 micelles (5.2 x 10'^°
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mole of micelles per injection) is not being detected.

Figure 6.24. Reaction enthalpy for the dilution of 7.7mM Triton X-100 into a saturated solution 

of simvastatin.
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Due to the very low cmc values for the non ionic surfactants the heat flow detected in 

microwatts is very small, in the case of Triton X-100 this is at the lower end of the detection 

limit. The detection limit for the microcalorimeter is ± O.lpW, and the heat flow recorded 

per injection is between 0.25 and 1.4pW.
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6.3.8. Dilution o f polyoxyethylene 10 lauryl ether (POE-10 LE).

Figure 6.25. Power time plot for the dilution of 7pl of 6.2mM solution of POE-10 LE into 

water.
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Figure 6.25 shows that the heat output when POE-10 LE is injected into water is small, this 

is simply due to the fact that the solution is dilute. This problem can be avoided to a certain 

extent by reducing the volume injected and increasing the concentration of POE-10 LE. This 

in turn will increase the height of the power versus time output. However by reducing the 

volume and increasing the concentration of the surfactant solution would result in problems 

due to inaccurate dispensing, and also problems associated with increased viscosity.
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Figure 6.26. Dilution of 6.2mM POE 10 LE into water (black) and into a saturated solution of

simvastatin (red).
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From Figure 6.26 it is clear that there is no difference between the cmc for the dilution o f 

PO E -10 LE into water or a saturated solution o f simvastatin. There is however a very small 

difference in the AFl ,̂ .̂ Whether this difference is significant is questionable since the standard 

deviations for (PO E-10 LE) is ± 0.81 kJ moL and that o f PO E -10 LE saturated with

simvastatin is ± 0.63 kJ mol ’ However the 95% confidence intervals around the mean value 

do not overlap and therefore the AH^^ is statistically different (95% confidence interval for 

POE 10 LE dilution in water is 13.6 ± 0.92 kJ moL’ and for POE 10 LE dilution into a 

saturated solution o f  simvatstain is 11.3 ± 0.71) kJ mol'L This shows that the AH^^ becomes 

more exothermic in the presence o f  simvastatin. This is a similar finding to that for SDS and 

HTAB and in contrast to SDCH where the AH^^ became more endothermie.
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6.3,8, Dilution o f polyoxyethylene 23 lauryl ether (Brij 35),

Figure 6.27. Power time plot for the dilution of 7pl of 5.4mM solution of Brij 35 into water.
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Figure 6.28 below shows the enthalpy change associated with the dilution of Brij 35 into 

water. The cmc value of 0.12mM is slightly lower than that obtained by Woodhead et al 

(1981) of 0.18mM using a similar microcalorimetric method. There is however a wide range 

of values for the cmc of Brij 35 quoted in the literature, Becher and Arai (1968) and Becher 

and Trifiletti (1973) quote values of O.lmM and 0.07mM respectively using surface tension 

methods. Johnson et al (1987) obtain a value of 0.098mM for the cmc of Brij 35 using the 

Wilhelmy plate method. A value of 0.083mM was obtained the when the surface tension was 

measured as a function of Brij 35 concentration. Details of the procedure were given in 

Chapter 4.

The possible reasons for the range in cmc values for the commercially available Brij 35 arise 

due to the polydispersity of the surfactant and also due to the presence of impurities from the 

manufacturing process (Rosen, 1989). In addition because the cmc is quite low it is more 

likely that small deviations around the cmc region, due to the presence of impurities or
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simply due to the sensitivity o f  the method employed, can result in the range o f  cmc values 

obtained.

Figure 6.28. Dilution of 5.4mM Brij 35 into water (black) and into a saturated solution of 

simvastatin (red)
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There is no difference between the cmc values for Brij 35 in water or in the simvastatin 

solution. The AH^j^ for Brij 35 is less endothermie for the simvastatin solution, this is similar 

to the titration o f  PO E -10 LE into the simvastatin solution and was discussed above in terms 

o f a decrease in the entropy due to the interaction o f simvastatin with the alkyl chains. The 

AH^,^ value for Brij 35 compares quite well to the literature value obtained by Becher and 

Trifiletti (1973) o f 22.2 kJ mol'* and that by W oodhead et al (1981) o f  24.6 kJ mol'*.

The AH^j^ values for the non ionic surfactants, Trition X-100, PO E -10 LE and Brij 35 were 

all found to  be endothermie at 25 °C, whereas for the ionic surfactants, SDS, HTAB and 

SDCH the AH^j^ is exothermic. It was mentioned above that this could possibly be due to the 

fact that the head group o f  the ionic surfactant is charged.

