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ABSTRACT

The wetting of pharmaceutical dosage forms such as tablets, 

capsules and powders is an initial step in the process of drug 

dissolution. This is followed by penetration of the liquid into 

capillaries of the powders that make up the dosage form. The 

rate of penetration may be limited by unfavourable surface 

energetics in which case disintegration and dissolution becomes 

difficult. In order to understand, predict and control the wetting 

process, studies on the powder surface energy and interfacial 

free energy of a liquid-powder system are essential.

In this work such studies have been carried out through 

contact angle measurements using data from liquid penetration 

into powder beds and drop heights measured on compressed 

discs of powder.

Eighteen powders were studied in this work,

microcrystalline cellulose, Starch 1500, calcium carbonate, 

calcium phosphate, p-hydroxybenzoic acid, methyl p-

hydroxybenzoate, ethyl p-hydroxybenzoate, propyl p-

hydroxybenzoate, butyl p-hydroxybenzoate, calcium formate, 

calcium acetate, calcium lactate, calcium gluconate, calcium 

s t e a r a t e ,  m a g n e s i u m  • s t e a r a t e ,  s t e a r i c  a c i d ,  

polytetrafluoroethylene, and hard paraffin wax.
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The effect of vapour phase adsorption on liquid 

penetration and contact angle has been investigated. A detailed 

study of liquid transport in porous media has been carried out, 

and a comparison made between cylindrical tube model of 

Washburn (1921) and the STVF model of Miller and Miller 

(1955) in the interpretation of liquid penetration data.

The two basic theories for the estimation of powder and 

powder-liquid surface energies i.e., the theory of surface energy 

components and the equation of state theory of interfacial 

tension, have been extensively studied. It has been established 

that there is a multiplicity of components of surface energy 

particularly of polar origin (comprising of electron donor and 

electron acceptor parameters which are asymmetric). It is 

impossible to determine surface energy from a single equation 

using only one liquid as the equation of state theory suggests. 

The existence and meaning of negative interfacial tension has 

been examined. A methodology for the determination of surface 

pressure encompassing electron donor and electron acceptor 

parameters has been introduced and the true meaning of 

surface pressure proposed.
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aFU2 free energy of interaction between

material 1 and 2 immersed in a liquid 
aFsl free energy of interaction between

solid and liquid 
aFsls free energy of interaction between

similar or dissimilar solids immersed 
in a liquid
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g acceleration due to gravity
H pressure head
tH hydraulic head
aH/1 hydraulic gradient
x distance
x* reduced distance
P local pressure
xc maximum capillary rise
JA diffusional max. flux of component A

K hydraulic conductivity
Ks saturated conductivity
k penetration rate

k(P) matric pressure head
k ( < p ) relationship between conductivity

and wetness

1 macroscopic length
PA mass concentration of component A
Pb break through pressure
Pc capillary pressure
Pmav maximum forcemax
Ps saturated vapour pressure
Pv vapour pressure
p density
Ap change in density
aP change in pressure
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capillary force 
external force 
diffusivity 
flow rate (flux) 
heat flux
flow in X direction 
radius
hydraulic radius 
surface
spreading coefficient
thickness
time
reduced time 
volume
work of adhesion
work required to separate liquid
from solid
work of cohesion
force exerted on vertical plate
work of spreading
work of adhesion between solid and liquid 
total work
surface tension (energy) 
critical surface tension 
dispersion force contribution to 
surface energy
polar force contribution to surface energy 
electron acceptor (Lewis acid)



parameter of polar forces
electron donor (Lewis base) parameter of
polar energy
solid liquid interfacial energy
gravitational head
equilibrium spreading pressure
polarity ratio
penetrability
reduced penetrability
tortuosity
viscosity

characteristic pore size (microscopic 
length)
interaction parameter 
composite variable 
undefined contact angle 
advancing contact angle 
apparent contact angle 
difference in contact angle 
equilibrium contact angle 
intrinsic contact angle 
receding contact angle 
Wenzel's contact angle 
volumetric wetness 
surface porosity 
volume porosity 
pressure head



Superscripts and Subscripts 
d dispersion force
E excipient
G glycerol
L liquid

P polar force
S solid
SL solid-liquid
SS solid-solid
sat saturation
TOT total
tot total
V vapour
W water
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CHAPTER 1 

INTRODUCTION



1. INTRODUCTION
1.1. General principles relating to surfaces
Pharmaceutical powders can be characterised from many 
different point of view e.g tensile strength, cohesion, 
flow, bulk and surface properties etc. Studies of the later 
properties provide a better understanding of a variety of 
phenomena in pharmaceutics e.g the penetration of liquids
into tablets and granules, the dispersion of powders in
liquids, phase separation, the formation and stability of 
emulsions etc.

1.1.1. Interfacial boundaries
The boundary region formed between two adjacent bulk phases 
is known as an interface. Matter at an interface usually has 
different physical properties and energy characteristics 
from that in the bulk, and the study of the physics of 
interfaces is an important step in understanding the contact 
and surface energetics between liquids and solids especially 
pharmaceutical powders. The apparent surface of a liquid or 
solid is in fact an interface in equilibrium with another 
phase that is either solid, liquid or vapour (Adamson, 
1967). The five types of interfaces are the following: .

36



Interfaces

liquid-vapour solid-vapour solid-liquid

I I

liquid-liquid solid-solid

Interfaces exhibit specific phenomena, such as adsorption, 
surface tension, and friction which result from the
interaction of adjacent phases. This study is particularly 
concerned with the interactions at solid-vapour and solid- 
liquid interfaces.

1.1.2 Surface tension and surface free energy
In liquids, surface molecules are subject to an outward 
attraction normal to the surface. This inward tension is 
known as surface tension, YLV. The free energy change 
associated with the isothermal, reversible formation of a 
liquid surface is the surface free energy. A general
prerequisite for the stable existence of an interface 
between two phases is that the free energy of formation of 
the interface be positive; were it negative or zero, the 
effect of accidental fluctuations would be to expand the 
surface continuously, leading to an eventual complete 
dispersion of one material in another.

1.1.3. Solid surfaces
In principle, all that has been said in connection with 
liquid interfaces apply to solid surfaces. That is, the
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surface free energy of pure solids is the work required to 
form unit area of surface, and this is equivalent to the 
surface tension of an equilibrium isotropic surface. In 
practice, however, the sold surface is quite different from 
that of the liquid which, since the molecules are in a fluid 
state, attains equilibrium almost as soon as it is 
disturbed. The absence of fluidity in solids often give rise 
to heterogeneous surfaces, i.e. those which are 
energetically non-uniform. It is a known fact that solid 
surfaces are heterogeneous in nature both on a molecular 
(micro) and macro levels (Parfitt and Sing, 1976). Such 
heterogeneities include differing electrical charge per unit 
area, existence of pockets of adsorbed vapours, dirt and 
rugosities at solid surfaces. Therefore, despite attempts to 
characterise solid surfaces they can at best be regarded as 
undefined. Solid surfaces, such as pharmaceutical powders 
are characterised by the morphology of the particles and the 
energetics of their surfaces (Parfitt and Sing, 1976).
The techniques used to measure the contact between liquids 
and powders and the surface energetics involved include 
contact angle which is related to thermodynamic functions 
(Good, 1977).

1.2 Interfacial thermodynamics
There are two general methods for defining the thermodynamic 
properties of the interface between two bulk phases. The 
first model refers to a “mathematical interface" and 
describes the thermodynamic properties of the two bulk
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phases as completely homogeneous right up to the interface 
and then introduces a residual thermodynamic property of an 
interface of zero volume for the mathematical surface 
between the phases (Gibbs, 1931). This model although
mathematical sound, does not provide any physical insight 
into the properties of an interface. The second model is
that of a molecular interface, having a small but uniform
thickness (Guggenheim, 1 9 4 $ )  . The latter model allows for a 
correlation of molecular theories of solubility with 
corresponding theories of adsorption and inter diffusion.

1.2.1. The liauid-vapour interface
For pure liquids, the liquid-vapour interfacial tension, 
Ylv, can be defined as the surface tension of a liquid
measured in the presence of its vapour. The thermodynamic 
condition required to maintain a stable surface is a 
positive value of YLV. When YLV diminishes to zero or becomes 
negative, there is no resistance to unlimited expansion of 
the surface. The liquid and vapour phases become 
indistinguishable from each other.The concept of a liquid- 
vapour interfacial tension can at best be understood by 
comparing a molecule in the interior of a liquid with a 
molecule at the liquid-vapour interface of a liquid. The 
molecule in the interior experiences no net forces as it is 
completely surrounded by other molecules, whilst the 
molecule in the surface has other liquid molecules adjacent 
to and below it with which it can form attractive cohesive 
forces. At the same time it can only form weak adhesive
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forces with the vapour. This unbalanced force on a surface 
molecule is directed inward leading to a contraction of the 
surface. Therefore, the liquid-vapour interface is 
energetically very different to the bulk of the liquid.

1.2.2. The solid-vapour interface
The solid-vapour interfacial tension, Ysv can be defined as 
a measure of the affinity of the vapour for the solid. It is 
the solid surface free energy in equilibrium with the 
saturated vapour and is related to the ability of liquids to 
make contact with solids and eventually cover them.

1.2.3. The solid-liauid interface
The interfacial tension between liquid and solid, YSL, acts 
to prevent the spreading of liquid, and thus wetting. The 
solid-liquid interface can be considered in three stages, 
adhesional, immersional and spreading wetting, all of which 
can be expressed in terms of the work of adhesion and 
spreading coefficient (Kossen, 1965).

1.3. Contact ancles
1.3.1. Introduction
If a small drop of liquid is placed on a uniform, perfectly 
flat, solid surface, it will, in general, not spread 
completely over the surface, but its edge will make an 
angle, 0 with the solid, as shown in Figure 1. 1. This
angle represent an equilibrium of the energies of a three
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phase interface, YLV, YS1_ and Ysv being interfacial tensions 
between the liquid and vapour, solid and liquid, and solid 
and vapour respectively which must balance each other 
(Figure 1.1.).

Although contact angle phenomena are complex and their 
interpretation is to some extent still controversial, they 
present a possible prospect for the determination of the 
ability of liquids to make contact with solids and the 
surface energetics involved.

1.3.2. Equilibrium considerations: Young's

When a liquid comes in contact with a solid surface, the 
equilibrium contact angle 0 so formed can be expressed in 
terms of YLV, YSL, and Ysv by the Young, s equation (1805)

This equation can be combined with Duprd's equation (1869), 
(Adam, 1963)

where WA is the work of adhesion between solid and liquid, 
to give,

equation

(1.1.)

(1.2 .)

WA = Ylv(1 + cos 0e) (1.3.)
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Figure 1.1.
An equilibrium of energies of a three phase interface, YLV, 
Ysl and Ysv which must balance each other 

Taken from Buckton (1985)
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Despite the fact that equation 1.1. * was given in words by
Young (1805), it has since been derived by several workers 
(Schwartz and Minor, 1959; Sumner, 1973 and Neumann, 1974). 
The validity of the Young equation and consequently the
nature of the equilibrium forces has been questioned 
(Bikerman, 1957; Pethica and Pethica, 1957), however, 
further proof of its validity is now available (Collins and
Cooke, 1959; McNutt and Andes, 1959; Johnson and Dettre,
1969) and it is generally accepted as being valid, provided 
that the non equilibrium values for the surface energy terms 
and the contact angle, 0, are used.

Bangham and Razouk (1937) in their review of the 
significance of Ysv and YSL have pointed out that, at
equilibrium the solid must be covered with an adsorbed film 
of the vapour, as a result of which Harkins and Livingston 
(1942) and Adam and Livingston (1958) replaced equation 1.3. 
by

WA0 = n e + Ylv(1 + cos 0e) ...............(1.4.)

where WA0 is the work required to separate the liquid from 
the solid, leaving a surface free from adsorbed vapour, and 
rre is the surface pressure of the adsorbed film. n e can be 
neglected on low energy surfaces, thus WSL = WSL0 (Fox and 
Zisman, 1950).
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1.3.3. Contact angle hysteresis
The contact angle made by a drop resting on a solid depends 
on the previous size of the drop and on the inclination of 
the solid. Thus if a droplet of the same liquid is added to 
a drop to make a larger drop, or from it liquid is withdrawn 
to leave a smaller drop, its contact angle is made greater 
in the former case or smaller in the latter case, and such 
contact angles are termed advancing 0A and receding 0R 
contact angles respectively.

The advancing and receding angles can both be seen 
simultaneously in one drop if this drop rests on an inclined 
plane (MacDougall and Ockrent, 1942), as the drop moves 
downward, the lower contact angle 0A is the advancing, and 
the upper angle 0R the receding (Figure 1.2.). Young's 
equation (1.1.) suggests that only one value should be 
obtained for the contact angle i.e. the equilibrium contact 
angle 0e, however, in practice there are many values of 0 
that can be measured, which will fall between ©A and 0R. The 
difference between 0A and 0R is often referred to as contact 
angle hysteresis (Johnson and Dettre, 1969). The extent to 
which contact angle hysteresis will vary depends on the 
liquid used and the surface studied. Hence MacDougall and 
Ockrent (1942) have reported a difference of 154° for mercury 
on steel, whilst systems with no hysteresis have been 
observed (Ward and Neumann, 1974).
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F i g u r e  1 . 2 .

Advancing, 0A, and receding, 0R, contact angles 
1 Taken from Buckton (1985)



1.3.4. Causes of contact angle hysteresis
Several possible causes of contact angle hysteresis have 
been put forward: surface rugosity (Johnson and Dettre,1964; 
Eick et al, 1975), surface chemical
heterogeneity (Johnson and Dettre, 1964,1969; Neumann and 
Good, 1972), and time-dependant interactions of the liquid 
with the solid surface (Edser, 1922; Langmuir, 1938).

1.3.5. Surface rugosity
Rugosity affects both the "equilibrium" contact angles and 
the hysteresis of wetting. The presence of grooves, valleys 
or scratches on a solid surface allows it to act as if it 
were a capillary tube, in which liquid rises if the contact 
angle is less than 90° or descends if this angle is greater 
than 90°. Hence a perfectly wetting liquid should wet a rough 
surface better than a smooth surface, while an imperfectly 
wetting liquid should spread on a smooth surface better than 
on a rough one.

Wenzel (1936) proposed the following relationship,

S (Ysv - Ysl) = Ylvcos ©w.................. (1.5.)

where S is the roughness factor, i.e. the ratio of the 
actual to the geometric surface, and 0U is the Wenzel contact 
angle, being 0e for the wetting of a rough surface. If 0X is 
the intrinsic contact angle, that which locally satisfies
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Young's equation 1.1. then,

Ysv =  y sl +  y lvc o s  0 i ............................... ( 1 * 6 . )

The value of S can be calculated by comparing values of cos 
0 for rough and smooth surfaces, using equation 1.7. 
obtained by combing equations 1.5. and 1.6.,

cos 0M = S cos 0j ...........................(1.7.)

The values of S for ground glass have been computed to be 
1.4-2.2 (Table 1.1.). Eick et al (1975) have developed a 
model for rough solid surfaces. Free energy calculations 
using a number of different parameters characteristic of the 
model reveal the existence of a large number of metastable 
states, corresponding to a large number of contact angles 
between 0A and 0R. However, it is not possible to conclude 
that ©A corresponds to a smooth area or vice versa. 
Furthermore, experimentally determined contact angles on 
rough surfaces are typically advancing contact angles, and 
cannot be used in the Wenzel equation 1.5., which require an 
equilibrium contact angle, such as 0y. Unfortunately 0g is 
not amenable to experimental determination.