The non ionic surfactants PO E -10 LE and Brij 35 are both polyoxyethylene dodecyl ethers.
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in that they have the same alkyl chain length of 1 2 , but differ in the number of ethylene oxide 

(E) groups, with POE 10 LE composed of 10 E groups and Brij 35 composed of 23 E groups. 

Hence it appears that by increasing the number of E groups and thus increasing the 

hydrophilicity of the surfactant, the AH^ûc becomes more endothermie. A similar finding was 

observed by Olofsson (1985) for polyoxyethylene dodecyl ethers with 5,6 and 8  E groups. 

Triton X-100 does not fit into this pattern since the hydrophobic tail is not a straight chain 

alkyl group, but is a branched octyl group attached to a phenoxy ring.

Hence it is probable that the difference in the AĤ ĵg between the ionic surfactants and non 

ionic surfactants is mainly due to the charge of the head group, but it is difficult to simply 

assign these differences to this factor without studying the interaction of the head groups 

during micellisation.

6.4. Comparing the microcalorimetric data with the solubility and dissolution studies.

Thus far in this chapter microcalorimetry has been used to determine the thermodynamic 

parameters for micellisation, in the following section these parameters are used in 

conjunction with the solubilisation data from Chapter 3, to ascertain whether the 

microcalorimetric data can be linked to the solubilisation data.

The solubilisation data from chapter 3 have been reproduced in the table below together with 

the AG ĵg, free energy of micellisation for the surfactants, and AGg,jc*, the free energy of 

micellisation in the presence of simvastatin. These parameters were derived using Eq. 1.28 

as discussed above. The solubility enhancement, k*, for simvastatin in a particular surfactant 

solution, is a partition constant between the solubility of simvastatin in water and in the 

surfactant solution, and is given by Eq 3.5. This equation was explained in detail in Chapter 

3.

| ^ = l  + r C „  Eq3.5
^  water

k* can in turn be related to the free energy change of solubilisation by Eq 6 .10 (Barry and El 

Eini, 1975, and Lundberg et al, 1979)
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AGe  =  - R T l n i t * Eq 6 .10

Table 6.3. Free energy of solubilisation, AGg, as derived from solubility data, and the free 

energy of micellisation as derived using microcalorimetric data.

Surfactant A:* ( xlO )̂ 

(M-')

AGg

(kJ mol'^)

A G ^ / 

(kJ mol'^)

AGnuc

(kJ mol'

A G ^,*-A G ^, 

(kJ mol^)

SDS 95 -28.4 -25.2 -24.5 -0.7

HTAB 8 8 -28.2 -32.1 -31.5 -0 . 6

Brij 35 56 -27.1 -32.5 -32.3 -0 . 2

Triton X-100 45 -26.5 -30.3 -30.3 -

POE-10 LE 32 -25.7 -33.3 -33.3 -

SDCH 23 -24.9 - 2 2 -20.9 1 . 1

Where AGg is the free energy change obtained form the solubilisation data (via k*), AG^ic* 

is the free energy of micellisation in the presence of simvastatin, from the microcalorimetry 

data and AGĝ ĵ  is the free energy of micellisation for the surfactant.

The free energy values in the last column of the table represent the free energy of transfer for 

simvastatin in that surfactant solution.

Figure 6.29 shows that there is a linear relationship between the free energy of solubilisation 

and the free energy of transfer of simvastatin. This is a surprising result since the data for the 

free energy parameters are from completely different methods. The free energy of 

solubilisation being derived from solubility studies and the free energy of transfer from 

microcalorimetry. Further more the solubility studies involve an excess of simvastatin in the 

surfactant solution, whereas, in the microcalorimetric method, a small amount of simvastatin 

is allowed to interact with a large amount of surfactant. Hence in essence a different 

interaction is being measured.
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Figure 6.29 A plot of the free energy of transfer of simvastatin as a function of the free energy 

of solubilisation.