1.3.6. Surface heterogeneity
Cassie (1948) extended Wenzel's treatment of rough surfaces 
to heterogeneous surfaces, and proposed an equation 
analogous to Wenzel's for such surfaces,
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cos 0e = S<, cos ©<, + S2 cos 02 ..........(1.8.)

where S., and S2 are the fractions of the surface having 
contact angle 0,, and 02 such that S<, + S2 = 1. Using equation 
1 .8. he postulated th^t the vapour of a wetting liquid 
adsorbed on a given solid in patches. Contact angle was 
assumed to be zero in the regions that adsorbed vapour, 
while regions that did not adsorb vapour were assumed to 
have some finite value, even as high as 180°. In Cassie 's 
theory, hysteresis is caused by changes in S^ and S2 as the 
liquid advances and recedes over the solid surface. Although 
Cassie's equation has been verified (Crawford et al, 1987) 
it is not necessary to postulate changes in S-, and S2 to 
explain contact angle hysteresis.

Pease (1945), suggested that on heterogeneous surfaces 
the advancing contact angle would be more closely associated 
with the non-polar high contact angle regions while the 
receding contact angle would be more closely associated with 
the polar, low contact angle regions. Good (1952) 
demonstrated the possibility of metastable states caused by 
heterogeneity. Neumann and Good (1972) and Neumann (1974), 
have developed a free energy analysis for capillary rise or 
depression at a vertical, infinitely wide wall by applying 
an integration of the Laplace equation of capillarity,

sin 0 = 1 -  rpqx2 ...................... (1.9.)
2Y^ LV
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T a b l e  1 . 1 .

Contact angle and surface finish from Lee, (1936)

Solid Surface finish Tar cos 0

plate glass highly polished low-aromatic 0.289
1 1 ground low-aromatic 0.647
r r highly polished high-aromatic 0.617
t r

Scottish-
ground high-aromatic 0.889

whinstone highly ground low-aromatic 0.335

/ r ground low-aromatic 0.409
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where ▼ p is the difference in density between liquid and 
vapour, g the acceleration due to gravity and x capillary 
rise. Their results yield values which corroborated the view 
expressed by Pease (1945) that the advancing contact angle 
is determined by low energy regions of the surface, and will
be a measure of the equilibrium contact angle of the non
polar portion of the surface. Conversely, the lowest value 
of contact angle obtained is determined by high energy 
regions or the polar portion of the surface. Young's 
equation 1.1.,

Y sv =  y sl +  y lv c o s  0 e .................. ( 1 - 1 - )

shows that low values of Ysv will give low values of cos 0e 
and consequently high values of 0e. This lends support to 
the suggestions of Pease (1945) and Neumann and Good (1972). 
Therefore, for heterogeneous surfaces, the advancing contact 
angle can be used as an equilibrium contact angle, 0e, when 
considering the low energy region (most hydrophobic) of the 
solid surface and the receding contact angle can be used as 
0e for the high energy region (most hydrophillic) of the 
solid surface.

1.3.7. . The critical limit of heterogeneities and
rugosities contributing to contact angle 
hysteresis

It is certain that heterogeneity and roughness can produce 
contact angle hysteresis. On a molecular scale, all solid
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surfaces must contain some heterogeneity and rugosity. On 
the other hand it is possible to prepare certain solid 
surface free from contact angle hysteresis. Therefore, there 
must be a lower limit for the size of heterogeneities and 
rugosities above which contact angle hysteresis will occur. 
While this critical limit is more easily assessed for 
surface rugosities, surface heterogeneties are only amenable 
to theoretical studies. Experiments on layers of an organic 
pigment, Cu-phthalocyanine, indicates that rugosity does not 
contribute to contact angle hysteresis when the lateral 
dimensions of the rugosities are below 0.1pm (Neumann et al, 
1971). More recently, Mason's (1978) work on high energy 
surfaces indicate much lower values for the critical limit. 
It can be concluded that the critical limit depends on the 
type of system, and possibly on the shape of the rugosities. 
The critical limit of heterogeneities are more difficult to 
assess. However, simple theoretical analysis show that it is 
the crossing of boundaries between low and high energy 
portions of the heterogeneous solid surface which generates 
metastable states and hence contact angle hysteresis.

1.4. The wetting of powders
In order to fully understand the wettability and surface 
energetics of powders, it is necessary to study the 
mechanisms of the wetting process. The literature
distinguishes between three wetting processes (Osterhof and 
Bartell, 1930; Patton, 1966 and Parfitt, 1973), these are 
shown diagrammatically in Figure 1.3.
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F i g u r e  1 . 3 .

Mechanism of the wetting process

b da

(a) to (b) = adhesionai wetting

(b) to (c) = immersional wetting

(c) to Cd) = spreading wetting

[a f te r  P a r f i t t ,  1973)
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Adhesional wetting
In adhesional wetting a liquid adheres to a solid due to the 
creation of a solid-liquid interface at the expense of a 
solid-vapour and liquid-vapour interface. The driving force 
required for this type of wetting phenomenon is known as the 
work of adhesion WA,

It is apparent from equation 1.10., that an increase in YLV 
always causes increased adhesional wetting, whereas an 
increase in contact angle may or may not indicate decreased 
tendency for adhesion to occur. If the increase in the 
contact angle (and consequent decrease of cos 0e) reflects an 
increase in YSL, there is diminished tendency to adhere; if 
it reflects merely an increase in YLV, there is increased 
tendency to adhere. The driving force in adhesional wetting 
can never be negative and is equal to zero only when the 
contact angle is 180°, which is never achieved in practice.

1.4.1.1. Spreading- coefficient
The work of self adhesion of a liquid is known as work of 
cohesion, Wc, is given by

W A =  Y SL ~ ( Y SV +  Y LV> =  - Y LV<C O S  0 e +

 (1.10. )

(1.11.)
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The difference between WA and Wc equals the spreading 
coefficient, SL/s

(1.12.)

Therefore if WA > Wc, the spreading coefficient is 
positive, 0e = 0°, and the liquid spreads spontaneously over 
the solid to form a thin film. For WA < Wc, the spreading 
coefficient is negative, 0e > 0°, and the liquid does not 
spread over the solid, but forms droplets with a finite 
contact angle.

When WA = Wc, then

Immersional wetting involves total immersion of the solid 
in liquid, accompanied by a change from a solid-vapour 
interface, to solid-liquid interface, whilst the liquid- 
vapour interface remains unchanged. The changes in free 
surface energy taking place is given by the work of 
immersion, Wj

Ylv(co s 0e + l) = 2Ylv (1.13. )

and cos 0e = 1, 0e = 0o, and SL/s = 0

1.4.2 Immersional wetting

WT = Y,s v Y,SL YlvCOS 0e (1.14.)
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If 0e > 90°, then Wj is negative and work must be done to
immerse the solid in the liquid. If on the other hand 0e <
90°, Wj is positive and immersional wetting becomes 
spontaneous. When 0e £ 0 cannot be determined from contact 
angle measurements.

1.4.3. Spreading wetting
Spreading will take place when a solid-vapour interface is 
replaced by a solid-liquid and a liquid-vapour interface. 
The work of spreading Ws will be

W S =  <Y SL + Y LV> - Y SV =  - Y Lv (C O S  0 e “ 1 >

......... (1.15.)
Spreading can only occiir when cos 0e > 1, this will never 
happen in practice, so spreading can only occur when effects 
such as density differences aid the process.

1.4.4. Conditions for spontaneous wetting
To apply these concepts to the powder problem, it is useful 
for practical purposes to consider under what conditions the
powder would wet spontaneously. Spontaneous wetting will
occur when Ws is negative, and from the three separate stages 
of wetting it may be concluded that adhesional wetting is
spontaneous if 0e < 180°, immersional wetting is only
spontaneous if 0e < 90° and spreading wetting is only
spontaneous when 0e = 0. For the total work done, Wt is given
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by

Ylvc o s 0e

 (1.16.)

It follows that for spontaneity, 0e must be < 90°. Since one
of the separate stages require zero contact angle, this must 
be the condition for spontaneous wetting, for without it the 
powder would tend to float and some work would be required 
to bring about the spreading process.

The choice of method for measuring contact angles will 
depend on the physical nature of the system under 
investigation. For example a technique suitable for 
macroscopic, smooth, non porous flat plate may not be of use 
for the inner surface of a circular tube or for finely 
divided solids. Although, this work is concerned primarily 
with the measurement of contact angles on powders, it is 
considered useful to give a brief review of measurements on 
other systems.

1.5.1. Contact angle on a flat plate
1.5.1.1. Sessile drop or adhering gas bubble
This is the most widely used technique reported in the 
literature. Major work in this area was undertaken by Fox 
and Zisman (1950) and Zisman (1964). In this technique the

1.5. Contact ancle determinations
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measurement of contact angle from drop profile is undertaken 
by one of two methods, firstly, the direct measurement of 
the angle (from either an eye piece protractor fitted on a 
goniometer, or by projection of the drop onto the screen) or 
secondly by photography. Contact angles are often dynamic, 
and therefore change with time. Thus, in order to obtain 
highly accurate results, many measurements or photographs 
will have to be taken.

Rebinder et al (1933) proposed an alternative to direct 
measurements of the contact angle for spherical drops 
sufficiently small such that gravitational effects can be 
neglected. By measuring, the height, x, and the diameter of 
the base, d, which can be regarded as a chord of a segment 
of a circle, Bartell and Zuidema (1936) obtained 0 from the 
expression:

tan 0 = 2xt ...... (0 < 90° )  (1-HO
2 d

Many workers (Staicopolus, 1962; Paddy, 1963; Ehrlich, 1968; 
Maze and Burnett, 1969; and Malcolm and Paynter, 1981) have 
attempted to derive equations for use in the study of the 
profile of non-spherical drops. These curve fitting 
technique are valid for drops where the contact angle is 
greater than 90°.
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1.5.1.2. Tilting plate method
The tilting plate method was first proposed by Adam and 
Jessop (1925). In this method, a plate 2cm wide is dipped 
into a liquid, which forms either a concave or convex 
meniscus. The plate is tilted until the meniscus becomes 
flat, (Figure 1.4.). The angle between the plate and the 
liquid surface is the contact angle. It is difficult to 
eliminate contact angle hysteresis in these measurements, 
consequently the value of 0 obtained can only be regarded 
as being between 0A and 0R and it is not necessarily 0e.

1.5.1.3. Reflection method
This technique was first employed by Langmuir and Schaefer 
(1937) and later refined by Fort and Patterson (1963). The 
general arrangement is indicated schematically in Figure
1.5. The instrument employs a light source, mounted on a 
viewing arm, which can be moved around an axis by use of an 
elevating screw. The drop is positioned such that the axis 
moves through the three phase line. The arm is elevated 
until a reflection is noted along the viewing arm and the 
angle is read off on a protractor.

1.5.1.4. Wilhelmy-Gravitational method
In 1863, Wilhelmy devised an expression to account for the 
downward force exerted on a smooth, thin, vertical plate 
when brought into contact with a liquid:

Wp = dp Ylv c o s  0e - vPg .............. (1.18.)
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F i g u r e  1 . 4 .

Tilting plate method of contact angle measurement
Taken from Buckton (1985)
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F i g u r e  1 . 5 .

Reflection method for the measurement of contact angle 

I Taken from Buckton (1985)

source

cn elevating screw
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where Wp is the force on the plate, dp is the perimeter of 
the plate, P the liquid density and g the acceleration due 
to gravity. To determine 0, the plate is gradually lowered 
into the liquid until the plate makes contact with the 
liquid, the force Wp, required to pull the plate out of the 
liquid is observed. Knowing YLV of the liquid, 0 can be 
determined.

1.5.1.5. Capillary rise at a vertical plate
This is similar to the Wilhelmy method. However instead of
measurements of pull, a capillary rise, x, is recorded 

7
(Neumann, 19^4) Thus for an infinitely wide plate an 
integration of the Laplace equation yields:

sin 0 = 1 - a Pax2 ................... (1.19.)
2Y

1.5.2. Contact angle on a capillary tube
1.5.2.1. Capillary rise
If the meniscus is taken as spherical, the Laplace equation 
becomes,

APgx = 2Ylvcos 0 ..................... (1.20.)
r

where r is the capillary radius.
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1.5.3. Contact angle of powders and porous media
Powders exist as finely divided solids, as a result it is 
not possible to carry out assessment of their contact angle 
by methods such as direct observation of a drop of liquid on 
individual particles. Various attempts have been made to 
find alternative methods giving an indirect determination of 
contact angle.

1.5.3.1. Liquid penetration: cylindrical tube
model

Due to the difficulty in obtaining contact angles for 
powders using the direct method, studies of rate of liquid 
penetration into a cake made by compression of the powder 
particles, were carried out by Washburn (1921) and Bartell 
and Osterhof (1927). The Washburn method employs unopposed 
upward penetration of a liquid into a powder bed, which is 
assumed to consist of a bundle of parallel capillaries of 
radius r. The rate of penetration of liquid, dx/dt, under 
laminar flow and steady state conditions is given by 
Poiseuille's equation for viscous drag as quoted by Szekely 
et al (1971):

dx = AP.r2 .......................... (1.21.)
dt YLVnx

where x is distance of penetration in a certain time, t, aP 
is the pressure difference which causes the motion of liquid 
through the capillary and, n, is the viscosity. aP consists 
of two forces, *Pcap a capillary force and *Pext an external

62



force, therefore equation 1 .2 1 . becomes,

dx = r2( APcap + ^Pcxt) .............. (1.22.)
dt rnx

From the Laplace equation,

APcap = rfxLV...c,ps.„0 .................... (1.23.)
r

and for a perpendicular capillary,

l P ext =  9 P X  .......................... (1.24. )

Thus substitution of the capillary driving force (equation 
1.23.) into the Poiseuille equation 1.21. and integrating 
will give the Washburn-Rideal equation:

x2 = rYLV cos 0 t .................... (1.25.)
2 n

In the simplest case the pressure required to force a liquid 
into a capillary is given by equation 1.23., hencei
penetration will only be spontaneous if 0 < 90°.
The flow of a liquid in a horizontal cylindrical tube, under 
its own capillary force, has been experimentally shown to be 
well described by equation 1.25. (Fisher and Lark, 1979). 
The Washburn-Rideal equation has been widely used in the 
analysis of wetting and the measurement of contact angles in 
irregular porous systems (Eley and Pepper, 1946; Studebaker 
and Snow, 1955; Crowl and Wooldridge, 1967; Weber and
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Neumann, 1969; Bruil and Van-Aartsen, 1974; Miyasaka et al, 
1976; Liao and Zatz, 1979; Hansford et al, 1980; Buckton and 
Newton, 1985,1986 and Yang et al, 1988). The basis for its 
use is the assumption that such porous media effectively are 
bundles of cylindrical tubes with an average radius of r.
Linearity when plotting penetration distance, x, versus the

• 1/2 • • square root of time, t , as predicted by equation 1.25., has
often been taken as evidence for its valid use in such
cases. This has been disputed by Yang and Zografi (1986) who
pointed out that conformance of data to a linear plot of x
versus t1/2 was in fact a general mathematical property of the
solution of any nonlinear diffusion equation subject to the
step function boundary conditions, as first demonstrated by
Boltzman (1894).

However, most workers still use the Washburn-Rideal 
equation as adapted by Studebaker and Snow (1955). To 
estimate contact angles exhibited by a particular liquid- 
solid combination, a liquid known to exhibit a zero contact 
angle is also used. This allows the unknown geometric factor 
associated with the porous structure in equation 1.25. to be 
eliminated. More recently, Levine and Neale (1975) have 
derived a highly idealised theory for the kinetics of liquid 
penetration into packs of spheres based on the Washburn 
equation and Darcy's law (1856). For a system not affected 
by gravity, the Levine-Neale equation integrated from time 
zero to, t, gives the rate of penetration as
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x2 = 2KYlv c o s Q Av. t ...............(1.26.)
n

where K is the permeability of the medium and Av is the 
specific surface area per unit volume of porous material. 
Bartell and Osterhof (1927) measured the pressure necessary 
to prevent penetration, this will be equal to the Laplace 
capillary driving force ±£ap

APcap = 2Ylvc o s 0 ...................... (1.23.)
r

While in principle this is a reliable technique, problems 
do occur. The method of obtaining a stationary meniscus is 
extremely tedious (Davis and Curtis, 1932).

1.5. 3.2. Liquid penetration: surface tension
viscous flow model 

Yang and Zografi (1986) have advised that caution must be 
used when applying the Washburn-Rideal equation directly or 
when using the method of Studebaker and Snow to estimate 
contact angles in porous media consisting of powders or 
powder compacts. According to these authors, the cylindrical 
tube model, upon which the Washburn-Rideal equation is based 
does not take into account several important features of 
liquid flow in media consisting of pores with irregular 
shapes. They argued that the meniscus at the liquid-vapour 
interface does not move continuously through such media 
rather it exhibits a discrete jumping movement, known as
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"Haines jump" (Haines, 1930). This jumping movement, and the 
cooperative effects caused by the interconnectedness of the 
porous network in the powder bed, give rise to capillary 
pressure hysteresis between measurements during drainage and 
imbibition of the liquid. Furthermore, in the solution of 
equation 1.25. it is often assumed that all of the void 
space behind the wetting front is completely filled with 
liquid as penetration proceeds i.e. that flow is fully

| saturated. However, the degree of unsaturation varies with
different physical properties of the solid-liquid systems 
used, eg contact angles. Levine et al (1977) have accounted 
for the energy dissipated at the moving interface due to 
"Haines jump", however, the final formula relies on

! empirical parameters. In order to understand fully the
tIi  surface tension viscous flow model, it is important to treat|
1 fully the basis of its use in powder-liquid system. The
| flow
! macroscopic behaviour of^through a porous medium has been

studied extensively in soil physics (Hillel, 1971,1980).

1.5.3.2.1. Darcy's law of liquid flow through porous
media

The simplest type of porous flow solution deals with 
saturated media in which all pores are completely wetted. 
For such systems Darcy (1856) demonstrated an empirical 
proportionality between macroscopic flow rate and driving 
force.

q = v = K aH .................  (1.27. )
At 1
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where aH/1 is the hydraulic gradient, q is the volume of 
liquid flowing through a cross-sectional area per unit time 
or flux and K is the hydraulic conductivity.
Where flow is unsteady and conductivity is variable, there 
is the need for a more exact and generalised form of 
equation 1.24.

1.5.3.2.2. Equations of saturated flow
Slichter (1899) generalised Darcy's law for saturated porous 
media into a three dimensional macroscopic differential 
equation of the form

q = - KsyH ..........................(1.28. )

in a one-dimensional system equation 1.28. takes the form

where Ks is the saturated conductivity and tH is the 
hydraulic head. tH includes both local pressure head, h, and 
gravitational head, z. For unsteady or transient flow 
processes there is the need for the introduction of the law 
of conservation of matter expressed in the continuity 
equation. Therefore, for a one dimensional flow, with qx 
being flux in the x direction, the rate of increase of qx 
with x equals the rate of decrease of volumetric liquid 
content, <j>, (i.e. wetness) with time, t.

q = - Ks dH (1.29. )
dx

d£ = - dgx (1.30.)
dt dx

and for multidimensional systems, equation 1.30.
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becomes

dt
where t denotes a gradient.
Combining the continuity equation 1.31. with 
Darcy's equation 1.28. gives the general flow 
equation

d<p = t.K tH .......................... (1.32. )
dt

In a one dimensional system, equation 1.32. becomes

d<& = cL_ (K dH) ..................... (1.33. )
dt dx dx

Since the hydraulic head can be resolved into a 
pressure head, h, gravitational head, z, we can rewrite 
equation 1.33.

d<f> = div [K(rh + t z )] ................(1.34.)
dt

in vertical flow downwards (the system used in this 
work),

▼z = 1 , and therefore

d<ft = div [K(dh + 1)]................. (1.35.)
dt dz
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1.5.3.2.3. Equations of unsaturated flow
Darcy's law, though originally conceived for saturated flow 
was extended by Richards (1931) to unsaturated flow, with 
the provision that conductivity is now a function of the 
matrice suction head (liquid pressure - air pressure) i.e. 
K = K(h)

Equation 1.36. fails to take into account the hysteresis of 
powder-liquid characteristics (Miller and Miller, 1956). 
This hysteresis may be overcome to a certain extent by 
introducing the relationship of conductivity to volumetric 
wetness, K(<ft), thus equation 1.36. for unsaturated soil can 
be written as,

to account for steady as well as transient flow process 
equation 1.37. is combined with the continuity equation

q = - K(h) tH (1.36.)

q = - K(<ft) tH (1.37. )

1.31.,

deft = - ▼. q (1.31. )
dt

to obtain the general flow equation

deft = v . [K(h) yH] 
dt

( 1 . 3 8 . )
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Remembering that the hydraulic head, tH, is the sum of the 
pressure head, h, and the gravitational head, z, equation 
1.38. becomes,

d < p  =  -  ▼. [K(h) ▼ (h-z) ] = - Y.(Krh) + dK
dt dz

 (1.39. )
or

d ( p = - d (Kdh) - d (Kdh) - d (Kdh) + dK = dft dh 
dt dx dx dy dy dz dz dz dh dt

(1.40. )

where d0 /dh is the slope of the volumetric liquid content 
versus pressure head of the liquid-solid system. When the 
effect of gravity, y z , can be neglected,

or in one dimensional gravity free monotonic flow in the x 
direction,

which accounts for flow in a horizontal direction.

1.5.3.2.4. Diffusivity
In order to simplify the mathematical and experimental 
treatment of unsaturated flow processes, the flow equations 
can be changed into a form analogous to the equations of 
diffusion for which ready solutions are available 
(Crank, 1956) . The flux, q, can be related to the liquid

d<£ = y . [K(h) Y h ]
dt

(1.41.)

d c p  =  d  [K (h ) dh] 
dt dx dx

(1.42.)
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content (wetness) gradient rather than to the pressure 
gradient. The pressure gradient, dh/dx can be expanded by 
the chain rule as follows,

dh = dh . d£ ......................... (1.43.)
dx d <p dx

where d^/dx is the wetness gradient and dh/d<£ is the 
reciprocal of the specific liquid capacity, c($),

c ( < p ) = d & ............................. (1 .44. )
dh

which is the slope of the solid-liquid characteristic curve 
at any particular value of wetness, <p. The Darcy equation 
can be rewritten as follows,

q = K ( ( f > ) dh = - K ( ( f > ) . d<£..............(1.45.)
dx c ( ( p ) dx

To write equation 1.45. into a form analogous to Fick's law
of diffusion, a function called the diffusivity, D, was 
introduced (Childs and Collis-George, 1950), where,

D ( < p ) = K ( < ( > ) = K (<f>) dh .................(1.46.)
C (<t>) dtf>

Since D is defined in this equation as the ratio of
hydraulic conductivity to the specific liquid capacity, and 
since both of these are functions of solid wetness, the 
diffusivity must also be so. Thus equation 1.38. can be 
written as,

q = - D(0) r(f> ....................... (1.47. )
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or in one dimension,

q = - D(0) d£ ........................ (1.48. )
dx

introducing diffusivity into equation 1.42., for 
dimensional flow in the absence of gravity, we obtain,

d<£ = d [D ( < p ) d£] ..................... (1.49. )
dt dx dx

To take account of gravity as in equation 1.39. 
diffusivity equation can be written in the form,

d£ = t . [ D (<f>) r ( f >]  +  dK ( < p ) = t . [ D ( (J>)  r<f>] + dK d£ 
dt dz d (f> dz

 (1.50. )

The Boltzman transformation (Boltzman, 1894) for
equation 1.49. subject to the boundary conditions,

(f> = <£., x £ 0 , t = 0

<p = <p0 , x = 0, t > 0.................(1.51.)

allows the introduction of a composite variable $ ( < j > )

defined as,

$ ( < p )  = x f 1/2...........................(1.52. )

into equation 1.49., which now becomes,

- $ d = d [D(#) d£] ..................... (1.53.)
2d$ d$ d$

one

/ a
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the only variables being (j> and $. Equation 
1.52. can be rewritten as,

x = $(<£) t1/2........................... (1.54. )

During liquid penetration into a stable bed of powder, the 
advancing wetting front is usually visible and indicates a 
moving zone of practically constant wetness. Thus $(<£) can 
be assumed to be constant, and therefore, x, taken to be the
distance of the wetting front is proportional to t1/2 (Miller,

• 1/2 • • • 1971) and a plot of x against t should give a straight line
with a slope equal to $.

Following Philip (1957) and Jackson (1963) the 
proportionality constant is called penetrability, a, i.e. 

x = at1/2................................(1.55. )

1/2 • • • •The t dependence of distance of liquid penetration given
in equation 1.55. is analogous to that in the Washburn-
Rideal equation 1.25.

1.5.3.2.5. Similitude and scaling of surface tension 
viscous flow

Miller and Miller (1955a, 1955b, 1956) in a series of papers 
developed a model for capillary flow phenomena including 
equation 1.49. obtained by the standard variable-separation 
technique. This approach, known as the surface tension 
viscous flow model (abbreviated as STVF) was based on the 
assumption that for an unsaturated porous media, the shapes
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of the liquid-air interfaces are governed by the classical 
laws of surface tension and contact angle, while the flow 
patterns within the * liquid filled spaces obey the 
hydrodynamic laws of viscous flow. They concluded that the 
properties of the medium are functionals, dependent on the 
pressure history but scale invariant to monotonic time scale 
distortion of that history. Such time invariant functionals 
were termed "hysteresis functions" and are symbolised by the 
subscript H. Wetness (0), conductivity (K) and diffusivity 
(D) are thus hysteresis functions of pressure. From these 
arguments Darcy's law was obtained in the form,

v = Kh(P) f - tP .................... (1.56. )
where, f, represents body forces per unit volume (i.e. 
gravity) and v is the flow velocity. The conservation of 
matter equation can also be rewritten in the form,

div = - dft = - d<ft„(P) (dP) ......... (1.57.)
dt dP dt

when, v, is eliminated from the two equations, 1.56. and
1.57., a combined equation analogous to that of Richards 
(1931) is obtained,

div [Kh(P) (tP - f)] = dft„m  .......(1.58.)
dt

This equation has some advantages when liquids with various 
properties are to be compared. These results were developed
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in a complete set of reduced variables obtained from 
similitude analysis, permitting direct comparison of similar 
flow systems despite complex non linearity of the 
differential equations describing them. Two important system 
parameters were introduced in the STVF theory. Firstly, the 
microscopic characteristic length (or characteristic pore 
size), $, for comparison of media, and secondly, the 
macroscopic characteristic length, 1 , for comparing entire 
flow systems. "Similar media" were defined as media which 
are exactly alike geometrically except for scale (Figure
1.6.). The condition necessary for "similar states" of such 
media is that the reduced film curvature must be the same. 
Another condition is that contact angle at each point in one 
medium must match the contact angle at the corresponding 
point of the other medium. This limits comparisons between 
systems to those having the same contact angle 
characteristics. While several workers have tested and 
verified the similar media concepts using soil materials 
(Klute and Wilkinson, 1958; Wilkinson and Klute, 1959 and 
Elrick et al, 1959).
Similar media concepts have not been applied to 
pharmaceutical powders.

1.6. Liquid transport in porous media
Pilpel (1983) wrote that powders "can float like a gas". The 
ability of powders to float or sink in the presence of any 
liquid will depend on the nature of, and the rate at which 
contact is made with the liquid in particular and the rate
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F i g u r e  1 . 6 .

Similar media in similar state 
Taken from Miller & Miller (1956) ’

Note that the two characteristic lengths J ,  and connect corresponding 
points in the two media.
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of liquid penetration into the interstices of the powder. 
This is important as it may decide if the powders 
are incorporated into the liquid with all surfaces in 
contact or just the external surface.

The problem is not a simple one. Powders are far from 
being homogeneous especially with regards to their particle 
shape and size distribution. These diversities in size, 
shape and orientation affect the mutual arrangement and 
organization of the particles in the powder matrix and 
eventually determine the pore spaces and architecture. The 
characterization of the more important transport phenomenon 
in powders such as molecular diffusion, viscous flow, 
wetting and capillary rise all of which may affect the rate 
of liquid penetration require that pore space models be 
properly defined. Pore space models are derived from pore 
space interconnectivity within the powder matrix. This 
interconnectivity (Van Brakel, 1975) may be envisaged as 1) 
one-dimensional (tubes in parallel, or in series; tubes with 
constrictions), 2) two-dimensional (network models), 3) 
three-dimensional (regular sphere packing; tetrahedra 
networks; tubes and/or' junctions randomly in space), and 
zero-dimensional (simple capillary elements used in ad hoc 
explanations; independent domain theory). These models have 
been found useful in petroleum engineering and in soil 
physics (in respect of the infiltration and drainage of 
ground water in soils). It will be interesting to see if
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they can be used to describe liquid penetration of 
pharmaceutical powders.

1.6.1. Characterization of liquid transport in
powders

In order to understand the transport phenomena in powders 
it is important to know which processes take place, and the 
driving forces involved. These among other things are a 
function of the geometries of the interfaces between the 
different phases in the powder as it comes in contact with 
liquid. These geometries are, complex, therefore one model 
may not be sufficient to account for the observed 
phenomenon. In using these models it will be assumed that
1 ) the powders investigated are homogeneous and isotropic,
2 ) the pore space is continuous and of simple architecture 
i.e not bidisperse, 3) porosity is >30% but <60% and pores 
are not too small (0.1 - 2000 pm) and 4) the solid interface 
is fixed i.e no swelling during the penetration process.

Broadly speaking transport phenomena in powders can be 
divided into capillary and non-capillary liquid transport. 
This can be further divided into transport phenomena that 
are partly resolved by the geometries of liquid-vapour 
menisci present in the porous medium and those whose driving 
force, is not a function of the structural properties of the 
porous medium. In this later group belong heat conduction, 
molecular diffusion, viscous flow and dispersion. In the 
case of capillary liquid transport, infiltration, drainage
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and wetting, both the driving force and the penetration 
coefficient are a function of the geometries of the pore 
space. The transport mechanisms to be discussed are 
presented in figure 1.7.

1.6.1.1. Heat transport in powder
Although heat transport in powders is of significant 
importance in the pharmaceutical industry, especially in the 
drying of powders and in fluidised bed technology, it is not 
of particular relevance to the present study, hence only a 
brief discussion will suffice here. In porous media such as 
powders convection is often negligible and radiation is 
important only at high temperatures (Beveridge and Haughey, 
1971). When isothermal lines are parallel the heat flux qh is 
given by;

Sh = “ C eff dT / dx .........................(1.59. )

where Ceff is effective thermal conductivity of porous medium, 
J/(m sec K), T temperature, K and x coordinate in the 
transport direction, m. qh is a function of the surface and 
structural properties of the porous medium. It is important 
to note that heat transport is different from other forms of 
transport in porous media, because transport takes place in 
all direction.
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1.6.1.2. Molecular transport
The movement of gas or vapour in porous media is important 
in understanding diffusion of water vapour, oxygen and 
carbon dioxide during the drying of granular materials or 
storage of pharmaceutical products. In the case of 
diffusion of a binary gas or vapour (Breton, 1969), the 
diffusion coefficient, Deff for a porous media is given by;

Deff = - JA dx / dpA ............................ (1.60.)

where, JA is the diffusional mass flux of component A 
(relative to the mass average velocity of the gas or vapour 
mixture) and pA is the mass concentration of component A. A 
simplified version of equation 1.60. allows the derivation 
of Q the diffusibility, which is a function of pore space 
geometry.