1. 0 -

0.5-
0 
E
3

1 0. 0 -

b
<  -0.5-

- 1. 0 -

-:9

SDCH

- j —
-28

—I----
-27

Brij 35

-26 -25

aGs (kJ mol'')

■ HTyûB
SDS

A further reservation regarding the above result is the absence o f  a free energy change for the 

transfer o f  simvastatin into Triton X -100 and PO E -10 LE, which would be expected. In the 

above discussion it was mentioned that a free energy change may not have been observed due 

to the very small amounts o f  simvastatin and surfactant interacting, this hypothesis may still 

hold. This however means that the data from Brij 35, which also has a low  cmc value maybe 

questionable. In addition there are only 4 points on the line and so in order to substantiate the 

correlation, further work is required, in particular with different amounts o f  simvastatin 

interacting with the surfactants.

6. S. Conclusion.

This chapter has shown that microcalorimetry is a very useful method to obtain accurate 

thermodynamic information regarding the micellisation o f  surfactants. Microcalorimetry has 

the major advantage in that surfactant monomer and micellar activity can be monitored
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accurately. The method allows for the cmc and the enthalpy change associated with 

micellisation to be measured from a single titration experiment. With the availability of 

nanowatt amplifiers, the measurement of thermodynamic parameters associated with the 

micellisation of non ionic surfactants with very low cmc’s can be undertaken.

Earlier in this chapter it was shown that microcalorimetry was able to detect deviations in 

ideal solution behaviour for SDS, which were thought to be due to possible electrostatic 

effects or dimérisation phenomena. These concepts can potentially be linked to the 

information gained from the dynamic surface tension studies for SDS.

In the dynamic surface tension studies it was found that the apparent diffusion coefficient was 

lower than expected. It was speculated that this occurred because there was a barrier that 

prevented the adsorption of SDS to the interface. This barrier was thought to be electrostatic 

in nature. However, with the idea that dimérisation of SDS monomers can also occur, it is 

possible that the slower diffusion of SDS to the interface could also arise due to the slower 

diffusion of SDS dimers.

Hence these results show that the data derived from microcalorimetry when used in 

conjunction with that obtained from other methods, such as dynamic surface tension and 

solubility methods, can help to improve the understanding of complex drug surfactant 

interactions.
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Chapter Seven

Conclusion and 
further work
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Chapter 7

The dissolution of a drug from a solid dosage form or suspension is a critical step in the 

transfer of that drug to the G.I. fluids. In most cases before a drug can be absorbed from the 

G.I tract it needs to be in solution. For drugs that are sparingly soluble or poorly soluble in 

water more often than not dissolution of the drug is the rate limiting factor in absorption. It 

is well known and an extensively studied fact that surfactants can improve the solubility of 

poorly soluble drugs by solubilisation, however the improvement in the solubility of the drug 

does not always reflect in the dissolution rate of the drug. In many cases there is in fact a 

reduction in the dissolution rate even though the solubility of the drug is improved. 

Bakatselou et al (1991) used the phrases solubilisation controlled improvement in 

dissolution rate, for those drugs in which the dissolution rate improvement mimicked that 

of the solubility, and wetting controlled improvement in dissolution rate for those drugs in 

which solubilisation did not play a major role, for these drugs the improvement in 

dissolution rate was due to an increase in the contact between the dissolution fluid and the 

surface of the drug. In this thesis, the possible effects of a series of ionic and non ionic 

surfactants on the solubility and dissolution rate of a poorly water soluble drug simvastatin 

are studied. The emphasis of this thesis has been to study drug surfactant interactions from 

a mechanistic perspective, and therefore improve the understanding of how surfactants effect 

the dissolution rate of poorly water soluble drugs.

Clearly this would have practical implications for dissolution rate testing of poorly water 

soluble drugs. Rather than selecting a particular surfactant randomly for dissolution rate 

testing, a scientific method based the physicochemical properties of the surfactant and drug 

would be used to choose the surfactant. Further to this in the early phases of clinical trials, 

poorly water soluble drugs are often dissolved in surfactant solutions before they are 

administered. Surfactants in general may provide a route by which the solubility and 

dissolution rate of poorly water soluble drugs can be improved. Hence it is imperative that 

the understanding of interactions between drug and surfactant are enriched from both a 

practical and scientific viewpoint.

Commercially available surfactants are invariably contaminated with impurities, and
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therefore when studying drug surfactant interactions the potential effect of the impurity must 

also be considered. In this thesis it was found that the solubility of simvastatin was 

unaffected by the purity grade of SDS, yet the dissolution rate was sensitive. The dissolution 

rate of simvastatin in the “pure” SDS was found to statistically higher than that in BDH SDS 

(impure batch). Since solubility is an equilibrium process and dissolution is a dynamic 

process the possible reasons for the difference in the dissolution rates in the two batches of 

SDS were shown to be due to the greater stability of BDH SDS micelles at short times. It 

was argued using experimental evidence from dynamic surface tension studies that dodecyl 

alcohol-SDS micelles were more stable than the pure SDS micelles, and were hence less 

likely to dissociate into SDS monomers. Since only the monomers adsorb at the solid-liquid 

interface, it was concluded that the presence of impurities could reduce the rate and amount 

of SDS adsorbing at the simvastatin surface, resulting in a difference in the dissolution rate 

of simvastatin in the respective surfactant solutions.