Deff = Q  d ab ................................. (1.61.)

where, DAB is the molecular diffusion coefficient of species 
A in species B. Attempts have been made to derive Q as 
function of the porosity, e, (Neale and Nader, 1973):

Q = 2 e  /  (3 - e ) .......................... (1.62. )

However, experimental values of Q do not seem to agree with
equation 1.62. (Brakel and Heertjes, 1974).

80



[I

1.6.1.3. Viscous flow
Liquid penetration into packed powder bed can occur by 
viscous flow (see section 1.5.3.2.1.). For such systems
Darcy (1856) proposed the following relationship for the
macroscopic flow rate, q,

|
|
| q = K rH / x ...................................(1.27. )
ii

i where, x is the length of the porous medium and K a
constant depending on the properties of the packing and

i| liquid. Darcy's law is similar to Poiseuille law for
I laminar flow in narrow tubes of radius, r for a liquid ofi
| viscosity n, (see section 1.5.3.1.) i.e.,
f

| q = dx/t = r2 aP / 8n x ................(1.63.)

i
For easy comparison with other transport phenomena equation 
1.27. can be written in the following form:

q = - k (g + x cos 0) d / dx .............. (1.64.)

where, g is the pressure head and x cos 0 the elevation
head.

1.6.1.4. Capillary liquid transport
Liquid movement in and out of powders involve capillary 
liquid transport mechanism (Klute, 1972). Buckingham (1907)
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proposed an equation for capillary liquid transport similar 
to equation 1.64.;

q = - k (£ + x cos 0) d / dx ................ (1.65.)

with exception that £ and k are dependent on the liquid 
content of the porous medium, and £ is now called the 
capillary potential or suction potential. In the area 
surrounding the meniscus Q is directly related to the 
capillary pressure, Pc :

where, p is the liquid density and g acceleration due to 
gravity. Laplace in his treatment of the hydrodynamic 
equilibrium of a meniscus derived the following equation 
for capillary pressure:

where and r2 are the principal radii of curvature of the 
meniscus for a given point on the interface. If the two 
radii are equal then equation reduces to

(1.66. )

Pc = Y ( l/ri + l/r2 ) ---  (1.67.)

Pc » 2Y / r (1.68.)

Where r is the average radius of curvature 
(for a complete review see Schwartz, 1969).
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The radii of curvature are a function of the geometries of 
the pore space and the contact angle, 0. Thus for capillary 
liquid transport we need a model for both the transport 
coefficient, k, and part of the driving force (the 
capillary pressure). When equilibrium is reached after 
capillary rise in a cylindrical capillary, the following 
expression is obtained:

p g xc = - 2Y / r = 2Y cos 0 / r  .......(1.69.)

where, xc is the maximum capillary rise. If the 
thermodynamic equilibrium condition for the phases at both 
sides of the meniscus is considered, the Kelvin equation 
(Melrose, 1971; Skinner and Sambles, 1972) may be written 
for the system:

Pv = Ps exp (Y cos 0 M  / p R T )  ........... (1.70.)

where, Pv and Ps are the vapour pressure and saturated 
vapour pressure respectively, R is the gas constant, T is 
the temperature and M is the molecular weight of the 
liquid. Hence when transport takes place in a partly 
saturated porous medium, the presence of a capillary 
potential gradient is accompanied with a vapour pressure 
gradient.
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1.6.1.5. Wetting, capillary rise and infiltration
The wetting of an initially dry porous medium by a moving 
liquid front may be referred to as capillary rise, 
infiltration or (horizontal) wetting, depending on the
value of 0 in equation 1.64. (see figure 1.7. c, e and f.)
Much work has been done in solving equation 1.64. assuming 
k and £ to be known (Philip, 1969). The rate of movement, 
dx / dt, in a cylindrical capillary (Washburn, 1921) can be 
derived from knowledge of macroscopic energy balance (see 
equation 1 . 65. ),-tfius;

dx / dt = r2 / 8n . (xc - x cos 0) / x ...(1.71.)

When 0 = 90° or xc >> x cos 0,

dx / dt = r2 xc / 8n x or x2 = xc t r2 / 4n
 (1.72. )

which is known as the Washburn equation.
If it is assumed that liquid moves in the porous medium 
with a sharp mobile front equation 1.64. takes the form of,

6 dx / dt - - k ( C + x  cos 0) / x ..........(1.73.)

1.6.1.6. Drainage and suction
This is the movement of liquid from an initially saturated 
porous medium, a process which continues until equilibrium 
is reached between capillarity and gravity. However, for an
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Figure 1.7.

A presentation of some transport phenomena in powders, a, b, c, d, powder 

beds;A, filled with liquid; b, filled with gas; c, initially filled with 

gas; d, initially filled with liquid; e, wetting phase; g, liquid connected 

to free liquid surface kept at constant level; h, piston; k, stationary gas 

phase; m, membrane, only permeable to wetting phase; <pL, flow of liquid; <£9, 

flow of fluid that displaces or is displaced by the liquid; <ps,Molecular 
transport by concentration gradient in gas phase.

Taken from Van Brake! (1975)
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infinitely porous medium and an infinite reservoir of 
liquid, wetting and infiltration process never reaches 
equilibrium.

1.6.2. Characterization of pore space models
Pore spaces may be classified into one, two or three- 
dimensional models. In one-dimensional models liquid 
transport proceeds in only one direction (figure 1 .8 a.), 
while in two (figure 1 .8b.) and three-dimensional (figure 
1 .8 c.) models transport takes place in a plane containing 
the macroscopic transport direction or in a plane 
perpendicular to the macroscopic transport direction 
respectively.

1.6.2.1. One-dimensional pore space models
This model describes pore spaces as parallel uniform tubes 
with fixed radius, which may be tortuous. In this group 
belong the following archetypes:
1) equivalent radius. (Slichter, 1899), 2) hydraulic radius 
(Mitscherlich, 1905) and tortuous tubes (Kozeny, 1927).

1.6.2.1.1. Equivalent radius
For powders which fit this model there exist an equivalent 
radius, hence the values of macroscopic transport or 
penetration coefficient and the capillary potential can be 
calculated from the equations for cylindrical capillaries. 
The equivalent radius of a packed powder bed can be 
determined by the break through pressure, Pb, which is the
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Figure 1.8. Pore space models. 
Taken from Van Brakel (1975)
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b) Pore space with two dimensional connectivity.

c) Pore space with three dimensional conductivity.
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pressure necessary to force air through a saturated porous 
medium. The equivalent radius follows from equation 1.69. 
where Pb = p g hc. The number of tubes in a unit volume, N, 
follows from e = N n r2. In contact angle measurements using 
the Washburn equation 1.72. this model is used as it is not 
necessary to know the value of the equivalent radius.

1.6.2.1.2. Hydraulic radius
The hydraulic radius, rh, for non-circular tube is the ratio 
between the cross section and the perimeter of the tube. 
Therefore for a porous medium,

r / 2 = rh = e / (1 - e) s .............. (1.74.)

where s is the specific surface area in m2/m3. It follows
that (Carmen, 1941; Mitscherlich, 1905),

Pb = p g xc = Y cos 0 (1 - €)s / e .......(1.75.)

Equation 1.75. has been used to justify methods used to 
determine 0 (Lucassen-Reynders, 1963), even though its
validity has been questioned by Carmen (1948). Since the 
superficial and interstitial velocity differ by a factor 
e, and from equations 1.63., 1.64. and 1.74. (Blake, 1922) 
an equation for permeability, k, may be written,

k = §<, pg / n . e3 / (1 - e ) 2 s2 = . C
..........(1.76.)
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§1 is an empirical parameter, which is a function of the 
form of tubes, has a value of 0.5 for cylinders. For 
viscous flow in tortuous tubes equation 1.76. becomes

k = §, . C /r2 ..........................(1.77.)

Y i s  the tortuosity, which is defined as the ratio between 
the actual tube length and its projection on the movement 
direction. Kozeny (1927) has applied this model to 
capillary liquid transport through equation 1.78,

dx / dt = k / e . (xc - x cos 0) / x  (1.78.)

1.6.2.2. Two-dimensional pore space model
This is based on the concept that the pore space of a 
porous medium consist of a network of tubes (Fatt, 1956). 
The model describes porous media as consisting of short 
cylindrical tubes of different radii distributed randomly 
over a regular network (see Figure 1.8b.), characterised 
by a factor, 13, being the number of tubes to which each 
tube is connected. The 13 factor can be estimated from 
photomicrographs (Weinbrandt and Fatt, 1969). This model 
has been applied to viscous flow (Fatt, 1960).

1.6.2.3. Three-dimensional pore space model
This describes the packing of particles that constitute the 
porous medium (see Figure 1.8c.). Regular sphere packing 
have been used as for all transport in porous medium.
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Packing may be of cubic or hexagonal array in nature. 
Haines (1927, 1930) applied these models to capillary
liquid transport in his famous suction experiments.

1.6.3. Predictions of pore space models
It is important to compare the predictions arising from 
these models with experimental results. In this study of 
particular interest are the simple one dimensional models, 
as they are easy and less complex to characterise. This 
model implies an equation of the following form

€ dx/dt = k (xc - x) / x ..................(1.79.)

with k and xc constant. Put in another form a plot of dx/dt 
versus 1 /x should give a straight line until xc min is
reached then a saturation gradient develops (see Figure
1.9.). On a microscopic scale the dx/dt oscillates between 
line, p and line, q, but macroscopically line, r is 
observed.

1.7. Contact angles from Compressed discs
An alternative approach to the determination of the wetting 
of powders was taken by Heertjes and Kossen (19 65) in the
development of the (h-e) method. If a drop of liquid is
placed on a flat, non porous, horizontal surface, a contact 
angle will be formed according to the Young equation.
Poynting and Thomson (1905) and Paddy (1957), showed that
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Rate of penetration versus inverse height of penetration, 
van Brakel (1975)
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at equilibrium, when the drop is such that any increase in 
volume does not cause an increase in height, x,

cos 0 = 1 - p Lg x2 ............... (1.80.)
2Yz 1LV

When a liquid is placed on a porous mass, such as a 
compressed disc, a stable drop is not formed due to the 
penetration of liquid into the pores of the compressed 
powder bed. When the pores of the bed are saturated the 
liquid will remain on the surface to form a stable maximum 
height, x. In calculation of cos 0e, the surface porosity, 
es, of the compressed bed, must be taken into account and

YgV -*■ €gY|_V + (1 - €g ) Ygy ............ (1.81.)

YSL - (1 - €s) Ysl .................... (1>82 .)

By substitution of equations, 1.81. and 1.82. into an 
equation expressing the equilibrium free energies per unit 
area, the Young equation for such a porous mass may be 
written as,

Isv_r_YSLi.L-esl = - es + cos 0   (1.83.)
YLV
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where 0 app is the apparent contact angle for the liquid on 
the porous mass. If 0e > 0°, but < 90°, then 0app < 0e. The 
surface energy terms in equation 1.83. may be eliminated by 
means of the Young equation 1.1., then,

cos 0e (1 - es) = - es + cos 0app...... (1.84.)

by analogy with equation 1.80.,

cos 0 = 1 - p Lax2 = 1 - Bx2 ..........(1.85.)
2 Y*lv

where B = pLg/2YLV, and therefore,

cos 0 = 1 -  B x2 ..................... (1.86.)

Heertjes and Kossen (1965)went on to adapt this formula by 
use of the Laplace equation and introducing a term for the 
volume porosity ev to give,

cos 0e = 1 - / Bx2  (1.87.)
v  3<l - ev) ( l -<BxV2))

for values 0e between 0° and 90°, and Heertjes and 
Kossen (19 67) reported,

cos 0 e = - 1 + /  2 ( 2 - 1 )  (1 .8 8 .)
V  3<l-ev) “t a ir

for values of ©e > 90°. Derivation of equations 1.87. and 
1 .8 8 . assumes the particles to be spherical, of equal size 
and homogeneously packed.
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New equations have been derived to deal with rough 
surfaces, because equation 1 .8 8 . would only be valid on 
idealised smooth surfaces (Witvoet, 1971).
For 0. < 90°e

Lerk et al (1976,1977) have found this method to give 
reproducible results for large numbers of pharmaceutical

when swelling or softening of the powder mass had occurred. 
Zografi and Tam (197 6 ) studied the wettability of various 
pharmaceutical powders by making direct observation of 
drops of liquid on a surface formed either by compression 
or by melting of the solid and resolidification on a smooth 
glass plate. The use of such direct methods has been 
compared to the drop height (h-e) method by Fell and 
Efentakis, (1979). Despite the assumptions and variables 
inherent in both techniques, a reasonable degree of 
agreement was obtained for a range of powders with values 
of 0e between 59° and 121°. Although the Zografi and Tam 
(197 6 ) method involved the use of a goniometer with an eye 
piece protractor, it is possible to use photographic and 
projection technique as described in section 1.5.1.1. The 
major drawbacks with measurements on compressed powder

cos 0 e = 1 2 Bx2 
3(1-€v)

(1.89. )

and for 0e > 90°

cos 0 ,e 1 +
v>

(1.90.)

materials, with variation in values of less than ± 4° even
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discs is that deformation occurs at the upper most surface 
of the compact, which is then likely to have properties 
different from those possessed by the single crystal of the 
powder material (Buckton, 1985).

1.8. Surface energy criteria of powders
The determination of the surface energy of powders, as well 
as the contributions to surface energy from 
various forces, eg dispersion and polar forces is a useful 
approach to understanding the important role 
that the nature of powder surfaces play in the wettability 
of pharmaceutical powders. For pure liquids, surface 
energies can- be determined from surface tension 
measurements. But for powders the problem is both 
theoretically and experimentally difficult due to the 
immobility of the molecules and to the heterogeneity of the 
solid surface (see section 1.3.5 . and 1.3.6.).

Approaches using spectroscopy, calorimetry, solubility 
and vapour adsorption have been used to estimate an overall 
surface free energy or distribution of energies. However, 
these techniques are generally more applicable to metals 
and inorganic compounds than to organic solids such as 
pharmaceutical powders' (Mykura, 19 6 6 ), because of the 
temperatures and pressures to which solids must be 
subjected to in the formation of a surface and the high 
specific surface area required for accurate measurements. 
Measurements of contact angles exhibited by liquids on
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solid surfaces have been used to estimate the surface free 
energy of many polymers of relatively low energy (Fowkes, 
1964; Zisman, 1964). Despite many uncertainties when 
applied to more polar solids, this technique when properly 
utilized and interpreted allows some understanding of 
organic solid surface energetics.

1.8.1. Critical surface tension of solid
Fox and Zisman (1950) in their study of the wettability of 
Teflon observed that a straight line relationship was 
obtained when the cosine of the contact angles , cos 0 e, of 
a series of liquids on a given solid was plotted against 
the surface tensions of the liquid, YLV. Extrapolation to a 
value of cos 0e = 1 gave a value of Y which is designated 
the critical surface tension, Yc of the solid. This is 
equivalent to a value of 0e = 0 and thus Yc of a solid is 
equal to the minimum value for YLV of a liquid which will 
form a zero contact angle i.e. spread on the solid. It has 
been suggested that cos 0 as a function of (YLV) 1/2 is of 
greater significance (Good, 1980). The critical surface 
tension so determined has been related to the surface 
energy of the solid (El-Shimi and Goddard, 1974). Hansford 
et al (1980) and Buckton and Newton (1986) used water- 
alcohol mixtures to determine Yc for griseofulvin and a 
series of barbiturates because the pure liquid tested did 
not produce a modified Zisman plot.
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1 . 8 . 2 . Polar and dispersion force components of
surface energy

When liquids make contact with solids the interfacial 
tension that result is the sum of the interfacial tension 
in each phase. In the interfacial region of the liquid, the 
molecules are attracted toward the bulk by intermolecular 
forces which tend to produce a tension equal to the surface 
tension of the liquid YLV. There is also an attraction by 
the dispersion forces of the liquid for the solid at the 
interface. The tension in this layer is a function of the 
difference between the surface tension of the liquid and 
the attractive force exerted by the dispersion force 
interaction between the liquid and solid. The effect of 
interfacial attraction on the tension in the interface can 
be predicted by the geometric mean of the dispersion force 
components of surface tension of the liquid, YLVd and Ysvd 
i.e. (YLVd.Ysvd) 1/2 (Girafalco and Good, 1957). Therefore, the 
tension in the interfacial region of the liquid is 
represented by,

Y = Y - / y d Y d^1/2LV LV ' XLV * SV ' • * •  (1.91.)

Similarly for the solid

Y =  y  -  / Y d Y d ^ 1/2sv sv '  LV sv '  • • * . . ( 1 . 9 2 .  )
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Since the interfacial tension, YSL is the sum of the 
tensions in these two layers,

(1.93.)

Combining equation 1.93. with Youftg's equation 1.1. for the 
contact angle 0 e of a liquid on a solid surface,

For contact angles of a series of liquid on a given solid 
the dispersion force contribution to surface energy, Ysv, 
can be calculated, and where interactions involve polar 
forces a term to account for this interaction may be added 
and equation 1.94. becomes,

(1 .1.)

therefore

Yu  c o s  © e y lv + 2(YLVd.Ysvd) 1/2 (1.94.)

Ylv(.cos 0. +...1) = <Yu d.Ysvd) 1/2 + (Yl/.Y svp) 1/2 
2

(1.95.)

where, YLVP, is the polar force contribution to the liquid 
surface energy, and Ysvd is the polar force contribution to 
the solid surface energy.



1.8.2.1. Kaelble1s approach
Kaelble (1971) has suggested an approach to determining 
Ysvd and Ysvp based on the simultaneous solution of equation 
1.95., for the interaction of two dissimilar liquids 1 and 
2 to a common solid surface i.e.,

C O S  0e + 2D ) = ( (YLvd)iYsvd) 1/2 + (<Ylvp>iYsvp) 1/2

^YLVf cos ee + 1)\ = (< YLVd )2YSVP) 1/2 + ((YLVP)2YSVP) 1/2

 (1.96.)

Equation 1.96. may be rearranged in a standard 
determinant form,



1.8.2.2. Lewis acid-base approach
Van Oss et al (1987&) have recently proposed the treatment 
of polar force component of surface energy, Yp, as Bronsted- 
Lewis, acid-base systems, Yp_ and Y**, referring to these 
groups separately as monopoles where Yp" and Yp+ indicate 
the part of the polar force component responsible for 
proton acceptor or electron donor and proton donor or 
electron acceptor activity respectively. Surfaces where 
only one of these forces dominate are monopolar, while if 
both forces are present at appreciable levels they are 
called bipolar.

In the light of these proposals it is then possible to 
replace the polar force term in equation 1.95. with Ysp+, 
Ysp_, Ylp+ and YLP" as parameters that define the polar 
interactions at the solid-liquid interface. The complete 
Young-Good-Girifalco-Fowkes equation becomes,

YLlcos_0e_jLJLi = (YsdYLd)1/2 + (YSP+YLP")1/2 
2

+ (Ysp"Yl p+) 1/2
(1 .1 0 0 .)

As true values of Y+ and Y" are not available for any known 
material, arbitrary estimates of the ratio of YLP_ and YLP+ 
have been used, obviating the need for exact values for the



test liquids. The polarity ratios of a solid, S relative to 
a test liquid, L may be defined as follows,

q slP+ = (Ysp+/Yl p+) 1 /2............. (1.101a.)
aSLP~ = < V / Y LP')1/2........... (1.101b.)

For water YWP=51.0 mNm"1 (see section 5.3.3.2) and,

Y„p = 2(YWP+YWP' ) 1/2 = 51.0 mNm"1...... (1.102.)

therefore,

Ygp- = 25.5/<Ylpt)1/2...............(1.103.)
YgP" = 25.5/(Y„p’)1/2...............(1.104.)

combining equations 1.100., 1.103. and 1.104. yields,

Yu(cos 0clJ) = (YsdYwd ) 1/2 + 25.5(Ysp-/Ywp’)1/2 
2

+ 25.5(YSP+/YWP+)1/2 ...(1.105.)

Substituting equations 1.101a. and 1.101b. into equation 
1.105. gives,

Yw1cos_0smJl = (YsdYwd ) 1/2 + 25.5asup+ + 25.5aswp‘
2

 (1.106.)

For glycerol YGP=30.0 mNm ' 1 (see section 5.3.3.2) and 

Ygp = 2(Ygp+Ygp' ) 1/2 = 3 0 . 0  mNm"1 .......(1.107.)
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T h e r e f o r e

Ygp+ = 15.0 / (YGP” ) 1/2 (1.108.)

Ygp~ = 15.0 / (YGP+) 1/2 (1.109.)

and as in the case of water,

YG(CQS_0,SG + .1) = (YsdYGd) 1/2 + l5.0(Ysp-/YGp‘ ) 1/2
2

+15 . 0 (Ysp+YgP+) 1/2

.......... (1 .1 1 0 a.)

Van Oss (1987$ by measuring contact angles on various
monopolar surfaces such as Zein, gelatin, agarose and 

a.polymethylmethprylate with water and glycerol obtained 
aGWp+ = 0.471 and aGWp_ = 1.245. Using these values in
equations 1 .1 0 1 a. and 1 .1 0 1 b. allows equation 1 .1 1 0 a. to 
be rewritten as,

Y0 (COS 0SG + 1 ) 1/2 = 2<YsdYGd>cL, dv 1/2

+ 63. 5aswp+ + 24.0asup"
(1 .1 1 0 b. )

Ysd can be determined with apolar liquids using the 
following equation,

cos 0e + 1 = 2(Ysd/YLd ) 1/2 (1 .1 1 1 . )



Equations 1.106. and 1.110b. can be solved for aswp~ and 
o s J *  if contact angles are measured with water and with 
glycerol. The polar component Ysp of a solid material can 
be determined from,

Ysp = 51 O s / V / ’ ........................ (1.112.)

Thus allowing the determination of the total surface energy
of a solid if the dispersion force is known (see chapter 5)

1.9. Pharmaceutical importance of surface
energy

The nature of solid surfaces play an important role in 
various pharmaceutical process (Hiestand, 1966;Zografi, 
1968). Such processes include, crystal nucleation and 
growth, detergency and emulsion stability, fracture 
mechanics (Kendall et al, 1987), powder flow and 
granulation, powder dispersion and dissolution in liquids 
(Hiestand, 1964), powder compaction, coating of tablets 
(Wood and Harder, 1970; Harder et al, 1970) and product 
stability.

1.10. Aims and objectives
Over the past 50 years, the Washburn-Rideal equation has 
been widely used in the analysis of wetting and the 
measurement of contact angles in irregular porous systems 
(Eley and Pepper, 1946; Studebaker and Snow,
1955; Crowl and Wooldrige, 1967; Weber and Neumann,
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1969; Bruil and Van Aartsen, 1974; Miyasaka et al, 1976; 
Liao and Zatz, 1979; Hansford et al, 1980; Buckton and 
Newton, 1985,1986; Yang et al, 1988).

However, its application has come under increasing 
scrutiny and only recently, doubts have been expressed over 
its continued use (Yang and Zografi, 1986). In a recent 
paper (Yang et al, 1988) have suggested that the 
cylindrical tube model used to describe the kinetics of 
liquid penetration into porous media be replaced by the 
surface tension viscous flow (STVF) model of Miller and 
Miller (1955a,1955b,1956), because the cylindrical tube 
model does not take into account several important features 
of liquid flow in media consisting of pores with irregular 
shapes.

In chapters 3 of this thesis, a systematic study of 
the kinetics of liquid penetration into a series of porous 
pharmaceutical media will be carried out using a homologous 
series of liquids. The validity or otherwise of the surface 
tension viscous flow model of Miller and Miller and its 
extension by Yang et al (1988) to the elucidation of 
contact angles for porous media will be critically 
assessed. An attempt will be made in chapter 4 to assess 
the use of (h-e) technique in the measurement of contact 
angles.
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The understanding of interfacial phenomena has brought 
about the recognition of the presence of components of 
surface energy due to the different kinds of forces acting 
across the interface. Several theoretical and empirical 
approaches have been put forward for calculating these 
components (Girafalco and Good, 1957; Zisman, 1963; Fowkes, 
1962,1964,1968; Tammai et al, 1967; Wu, 1970; Kaelble, 
1971; Van Oss et al 1987ty. Some authors have expressed 
objections to the reasoning behind the splitting up of 
surface energy into components (Bickerman, 1970; Spelt and 
Neumann, 1987).
One major guestion that arise is how do these different 
methods of contact angle measurements and interpretation 
compare?

In chapter. 5, the use of contact angle to determine 
the surface energetics of pharmaceutical powders will be 
explored and an attempt will be made at approaching an 
answer to the above guestion, and consequently provide 
quantitative or qualitative indices to the wettability and 
surface energy of the materials investigated.
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CHAPTER 2 

MATERIALS



2.1. Model systems
2.1.1. Choice of‘ powder media
To present a systematic study, three groups of powder media 
consisting of fifteen pharmaceutical powders were selected 
for this work. Group 1 consists of pharmaceutical excipient 
commonly used in the pharmaceutical industry, e.g 
microcrystalline cellulose (Avicel PH101), Starch 1500, 
calcium carbonate, dibasic calcium phosphate dihydrate and 
magnesium stearate (Table 2.1.). In group 2 are benzoic 
acid and the lower members of para substituted esters of 
benzoic acid consisting of methyl p-hydroxybenzoate, ethyl 
p-hydroxybenzoate, propyl p-hydroxybenzoate and butyl p- 
hydroxybenzoate (Table 2.2.). All the five powders in this 
group belong to a homologous series which have the same 
general formula shown in Figure 2.1. Group 3 consists of 
calcium salts of straight chain or OH substituted 
dicarboxylic acids, i.e. calcium formate, calcium acetate, 
calcium lactate (OH substitution), calcium gluconate (OH 
substitution) and calcium stearate (Table 2.3.).

These powders were chosen as models because of their 
wide application in the pharmaceutical industry and also 
because of the differences in their physical and wetting 
characteristics (Lerk et al 197 6 , 1977; Zografi and Tam, 
1976) some of which are presented in Table 2.1.
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T a b le  2 . 1 .

Physical properties of porous media in groups 1, 2 and 3.

Solubility* Melting point* Density

g/lOOg H20 °C g/cm3

powder (20°C)

GROUP 1

Avicel (PH101) insoluble 265 1.536

calcium carbonate 0.0013 1339 2.637

magnesium stearate 0.0030 87 1.116

dibasic calcium phosphate 0.0316 109 2.241

starch 1500 0.3000 - 1.444

GROUP 2

p-hyroxybenzoic acid 0.29 214 1.440

methyl p-hydroxybenzoate 0.25 131 1.440

ethyl p-hydroxybenzoate 0.11 117 1.270

propyl p-hydroxybenzoate 0.04 97 1.270

butyl p-hydroxybenzoate 0.02 68 1.280

GROUP 3

calcium formate 16.40 decompose 2.020

calcium acetate 37.40 decompose 1.874

calcium lactate 3.10 100 1.794

calcium gluconate 3.72 120 1.804

calcium stearate 0.004 179 1.223

* taken from CRC Handbook of Chemistry and Physics, 69th Edition 1988-1989
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Figure 2.1. The general formula of benzoic acid esters.

.COOR

OH
Table 2.2.

The structure of R from the general formula of benzoic acid esters in 

group 2, and the source and batch number of the powders used.

Powder R Source Batch number

p-hydroxybenzoic acid H Nipa laboratories 235

methyl p-hydroxybenzoate c h 3 / / M7061

ethyl p-hydroxybenzoate c 2h 5 / / E2138

propyl p-hydroxybenzoate c 3h 7 / / P3707

n-butyl p-hydroxybenzoate c 4h 9 / / N130
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The formula for each powder is presented in Table 2.2.- 
2.4. together with the source and batch numbers. Whilst the 
change in member structure in groups 1 and 3 may not be 
systematic, they do have a wide range of physical 
properties which may produce a large variation in 
wettability and surface energetics.

Three other solids (Hard paraffin wax, stearic acid 
and polytetrafluoroethylene) were used to as probes for the 
determination of the surface energetics of the test liquids 
(see Chapter 5).

2.1.2. Choice of liquid media
Three groups of a homologous series of liquids were used 
in this work. These are 1) the saturated straight chain 
alkanes, 2) monohydric alcohols and 3) monocarboxylic 
acids. The alcohols were treated with molecular sieves to 
remove traces of water. Double distilled water from an all 
glass apparatus of high purity such that the surface 
tension was never less than 71.0 mN m"1 at room temperature 
was also used. Other liquids used in this study include 
glycerol (BDH, GPR, batch number 4581690J) and 2% 
dimethylchlorosilane in carbon tetrachloride (Hopkin & 
Williams Ltd.). Saturated solutions of the test liquids 
have been used for the tests in this study in order to 
minimise dissolution or swelling of the powders. These were 
prepared by saturating individual test liquids with the
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Table 2.4.
The formula of the pharmaceutical excipient in group 1, and the source 

and batch number of the powders used.

Powder Formula Source Batch number

Starch 1500 * Colorcon Inc M1000

Calcium carbonate CaC03 Thew,Arnott Ltd 2078/A

Calcium phosphate CaHP04 . 2H20 K & K Greeff Ltd 861120

Microcrystalline cellulose ** FMC Co 6184

Magnesium stearate Mg (CH3 [CH2]16 COO)2 I Baxeden chemicals A3 031

0 C H ,O H

OH0

OH,OH cn,oit

K \f
N  O H  S / L 0J \ < > a

H

CH,OR

OH H

CH.OH

CH,OHOR
OHO OR OH

OH[_ H OR 
S tru c tu re  o f  c e l lu lo s e  a m i c e l lu lo s e  d e r iv a tiv e s .
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powder to be investigated. Details of the liquids are 
presented in Tables 2.5.-2.7.

2.2. Media characterization
2.2.1. Viscosity measurements
The viscosities of the saturated solutions were measured 
with a U-Tube Viscometer in a thermostated water bath at 
20°C (British Standard 188:1957) and the results quoted are 
averages of at least five determinations.

2.2.2. Surface tension measurements
Numerous methods have been used to measure surface tension 
of liquids. The existence of numerous method often 
indicates that the measure is complex, and a simple, 
universally applicable method is not available. An 
excellent detailed account of methods of measuring surface 
tension is given by Padday (1969).

The method that has been used in this study is the 
Wilhelmy plate method. This gives a direct measurement of 
the force exerted on a piece of glass slide that is in the 
interface. A thin rectangular plate of glass is suspended 
vertically from a torsion balance. A dish of the test 
liquid is raised under the plate until the liquid surface 
just contacts the bottom edge of the latter when the 
surface forces will drag it downward. The force exerted 
around the perimeter of the plate may then be measured by 
the rotation of the torsion wire of a torsion balance
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(White) required to restore the plate to its null position, 
that is so that the bottom edge of the plate is coincident 
with the plane of free liquid surface (Figure 2.2.). 
Provided that the liquid makes zero angle of contact with 
the plate,

Pffiax = mg = Perimeter x Y = 2 (L + T) Y
. . . . . . .(2 .1.)

where Y is the surface tension, L and T are the length and 
thickness of the plate in the horizontal plane respectively 
and mg is the weight of meniscus liquid, which is given by 
dial reading in mN. The Wilhelmy plate method is relatively 
simple and gives accurate results. The results quoted are 
averages of at least five determinations.