The improvement in the solubility of simvastatin when surfactant was added did not 

necessarily correlate with the improvement in the dissolution rate. The maximal 

improvement in the solubility was found for SDS yet a similar increase the dissolution rate 

when corrected for the solubility was not observed. This showed that there was a factor that 

was retarding the dissolution rate. This factor was found to be an adsorption barrier that 

prevented the diffusion of surfactant to the solid-liquid interface. The activation energy 

required to overcome this barrier was calculated using Equation 5.10., and found to be 

between 6-13kJ m ol'\ The source of the adsorption barrier was hypothesised to be electrical 

in nature, and arose due to the repulsion between the y (electron donor) term of simvastatin 

and the SDS head group. In addition microcalorimetry was used to assess the solution 

behaviour of SDS, from which it was found that deviations from ideality existed for the 

dilution of SDS into water. It was possible to quantify these deviations by applying Regular 

solution theory. Since a similar deviation did not occur for the dilution of SDS into a buffer 

solution (0.0IM  Na"̂ ) it was concluded that the deviation from ideality probably occurred 

due to the presence of electrostatic effects. However it was not possible to conclusively state 

that the deviation was due to electrical effects, and an alternative conclusion based on pair 

wise interactions was also made.
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This showed that the increase in dissolution rate for simvastatin when corrected for 

solubility in SDS was lower than expected (from simply looking at the solubility 

enhancement data, in Table 3.2 and Table 3.19), and that the possible presence of 

electrostatic effects was retarding the dissolution of simvastatin in SDS.

In general the ionic surfactants which are electron donors such as SDS and SDCH, would 

have been expected to encounter repulsion between the surfactant head groups and 

simvastatin, which is also an electron donor. For these surfactants the improvement in the 

solubility did not correlate with the dissolution rate when corrected for solubility. HTAB 

however was thought to be an electron acceptor. For HTAB it was found that the transport 

of surfactant was diffusion controlled, in other words there was no barrier to the adsorption 

of HTAB to the solid-liquid interface. It was also found that the dissolution rate corrected 

for the solubility was much higher for HTAB than it was for SDS and SDCH.

The adsorption of non ionic surfactants was found to be diffusion controlled. The solubility 

enhancement by these surfactants was not as great as that for the SDS and HTAB. However 

the dissolution rate corrected for the solubility increase (which helps to infer mechanistic 

information) was greater than that for SDS and SDCH. This was thought to be due to the 

absence in an electrical adsorption barrier for non ionic surfactants.

Microcalorimetry showed that there were no deviations form ideal solution behaviour for 

the dilution of non ionic surfactants into water, it was therefore probable that deviations 

observed for SDS were due to electrostatic affects associated with the charged head group.

What these studies show is that factors affecting macroscopic events, such as solubility and 

dissolution, can be explained to a certain extent by molecular arguments derived form 

surface energy, dynamic surface tension, and microcalorimetry experiments.

Microcalorimetry was used to study the thermodynamics of surfactant drug interactions. 

However a complication of calorimetry is the non specific nature of the heat output, and thus 

false conclusions can be arrived at if adequate care it not taken in experimental design. This 

was one of the drawbacks of using such a poorly water soluble drug. Using this drug it was 

not possible to vary the concentration of simvastatin, such that a binding constant between
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the drug and surfactant could be obtained. In this thesis it was only possible to assess the 

potential effect of simvastatin on the shift in the cmc. Using this information it was found 

that the interaction of SDS, HTAB, POE-10 LE were all energetically favourable, since it 

was easier for micellisation to occur in the presence of very small amounts of simvastatin. 

The interaction between SDCH and simvastatin was found to be energetically unfavoured, 

and this was reflected in the surface energy studies and in the poor solubility enhancement 

by this surfactant. The microcalorimetric study showed that it was possible to accurately 

monitor surfactant monomer and micellar activity, thus providing an excellent tool to study 

aggregation and adsorption phenomena in both polar and apolar solvents.
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