Figure 2.2. Wilhelmy plate method for surface tension 
(plate in null position seen edge on).
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2.2.3. Particle size analysis
Particle size distributions were determined for groups 1,
2 and 3 powders using the Malvern Instruments Droplet and 
Particle sizer Series 2 600c. The suspending medium was 
acetone for group 1 powders and calcium stearate, while 
water was used for group 2 and 3 powders (the suspending 
media were saturated with the powder being investigated). 
The curves of the cumulative percent undersize by volume 
as a function of particle size are shown in Appendix 1. A 
summary of the particle size distribution data are
presented in Table 2.8. The specific surface area (see
Table 2.8.) was calculated from the median volume diameter 
by assuming that the powder particles were spherical.

Using the h-e method, Mohammed (1983) reported a 
variation in contact angle of less than 4° for powder 
samples of varying size fractions. Since the variation was 
in no particular order with respect to particle size, it 
can be assumed to be due to experimental error. For this 
reason, unfractionated samples have been used in this study 
except otherwise stated.
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Table 2.8.
Summary of particle size distribution data obtained with the 

Malvern Instruments particle sizer.

Powder Specific surface area 

(sq.M./cc)

Median volume diameter 

(pirn)

GROUP 1

Starch 1500 0.2982 30.1

Calcium carbonate 1.1853 8.5

Calcium phosphate 0.7740 12.9

Avicel PH101 0.2323 36.3

Magnesium stearate 1.4207 5.8

GROUP 2

p-hydroxybenzoic acid 0.1844 43.1

methyl p-hydroxybenzoate 0.0782 87.4

ethyl p-hydroxybenzoate 0.0233 299.5

propyl p-hydroxybenzoate 0.0227 296.8

butyl p-hydroxybenzoate 0.0267 283.0

GROUP 3

calcium formate 0.0293 206.8

calcium acetate 0.3175 38.5

calcium lactate 0.1986 72.6

calcium gluconate 0.1508 75.2

calcium stearate 1.1270 6.4
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2.2.4. Density measurements
The densities of the powders were determined using an air 
comparison pycnometer (Beckman model). The values obtained 
are listed in Table 2.1.

2.2.5. Surface topography
Scanning electron photomicrographs of each powder were 
taken at between magnification x40 and x4000 with a Jeol 
Scanning Electron Microscope JSM 35 at an accelerating 
voltage of 10 KV. These are shown in Plates 2.1.-2.15. The 
powders were gold plated in an Edwards Sputter Coater for 
4 minutes at 50 mA in an Argon atmosphere prior to viewing 
and photography.
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Plate
Plate

X4000

2.1. Scanning electron photomicrograph of CaCo3
2.2. Scanning electron photomicrograph of CaHPOA

x200
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x4000

Plate 2.3. Scanning electron photomicrograph of Avicel 
Plate 2.4. Scanning electron photomicrograph of Starch 1500

X4000
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x4000

Plate 2.5. Scanning electron photomicrograph of magnesium 
stearate
Plate 2.6. Scanning electron photomicrograph of 
p-hydroxybenzoic acid

X1200

122



X1200

Plate 2.7. Scanning electron photomicrograph of methyl 
p-hydroxybenzoate
Plate 2.8. Scanning electron photomicrograph of ethyl 
p-hydroxybenzoate

x4000
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X4000

Plate 2.9. Scanning electron photomicrograph of propyl 
p-hydroxybenzoate
Plate 2.10. Scanning electron photomicrograph of butyl 
p-hydroxybenzoate

xl200
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x40

Plate 2.11. Scanning electron photomicrograph of calcium 
formate
Plate 2.12. Scanning electron photomicrograph of calcium 
acetate

X2400
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Plate 2.13. Scanning electron photomicrograph of calcium 
lactate
Plate 2.14. Scanning electron photomicrograph of calcium 
gluconate

xl200
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X4000

Plate 2.15. Scanning electron photomicrograph of calcium 
stearate
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3. LIQUID TRANSPORT PHENOMENA
3.1. Parameters obtained from liquid transport

phenomena
It is common place to obtain input parameters of a pore 
space model for a transport phenomenon in porous media by 
measurement technique that make use of another transport 
phenomenon. Consequently, the pore space model (see section 
1 .6 .) is less a picture of the physical pore space than a 
formalism that provides, a correlation between different 
transport phenomena.

Thus parameters such as equivalent radius, hydraulic 
radius, specific surface and permeability or penetration 
coefficient (discussed earlier in section 1 .6 .) can be 
determined from measuring the permeability or the maximum 
capillary rise from a dynamic or static experiment on 
powder beds. These parameters can also be used to estimate 
the angle of contact for the liquid-powder system. In this 
study it was not considered useful to determine these 
parameters as a function of the liquid content, because the 
dependence on the liquid content is a function of the 
history of the system, thereby introducing considerable 
hysteresis. Data for this study were obtained from 
experiments on liquid penetration into powder beds.

128



3 . 2 .  E x p e r im e n ta l  t e c h n i q u e

The time taken for liquids to travel pre-determined 
distances in a packed powder bed were measured. The choice 
of solids covered the hydrophobic and hydrophillic 
spectrum. The experiments were conducted at room 
temperature, ranging from 20°C-25°C.

Furthermore, the experiments were conducted on the 
powders under two different conditions, 1 ) using the 
powders as received from the manufacturers and 
2 ) treating the powder by first degassing the powder and 
presaturating with vapour of the test liquid.

3.2.1. Preparation of sample tubes
Tubes of 12cm length having a uniform internal diameter of 
1.25cm were coated on the inner surface with 2% v/v 
solution of dimethyldichlorosilane in carbon tetrachloride 
(from Hopkin and Williams Ltd, England) to prevent 
preferential wetting of glass during measurement. Coating 
was achieved by first washing the tubes in chromic acid 
solution (33mls saturated potassium dichromate to lOOOmls 
concentrated H2S04) and cleaning with double distilled 
water, thereafter the tubes were dipped in the solution of 
dimethyldichlorosilane and then baked in an oven at 6 0 ^  
for 24 hours.

A brass stopper was inserted into the base of the 
sample tube to a pre-determined point. A known weight of
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the powder to be investigated was packed in the tube. 
Uniform packing was assured by dropping the packed tube 
from a height of 2cm a hundred times. Segregation of powder 
bed was prevented by using a tube with a small internal 
diameter and low packing height (never exceeding 5cm). 
Pressure only sufficient to maintain a stable bed was 
applied uniformly to the packed bed with aid of a glass rod 
until a suitable depth was obtained. The brass stopper was 
now removed having achieved a stable powder bed, and the 
samples were thus ready for investigation.

3.2.2. Liquid penetration into untreated powder
The packed tube was clamped vertically and illuminated with 
a variable intensity fibre optic cold light source, thus 
preventing uneven flow due to heating of the penetrating 
liquid. A saturated solution of the powder in the test 
liquid was added from a burette. The distance, x, moved by 
the mobile front of the liquid into the bed was observed 
with a cathetometer (Figure 3.1.) and the time, t, taken to 
reach various points was recorded.

3.2.3. Liquid penetration into treated powder
In these sets of experiments the packed bed of powder was 
treated by first degassing it. Degassing was achieved by 
evacuating under vacuum in a specially constructed chamber 
(Figure 3.2). Secondly, the degassed powder was pre
saturated by vapour of the penetrating liquid prior to 
measurements.
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F i g u r e  3 . 1 .

Assembly of equipment used in liquid penetration into 
untreated powder
Taken from Buckton (1985)

Apparatus of Studebaker and Snow (1955).

•liquid inlet 

.bung

■support tube

.platinum disc 

powder

'constant: bore tube

Apparatus used in this work.

ribre optic 
light

D

constant bore tube

travelling
cathetometer
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F ig u r e  3 . 2 .

Construction of evacuation unit

test liquid reservoir

sample tube

degassing chamber

vacuum
gauge

■i
s = 0 to

vacuum
vapour generating 
chamber control knob

A = supporting brackets.
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3.2.3.1. Construction of evacuation unit
The evacuation unit was made of pressure resistant 
cylindrical glass chamber clamped vertically between a top 
and base plate with the aid of 3 supporting brackets 
(Figure 3.2.). In order to maintain a proper vacuum seal 
contact between the cylinder and plates was via "O" seal 
vacuum rings. The top plate allowed for the introduction 
of the penetrating liquid. The base plate consisted of 
a sample seat, in which the sample tube was place during 
measurement. Below the sample seat and external to the 
evacuation chamber was attached a control knob which 
allowed access to a vacuum pump, and a vapour generating 
chamber depending on the position to which the knob was 
rotated.

3.2.3.2. Measurements
The sample tube was placed in the sample seat in the 
evacuation chamber. With the control knob in position 1 the 
chamber was evacuated by vacuum using a rotary vacuum pump 
at 760 mm/Hg for 30 minutes. This was done to remove any 
adsorbed gasses and vapours that may have been present on 
the surfaces of the powder. The vacuum was closed. The 
chamber and the powder were brought back to atmospheric 
pressure by equilibrating with vapour of the test liquid, 
with the knob turned to position 2 .
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With the sample still in the chamber, the test liquid 
was introduced from the top and the time, t, required for 
liquid to reach various points, x, was recorded with aid of 
a cathetometer. If the liquid passage was not uniform, poor 
packing was suspected and the result was rejected. A 
minimum of 5 and a maximum of 8 replicates were performed 
for each powder-liquid system.

3.3. Results and discussion
3.3.1. Porosity, specific surface and hydraulic

radius of packed beds
The porosity, e ,  hydraulic radius, rh, and specific 
surface, s, represent indices for the relative pore 
volume, the effective radius and size/shape 
respectively, of the powders investigated (Table
3.1.). Scanning electron photomicrographs of the 
powders (Plates 2.1-2.15.) suggests that the specific 
surface depends upon the sizes and shape of the 
particles that make up the powder. There seem to be an 
inverse relationship between rh and s. The effect of 
these indices on penetration coefficient and their 
relation to interfacial surface phenomena will be 
discussed later.

3.3.2. Penetration results
The penetration rate, i.e the slope of x2 versus t was 
measured for water and a homologous series of alkane, 
alcohols and carboxylic acids on group 1, 2 and 3
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Table 3.1.
The porosity, specific surface area and hydraulic radius 

(equation 1.101) of beds of group 1, group 2 and group 3 powders.

Powder Porosity Specific surface Hydraulic radius

m2/cc

Group 1

Avicel 0.6818 0.2323 18.45

Starch 1500 0.4921 0.2982 6.50

CaHpo4 0.49Q9 0.7740 2.49

Mg-stearate 0.6349 1.4207 2.45

CaCo3 0.4808 1 ‘. 18 5 3 1.56

Group 2

PHB 0.4347 0.1844 8.34

methyl-PHB 0.4336 0.0782 19.58

ethyl-PHB 0.2682 0.0233 31.46

propyl-PHB 0.2691 0.0227 32.44

butyl-PHB 0.2749 0.0267 28.40

Group 3

Ca-formate 0.5966 0.0293 100.95

Ca-gluconate 0.5493 0.1508 16.16

Ca-lactate 0.6027 0.1986 15.27

Ca-acetate 0.6195 0.3175 10.25

Ca-stearate 0.6436 1.1270 3.20
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powders. When ever the beds were uniformly packed x2 

versus t produced a straight line (this follows from 
equation 1.25.) with a correlation coefficient greater 
than 0.999. The slopes which were calculated 
statistically from the best line of fit are shown in 
tables 3.2.-3.4. for untreated powder bed, while those 
for treated beds (cleaned by evacuation under vacuum 
and presaturated with vapour of the penetrating 
liquid) are shown in tables 3.5.-3.7. A plot of dx/dt 
versus 1/x gave a straight line with gradient, K, as 
predicted from equation 1.79., for all the liquid- 
powder system investigated.

3.3.2.1. Group 1 powders
Liquids belonging to the alkane series give higher 
penetration rates than alcohols for all the powders 
in this group. For alkane and alcohols the rank order 
for penetration rates is Starch 1500> Avicel> CaCo3> 
CaHP04> magnesium stearate. However, the rank order 
changes when water is used as the penetrating liquid 
and becomes: CaCo3> CaHP04> Avicel> Starch 1500. Water 
will not penetrate magnesium stearate. Penetration 
rates decreases as the chain length of the alkane and 
alcohols are increased. The rank order for penetration 
into treated beds are different from those for the 
untreated beds and are in the order, Starch 1500> 
Avicel> CaHP04> CaCo3> magnesium stearate using alkane
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Table 3.2.
Rates of penetration (slope of x2/t) cm2sec~1 of water, alkane and alcohols
into beds of group 1 powders (untreated).

Liquid used Starch 1500

Powders 

Avicel Caco3 CaHP0A Mg-stear

Hexane 0.2866 0.2209 0.1080 0.0752 0.0092

Heptane 0.2277 0.2132 0.1031 0.0434 0.0093

Octane 0.1917 0.1489 0.0772 0.0369 0.0069

Decane 0.1441 0.1208 0.0671 0.0169 0.0038

Dodecane 0.0901 0.0644 0.0342 0.0123 0.0019

Methanol 0.1535 0.0904 0.0697 0.0378 0.0040

Ethanol 0.0784 0.0468 0.0304 0.0196 0.0021

Propan-l-ol 0.0582 0.0400 0.0193 0.0105 0; 0013

Butanol 0.0470 0.0368 0.0161 0.0098 0.0470

Pentanol 0 .0352 0.0256 ' 0.0115 0.0058 0.0008

Hexanol 0.0237 0.0205 0.0092 0.0034 0.0005

h 2o 0.0026 0.0724 0.1210 0.0783 *

* Water will not penetrate.
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Table 3.3.
Rates of penetration (slope of x2/t) cm2sec"1 of water, alkane and carboxylic
acids into group 2 powders (untreated).

Liquid used PHB

Powders 

methyl-PHB ethyl-PHB propyl-PHB butyl-PHB

Hexane 0.0987 0.1150 0.1174 1.0700 0.1830

Heptane 0.0759 0.1450 0.0855 0.9916 0.1484

Octane 0.0444 0.0749 0.0590 0.4730 0.1170

Decane 0.0361 0.0485 0.0270 0.3430 0.1141

Dodecane 0.0284 0.0382 0.0210 0.3120 0.0807

Methanoic acid 0.0335 0.0820 0.0820 0.3078 0.3750

Ethanoic acid 0.0316 0.0640 0.0990 0.2900 0.4550

Propanoic acid 0.0313 0.0980 0.0322 0.3240 0.4230

Butanoic acid 0.0210 0.0380 0.0314 0.2050 0.1900

Pentanoic acid 0.0142 0.0319 . 0.0232 0.1420 0.1390

Hexanoic acid 0.0139 0.0186 - 0.1510 0.0830

Octanoic acid 0.0053 0.0103 0.0078 0.0820 0.0450

h 2o 0.0735 0.0450 0.0960 1.0660 0.0739
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Table 3.4.
Rates of penetration (slope of x2/t) cm2sec“1 of water, alkane and carboxylic
acids into beds of group 3 powders (untreated).

Liquid used Ca--formate

Powders 

Ca-gluconate Ca--lactate Ca-acetate Ca-stearate

Hexane 2.5568 0.0440 0.0360 0.0168 0.0012

Heptane 1.3356 0.0340 0.0298 0.0160 0.0007

Octane 1.4807 0.0270 0.0226 0.0086 0.0013

Decane 1.1937 0.0190 0.0150 0.0112 0.0004

Dodecane 0.7088 0.0118 0.0095 0.0080 0.0037

Methanoic acid 1.0460 0.00006 0.0800 0.0115 -

Ethanoic acid 0.9319 0.0110 0.00009 0.0006 -

Propanoic acid 0.9326 0.0150 0.0006 0.0009 0.0686

Butanoic acid 0.6510 0.0100 0 .0003 0.0028 0.0420

Pentanoic acid 0.3200 0.0079 0.0009 0.0011 0.0440

Hexanoic acid 0.3579 0.0057 0.0019 0.0006 0.1125

Octanoic acid 0.2507 0.0031 0.0006 0.0003 0.0032

h 2o 4.5000 0.0068 0.2020 0.1580 *

* Water will not penetrate the bed. 

Ca- calcium.
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as the penetrating liquid, while for water the rank 
order was Avicel> CaHP04> CaCo3> Starch 1500.

3.3.2.2. Group 2 powders
Penetration rates for alkane were higher than those 
for carboxylic acids. The rank order of penetration 
into benzoic acid esters were; propyl> butyl> ethyl> 
methyl> para hydroxy benzoic acid for alkane while for 
carboxylic acids they were butyl> propyl> ethyl> 
methyl> para hydroxy benzoic acid. When the alkanes 
were used, penetration rates decreased as their chain 
length were increased, while for carboxylic acids, 
considerable hysteresis was observed with a 
manifestation of maxima and minima values of 
penetration rates as the chain length of the acids 
were increased. However, a regular pattern was 
observed for powders in this group. The rank order 
for the penetration of alkane into treated powder beds 
was, ethyl> para hydroxybenzoic acid> butyl> methyl> 
propyl. When water was used as the penetrating liquid 
the rank order became, para hydroxybenzoic acid> 
ethyl> butyl> methyl> propyl.
Alcohols and carboxylic acids were not used for the 
benzoic acid esters and group 1 powders respectively 
because these powders were highly soluble in these 
liquids.
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3.3.2.3. Group 3 powders
The alkanes gave higher values of penetration rates 
than the carboxylic acids, except for calcium 
stearate. The rank order for penetration using the 
alkanes was, calcium formate> calcium gluconate> 
calcium lactate> calcium acetate> calcium stearate.
With water the rank order becomes, calcium gluconate> 
calcium lactate> calcium acetate> calcium gluconate.
Water will not penetrate calcium stearate.

3.3.3. The role of water, alkane. alcohols and 
carboxylic acids in penetration.

Knowledge of the basic physical properties of the liquids 
used in this study is important in order to understand 
their interaction and movement during penetration in the 
powders investigated.

3.3.3.1. Water
Water molecule consists of two hydrogen atoms linked in 
asymmetrical arrangement with one oxygen atom. This
arrangement of hydrogen causes an imbalance of
electrostatic charges in the water molecule. On the oxygen 
side of the molecule an excess negative charge prevails, 
while on the hydrogen side there is an excess positive
charge. This distribution of charge creates an electrical 
dipole or polarity, which in turn imparts to water 
molecules an attraction for their neighbours at certain 
orientation, and it is also why water is a good solvent and
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why it adsorbs on solid surfaces. Water being a polar 
liquid is strongly attracted to ions and electrostatically 
charged colloids, and associate with most compounds through 
hydrogen bonding. This property of water explains why it 
will not penetrate magnesium stearate and calcium stearate.

3.3.3.2. Alkanes
These are compounds containing only carbon and hydrogen 
held in single type of bond. The molecules are non polar 
and have only very small attractive forces between them. 
Members of this series ctre usually closely related in both 
physical and chemical properties, showing a ranking order; 
e.g., boiling points of the alkane increase with increase 
in chain length.

In the same manner this study has shown a decrease in 
penetration rates of liquid alkane into the powders 
investigated, as the chain length of the alkane is 
increased. The absence of groups capable of hydrogen 
bonding in the molecule and the presence of weak 
intermolecular forces may explain why higher penetration 
rates are observed for the alkane compared to those of the 
alcohols and carboxylic acids.

3.3.3.3. Alcohols
These may be thought of as being derived from saturated 
alkane by replacing a hydrogen atom by a hydroxyl group (- 
OH). Alcohols may also be considered as organic analog of
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water in which one of the hydrogen atoms has been replaced 
by an organic group. The similarity between the lower 
members of the alcohols and water is indicated by their 
miscibility with water in all proportions. This is true 
when the carbon chain is short; i.e., when the hydroxyl 
group comprises a significant percentage by weight of the 
alcohol molecule. As the size of the alkyl group is 
increased, the molecule gradually becomes less like water 
and more like an alkane i.e., less polar and more non 
polar. The solubility of the lower alcohols in water and 
the relatively high boiling points of alcohols (compared to 
alkane of equal molecular weight) are primarily a 
consequence of hydrogen bonding which is related to the 
presence of hydroxyl groups.

The presence of hydroxyl groups and the phenomenon of 
hydrogen bonding in the alcohols may be responsible for the 
lower values of penetration rates observed for the alcohols 
compared to the alkane in the penetration into group 1 

powders.

3.3.3.4. Carboxylic acids
These compounds contain the carboxyl group -C02H. The 
carboxyl group contains a carbonyl group and a hydroxyl 
group; the interactions of these two groups leads to 
properties that are unique to carboxylic acids. Because the 
carboxyl group is polar and non hindered, its reactions are 
not usually affected to a great extent by the rest of the
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molecule. The presence of resonance-stabilization of the 
carboxylate anion also imparts certain characteristics to 
the carboxylic acids, e.g. they are more acidic than the 
alcohols. This may also explain why penetration rates for 
the acids were smaller than those observed for the alkane.

The carboxyl group is ideally structured for forming 
two hydrogen bonds between a pair of molecules. Thus, they 
may exist as a pair of molecules even in the vapour phase, 
often referred to as carboxylic acid dimer. The physical 
properties of carboxylic acids reflect the strong hydrogen 
bonding between carboxylic acid molecules. The ability of 
methanoic, ethanoic and propionic acids (lower members of 
the group) to readily form dimers may be responsible for 
the hysteresis in penetration rates observed in group 2 and 
3 powders as the chain length of the acids is increased.

3.3.4. Effect of pore geometry on penetration
Since penetration rates are a characteristic physical 
property of a porous medium, it seem only reasonable to 
assume that it relates in some functional way to certain 
measurable properties of the powder pore geometry, e.g., 
porosity, pore size distribution, specific surface area, 
and hydraulic radius. However, attempts to discover a 
functional relation of universal applicability have so far 
met with failure. Perhaps the simplest approach will be to 
seek a correlation between penetration rates and porosity, 
specific surface and hydraulic radius.
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Results from this study shows that this is a futile 
approach, owing to the strong dependence of penetration 
rate upon the width, continuity, shape, and tortuosity of 
the conducting channels. Thus, a porous bed composed of 
numerous small pores with a high porosity is likely to have 
lower penetration rates than one with lesser porosity but 
larger (though fewer) individual pores. The concept of a 
hydraulic radius i.e., a characteristic length parameter 
presumed to be linked with the hypothetical channels to 
which a porous medium is thought to be equivalent, fails to 
account for micro channels which though contributing 
negligibly to porosity and specific surface, dominate 
penetration. This may be the reason why there is no 
correlation between hydraulic radius and penetration in 
this study (correlation coefficient << 0.9 were obtained). 
A better approach towards correlating penetration to 
physical properties of the powder bed will be to look at 
pore size distribution and estimates of size and neck of 
narrow pores (penetration through an irregular pore is 
limited by the narrow "necks" along the penetration path) 
and the interconnections of pores of different widths. 
However, there is still no direct or simple way to obtain 
or characterise these distributions. Bed porosities for the 
powders investigated lie between 26.0 - 68.0% (see Table 
3.1). Since the ranking order in penetration rates between 
the various powders seem not to correlate with pore 
geometry, attempts will be made to explain the observed
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rank order in relation to the surface energetics of the 
powder and liquids in chapter 5.

3.3.5. Effect of viscosity and surface tension
forces on penetration 

During the flow of liquids, adjacent layers transmit 
tangential stresses, and the existence of intermolecular 
attractions causes the fluid molecules in contact with 
powder to adhere to it. The magnitude of these stresses and 
attractions will depend on the physico-chemical properties 
of the materials involved. The net effect will be either to 
lower or increase the penetration rate. For alkane, 
alcohols penetration decreases as the viscosity or surface 
tension (figure 3.3. and 3.4.) is increased within a 
homologous series of liquids. With carboxylic acids, 
however, maxima and minima values of penetration rates are 
observed as the surface tension is increased within the 
series (figure 3.5.). This may be due to the ability of 
carboxylic acids to form dimers even in the vapour state, 
which can influence solid-liquid interaction.
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Figure 3.3.
A representation of the effect of surface tension on the 
rate of penetration of alkanes using group 1 powders as an 
example.
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F i g u r e  3 . 4 .

A representation of the effect of surface tension on the 
rate of penetration of the alcohols using group 1 drugs as 
an example.
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F i g u r e  3 . 5 .

A representation of the effect of surface tension on the 
rate of penetration of the carboxylic acid using benzoic 
acid esters as an example.
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3.3.6. Effect of degassing the surface of the
powders and presaturatina with the vapour 
of penetrating liquid 

Good (1971, 1973; Good and Lin, 197^) derived a theory
which showed that at least part of the surface free energy 
of an outgassed, porous solid can be converted into kinetic 
energy of a penetrating liquid. This amounted to a 
modification of the Washburn theory of liquid penetration 
(Washburn, 1921). The prediction was made (Good, 1971, 
1973), that liquids should penetrate an outgassed, porous 
solid at a faster rate than a solid presaturated with 
vapour of the penetrating liquid.
A confirmation of that prediction was reported using data 
obtained with glass capillaries (Good and Lin, 1975). In 
this study, this prediction has been tested using a 
representative sample of porous powders consisting of 1 ) 
pharmaceutical excipient (group 1 ), 2 ) homologous series 
of benzoic acid esters (group 2) and 3) calcium salts of 
carboxylic acids (group 3). The penetrating liquids were 
water and a homologous series of alkanes Plots of 
penetration rates versus heats of vaporization of the 
penetrating liquid show that (figure 3.6-3.8 .) for calcium 
lactate, calcium phosphate, calcium carbonate, magnesium 
stearate and propyl p-hydroxybenzoate, penetration rates of 
samples which were outgassed and presaturated with vapour 
of the penetrating liquid were less than those of the
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Figure 3.6.

Rate of liquid penetration x2/t versus Heat of vaporization of alkanes
(effect of vapour phase saturation on groupl powders)
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Figure 3.6. continued
Rate of liquid penetration x2/t versus Heat of vaporization of alkanes
(effect of vapour phase saturation on groupl powders)
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Figure 3.7.

Rate of liquid penetration x2/t versus Heat of vaporization of alkanes 

(effect of vapour phase saturation on group2 powders)
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Figure 3.7. continued
Rate of liquid penetration x2/t versus Heat of vaporization of alkanes
(effect of vapour phase saturation on group2 powders)
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Figure 3.8.

Rate of liquid penetration xVt versus Heat of vaporization of alkanes
(effect of vapour phase saturation on group3 powders)
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Figure 3.8. c o n t i n u e d

Rate of liquid penetration x V t  versus Heat of vaporization of alkanes 

(effect of vapour phase saturation on group3 powders)
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untreated powder. While, the penetration rates into
presaturated beds of calcium stearate, Avicel, p- 
hydroxybenzoic acid, methyl p-hydroxybenzoate, ethyl p- 
hydroxybenzoate and butyl p-hydroxybenzoate were 
significantly higher than those of the untreated powder. 
There was however, no significant difference in the
penetration rates between presaturated and untreated beds 
for Starch 1500, calcium formate, calcium acetate and
calcium gluconate. These results indicate that caution 
should be exercised in the generalization of the effect on 
penetration rates of presaturating powder beds prior to 
penetration. The results in Table 3.8. show the effect of 
presaturating the powder with water vapour prior to water 
penetration. Values of k/ksat > 1, (where k is the
penetration rate) indicate a decrease in penetration rate 
if the powder is presaturated with water vapour prior to 
penetration and vice versa. Here, again some powders 
(Avicel, p-hydroxybenzoic acid, methyl p-hydroxy benzoate, 
ethyl p-hydroxybenzoate, butyl p-hydroxybenzoate, and 
calcium gluconate) show an increase in penetration rate if 
powders were presaturated with vapour prior to penetration 
and others (Starch 1500, calcium phosphate, calcium 
carbonate, propyl p-hydroxybenzoate, calcium formate, 
calcium lactate, and calcium acetate). Fisher and Lark 
(1980) reported no effect on flow rate when capillary tubes 
of pyrex glass were exposed to cyclohexane vapour prior to 
penetration, while exposure to water vapour caused a marked 
decrease in flow rate of water.
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T a b l e  3 . 8 .

Effect of cleaning and presaturating the powder bed 
with water vapour prior to water penetration.

Powder ratio of k/ksat

Avicel 0.7168
Starch 1500 6.5000
CaHPOA 2.5016
CaCo3 6.080
Magnesium stearate no penetration
PHB 0.3062
methyl-PHB 0.4939
ethyl-PHB 0.4134
propyl-PHB 24.9648
butyl-PHB 0.3312
Ca-formate 3.4304
Ca-gluconate 0.8395
Ca-lactate 1.2546
Ca-acetate 1.1205
Ca-stearate no penetration

k = slope of x2 / t, ksat= vapour phase saturation
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It may be argued that the effects noticed in this 
study could have been caused by contamination or by the 
effect of an adsorbed film on either the geometry or the 
surface properties of the powders investigated. For 
example, a sufficiently thick film of adsorbed vapour will 
lower the value of the hydraulic radius, however, this 
explanation is not acceptable as it cannot account at the 
same time for the increase and in some cases a lack of 
change in penetration rates observed when powders are 
presaturated with vapour prior to penetration.

The adsorbed vapour must therefore be affecting either 
the surface energy or roughness of the powders 
investigated. This is because a change in either of these 
surface properties could affect the contact angle and hence 
from the Washburn equation (equation 1.103.), affect the 
penetration rate of the liquids. Data in Tables 3.2.-3.7. 
and contact angle data presented in Tables 4.2.-4.7. (see 
chapter 4) indicate that where presaturation is accompanied 
by an increase in penetration rate, there is always a 
corresponding fall in contact angle.



3 . 6 . 7 .  C o n c l u s i o n s

Plots of dx/dt versus 1/x are linear, therefore, the powder 
beds used in this study easily fit the one dimensional 
space model. The rates of liquid penetration measured are 
adequately described by the Washburn (1921) equation. 
Penetration rates decrease as the chain length and surface 
tensions of the alkanes and alcohols are increased, while 
for the carboxylic acids a considerable hysteresis was 
observed with a manifestation of maxima and minima values 
of penetration rates as the chain length were increased. 
The alkanes give higher penetration rates than the alcohols 
and carboxylic acids. This may be due to the nature of the 
intermolecular forces present in the liquids.

Caution should be exercised in the generalization of 
the effect that presaturation of powders with vapour phase 
of the penetrating liquid has on penetration rates. The 
rates of liquid penetration may or may not be increased by 
the presence of vapour of the penetrating liquid, thus the 
prediction that liquid penetration should be faster in 
powders that are initially free of adsorbed vapour (Good, 
1971, 1973) is subject to modification.
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CHAPTER 4

CONTACT ANGLES OF 

PHARMACEUTICAL POWDERS



4. Determination of the contact angles of
pharmaceutical powders 

Contact angles of pharmaceutical powders provide useful 
information on their wettability. An adaptation of the 
liquid penetration method (see chapter 3) used by 
Studebaker and Snow (1955) and the h-e method of Heertjes 
and Kossen (1965) were used to determine contact angles of 
the powders used in this study .

4.1. Contact angles from liquid penetration 
data

4.1.1. Cylindrical tube model
This is the most common model used to describe the kinetics 
of liquid penetration into porous media and for the
calculation of contact angle from liquid penetration data. 
If for a bed of porous powder the Washburn-Rideal equation 
is applicable, the kinetics of liquid penetration may be 
written as;

x2 = rYcos 0 t / 2n ................... (1.25.)

This equation has been used in the literature (Good, 1973; 
Parfitt, 1977) to estimate adhesion tension (Caggiano et 
al, 1974) and contact angles (Studebaker and Snow, 1955; 
Buckton and Newton, 1986) by comparing the penetration of 
a non wetting liquid with that of a liquid exhibiting zero 
contact angle in the same porous bed. The assumption is
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made that if the packing of the powder bed is reproducible 
the values of r will be equal in identically prepared beds. 
Therefore, for liquid 1

x2 = r Y<, cos 01 t,, / 2n,,  (4.1.)

and for liquid 2 ,

x2 = r Y2 c o s  ©2 t2 / 2n2 ................... (4.2.)

If liquid 1 is perfectly wetting i.e., cos 0 = 1 and liquid 
2 a non perfectly wetting, cos 0 2 can be obtained by 
dividing (4.2.) by (4.1.),

cos 02 = Y,, n2 / Y2 n<, t2 ............... (4.3.)

and as the gradient of x2 as a function of t is inversely 
proportional to t then,

cos 02 = Y,, n2 gradient2 / Y2 nn gradient-,
.........(4.4.)

Equation 4.4. was used to determine the values of cos 0 
from liquid penetration data applying the method discussed 
previously in sections 3.2.-3.2.3.2.
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4 . 1 . 2 .  R e s u l t s

4.1.2.1. Contact angle measurements
Washburn's equation was obeyed for all the powder-liquid 
systems investigated, since plots of x2 versus t produced 
a straight line with correlation coefficient greater than 
0.999. Figure 4.1. shows a plot of x2 versus t for Avicel 
using the alkanes as test liquids. This is typical of all 
the powders investigated.’

4.1.2.2. Choice of the perfectly wetting liquid
To calculate the values of the contact angles for liquids 
on the powder, it is necessary to use a perfectly wetting 
liquid on the same powder so that the values of both 
liquids can be compared. Studebaker and Snow (1955), 
suggested that if two liquids yield a value of 1 for cos 
0, when substituted into equation 4.3., they should be 
assumed to be perfectly wetting. This is based on the 
reasoning that it is more probable that the two liquids 
showing the same degree of wetting on the powder, are in 
fact both perfectly wetting, than both partially wetting 
to the same extent. However, it has not been possible to 
assign any one liquid as perfectly wetting in this study.

The liquid chosen as perfectly wetting was that liquid 
which gave the lowest values of cos 0  for a homologous 
series of liquids, when the liquids were substituted into 
equation 4.4. Table 4.1. shows the results obtained for 
Avicel which is typical for all the powders. In this case
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Figure 4.1.

Plot of x2 versus t for Avicel using a homologous series of alkanes as the 

penetrating liquid.
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Table 4.1.
Method of choosing a perfectly wetting liquid (Studebaker and Snow, 1955) 

in the determination of cos 0 from liquid penetration data, using Avicel 

as typical example.

Other liquid Hexane Heptane

Perfectly wetting liquid 

cos ©

Octane Decane Dodecane Methanol Water

Hexane 1.0000 0.9516 1.1127 0.8769 1.0741 1.9944 3 .7820

Heptane 1.0507 1.0000 1.1691 0.9215 1.1629 2 .0955 3.9745

Octane 0.8987 0.8553 1.0000 0.7882 0.9654 1 .7927 3.3990

Decane 1.1403 1.0851 1.2687 1.0000 1.2248 2.2742 4.3122

Dodecane 0.9310 0.8599 1.0358 0.8164 1.0000 4.8402 13.9400

Methanol 0.5014 0.4772 0.5578 0.4397 0.2066 1.0000 2.8790

Ethanol 0. 6046 0.5753 0. 6726 0.5302 0.5803 2.8085 8.0900

Propanol 0.7422 0.7063 0. 825-7 0.6508 1.0231 4.9513 14.2600

Butanol 0.8540 0.8128 0.9502 0.7489 1.4726 7.1267 20.5338

Pentanol 0.8129 0.7736 0.9044 0.7129 1.9196 9 .2897 27.0270

Hexanol 0.9925 0.9446 1.1043 0.8704 3.5602 17.2293 41.6666

Water 0.2644 0.2516 0.2942 0.2319 0.0717 0.3473 1.0000

Decane is chosen as the perfectly wetting, because it gave the lowest values 

of cos 0 for the other liquids.
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decane was chosen as the perfectly wetting liquid because 
it gave the lowest values for cos 0  for all the liquids 
used. Water is the worst wetting liquid with a value of cos 
0 = 0.2319. In fact if water is used as the perfectly 
wetting liquid values of cos 0  which are very much in 
excess of 1 (and therefore mathematically unacceptable) are 
obtained for the rest of the liquids. Using the contact 
angle of water as the basis for comparison, it can be seen 
that the differences in the values of contact angles 
obtained between the perfectly wetting liquid (0 = 76.59°) 
and the worst wetting liquid (0 = 0 ) is highly significant, 
therefore, the choice of the perfectly wetting liquid is 
highly critical and the values of cos 0  obtained should be 
used as qualitative measures only as they may not be 
numerically correct.

A critical look at equation 4.4. reveals that the 
magnitude of cos 0  is set by the factor Y,,/^. gradients, (the 
wetting factor) i.e. the surface tension divided by the 
product of the viscosity and the penetration rate of the 
perfectly wetting liquid. While the ranking order of cos 0 
for a series of liquids for any particular powder is 
dictated by the factor n2 .gradient2/Y2 (the non wetting 
factor) i.e. the product of viscosity and penetration rate 
divided by surface tension of the non perfectly wetting 
liquid (see Figure 4.3.). If the former observation is 
true, plots of the wetting factor versus cos 0 should give 
a straight line. This was indeed found to be so (see figure
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4.2.). The "wetting" and "non wetting" factors are a unique 
property of the powder bed, which depend on the history of 
the geometry of the powder bed and the ratio of the viscous 
and interfacial forces of the test liquid.

4.1.2.3. Contact angles of untreated powder
The values of cos 0 calculated from the gradients of plots 
of x2 versus t are given in tables 4.2.-4.7. The values do 
not depend in any orderly manner on either the chain 
length, viscosity or surface tension of the liquids. Water 
will not penetrate magnesium stearate and calcium stearate, 
therefore, it was not possible to determine cos © for these 
powders from penetration rate data using water. The ranking 
order for water contact angles for the powders were for 
group 1; CaHPOA< CaCo3< Avicel< Starch 1500, group 2; propyl 
p-hydroxybenzoate< p-hydroxybenzoic acid< ethyl p- 
hydroxybenzoate< methyl p-hydroxybenzoate< butyl p- 
hydroxybenzoate, and for group 3; calcium formateo calcium 
acetate< calcium lactate< calcium gluconate.

The values of cos © obtained using the alkane series 
were higher than those obtained using either the alcohols 
or the carboxylic acids.
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Figure 4.3.

The effect of the "non wetting factor" (n2.g2/Y2) on the rank order of

cos 0 within a homologous series of alcohols, using Avicel as a typical 
e xample.
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Table 4.2.
Contact angles for group 1 powders (untreated) calculated from liquid
penetration data. (The liquid used as perfectly wetting liquid is designated
as PW).

Powder

LiquidsN. Avicel

Contact angles(degrees)

CaHPOA CaCo3 Magnesium stearate Starch 1500

Hexane 28.73 PW 40.14 22.59 20.08

Heptane 22.85 49.94 37 . 37 PW 35.99

Octane 37.98 49.15 42 . 82 4.99 34.21

Decane PW 61. 64 PW 33.27 PW

Dodecane 35.27 58. 60 38 .93 48.30 22 .07

Methanol 63.91 51.74 52 . 82 58.79 51.66

Ethanol 57.98 42. 62 52 .44 49 . 84 43.03

Propanol 49.39 55.53 55 .70 54.81 40.22

Butanol 41.50 47.91 54.51 57.71 38.70

Pentanol 44.53 57.74 55 .75 51.98 36.64

Hexanol 29.49 62.18 47 . 33 55.03 35.78

h 2o 76.59 34.02 47.11 ** * 89.61

** water will not penetrate magnesium stearate.

* water will no£,penetrate starch 1500 after 10 seconds.
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Table 4.3.

Contact angles for group 2 powders (untreated) calculated from liquid
penetration data. (The liquid used as perfectly wetting is designated PW).

N. Powder 

LiquidN. PHB

Contact

methyl-PHB

angles (degrees) 

ethyl-PHB propyl-PHB butyl-PHB

Hexane PW 64.45 66.03 10.76 81.78

Heptane 32.92 53.64 71.03 PW 82.72

Octane 53.16 68.09 74.19 54. 60 82.95

Decane 42.11 68 .23 79.05 50.22 79 .55

Dodecane 25.96 62.97 76.71 24.98 78.53

Methanoic acid 28 .05 37.39 68.35 40.29 39.77

Ethanoic acid 22 .09 44.04 PW 39.01 PW

Propanoic acid 30.84 PW 71.76 33.34 29 . 61

Butanoic acid 27 .26 53.46 62.59 37 .13 55.72

Pentanoic acid 42 . 68 52.10 65. 64 47.95 58.09

Hexanoic acid 39 .32 67.59 - 39 .26 66. 68

Octanoic acid 50.95 63.45 71.93 30.09 66.43

H20 52.80 82.20 74.08 36.10 87 .30

PHB = para hydroxybenzoic acid.
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Table 4.4.

Contact angle for group 3 powders (untreated) calculated from liquid
penetration data. (The liquid used as perfectly wetting is designated PW).

n . Powder 

LiquiaS. Ca- formate

Contact angles (degrees) 

Ca-acetate Ca-lactate Ca -gluconate Ca-stearate

Hexane 44.47 82 .44 81.89 PW 89 .90

Heptane 65.98 82.15 82 .59 32.89 89 .93

Octane 56.66 83.33 83.18 24.42 89.87

Decane 47.01 82.19 83.14 29.06 89.93

Dodecane 50.93 78.64 83.31 32.36 89 .02

Methanoic acid 29.74 73.36 PW 89 .75 -

Ethanoic acid 54.67 89.41 89 .95 54 .54 -

Propanoic acid 58.17 89 .21 89 .72 48.52 78.34

Butanoic acid 53.99 85.68 89.75 37.12 77 .79

Pentanoic acid 67.66 87.87 89.10 38.53 73.59

Hexanoic acid 51.27 88.23 87 .17 53.66 PW

Octanoic acid 38.19 88.39 88.36 37 .92 86 .99

h 2o PW PW 49 .55 82.89 *

Ca = calcium

* water will not penetrate into calcium stearate.

175



Table 4.5.

Contact angles for group 1 powders presaturated with vapour of the
penetrating liquid calculated from liquid penetration data. (The liquid used
as perfectly wetting liquid is designated as PW).

N. Powder 

LiquicTV Avicel

Contact angles (degrees)

CaHPOA C<iCo3 Magnesium stearate Starch 1500

Hexane 16.90 24.30 PW 23.42 21.52

Heptane PW 47.08 31.53 39.86 32.86

Octane 25.52 40.39 28.99 PW PW

Decane 34.21 46.27 25.81 37 .14 22.78

Dodecane 29.670 PW 27 .57 33.28 21.78

h 2o 73.49 57.09 56.95 * 89.94

** water will not penetrate magnesium stearate.

* water will not penetrate starch 1500 after 10 seconds.
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Table 4.6.

Contact angles for group 2 po’ ders presaturated with vapour of the

penetrating liquid calculated from liquid penetration data. (The liquid used

as perfectly wetting is designated P W ) .

Powder Contact angles (degrees)

Liquid PHB methyl -PHE' ethyl-PHB propyl-PHB butyl-PHB

Hexane 29.40 42.23 54.53 PW 10.76

Heptane 26.49 18. 89 58.44 12 . 34 16.40

Octane 44.69 PW 54.84 37.60 PW

Decane 36.35 35. 64 70.31 37 .99 40.03

Dodecane PW 21.75 PW 31.22 44.46

h 2o 60.93 71.02 79 .52 80.10 43.06

PHB = para hydroxybenzoic acid.
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Table 4.7.

Contact angles for group -3 powders presaturated with vapour of the

penetrating liquid calculated from liquid penetration data. (The liquid used

as perfectly wetting is designated P W ) .

Powder

-formate

Contact

Ca-acetate

asngles (degrees) 

Ca-lactate Ca-gluconate Ca-stearate

Hexane 40.83 80.56 79.95 PW PW

Heptane 50.42 81.86 81. 82 47.39 67.31

Octane 48.89 81.18 82.29 38.11 63.43

Decane PW 82.88 81.86 45.99 66.97

Dodecane 40.12 84.78 81.82 37.47 71.03

h 2o 65.20 PW PW 82 .61 *

Ca = calcium

* water will not penetrate into calcium stearate.
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4.1.2.4. Contact angles of powders presaturated
with vapour of the penetrating liquid 
prior to penetration

The values of cos 0 calculated from gradients of x2 versus 
t plots of liquid penetration data obtained from the 
penetration of a homologous series of alkanes into beds 
presaturated with vapour of the penetrating alkane are 
given in tables 4.5.-4.7.

The values of cos 0 do not depend in any orderly 
manner on either the chain length, viscosity or surface 
tension of the penetrating liquid within a homologous 
series of alkanes The water contact angles are in the 
following rank order for group 1 powders; CaCo3 < CaHP04< 
Avicel< Starch 1500, group 2 powders; butyl 
p-hydroxybenzoate< p-hydroxybenzoic acid< methyl 
p-hydroxybenzoate< ethyl p-hydroxybenzoate< propyl 
p-hydroxybenzoate and for group 3 powders; calcium 
acetateo calcium lactate< calcium formate< calcium 
gluconate. Water will not penetrate calcium stearate and 
magnesium stearate even after presaturating the powder bed 
with water vapour prior to liquid penetration.

4.1.2.5. The effect of presaturatina the powder
with vapour of the penetrating liquid

The effects on the liquid contact angle, of presaturating 
the powder bed with vapour of the penetrating liquid

179



prior to penetration are shown in tables 4.8 .-4.10. for 
group 1, 2 and 3 powders respectively. In order to be able 
to characterise the results effectively, the difference in 
value, ©diff/ between the contact angle of the powder 
untreated and that which was obtained after the powder bed 
was degassed by evacuation under vacuum and presaturated 
with vapour phase of the penetrating liquid prior to 
penetration was used as an index of comparison.

The results show that vapour phase presaturation with 
either the alkanes which are hydrophobic and the 
hydrophillic water may cause contact angles to rise or 
fall, depending on the liquid-powder system investigated. 
Presaturating the powder beds with water vapour resulted 
in an increase in contact angles in the following rank 
order for, calcium formate (-65.2)> propyl p-
hydroxybenzoate (-44.0)> calcium phosphate (-22.9)> calcium 
carbonate (—9.8 )> p-hydroxybenzoic acid (-8 .1 )> ethyl p- 
hydroxybenzoate (-5.4)> starch 1500 (-0.3), while a
decrease in contact angles was observed for, calcium 
lactate (49.5)> butyl p-hydroxybenzoate (44.2)> methyl p- 
hydroxybenzoate (11.2)> Avicel (3.1)> calcium gluconate 
(0.3). Their was no change in contact angle for calcium 
acetate. Large values of 0diff are obtained for liquid- 
powder systems, when the liquid is assumed to be perfectly 
wetting for either the untreated or degassed powder.
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Table 4.8.
Values of ©diff for group 1 powders i.e. the difference betweun the liquid 

contact angles of the untreated powder and contact angles of the powder 

presaturated with vapour of the penetrating liquid prior to penetration 

(0 - 0 sat) calculated from liquid penetration data.

x. Powder

Liquid Avicel CaHP0A
0diff

CaCo3
" 0 - 0 sat
Magnesium stearate Starch 1500

Hexane 11.8 -24.3 40.1 -0.8 -1.4

Heptane 22.8 2.8 5.8 -39.8 3.1

Octane 12.4 8.7 13.8 4.9 34.2

Decane -34.2 15.3 -25.8 -3.8 -22.7

Dodecane 5.6 58.6 11.3 15.0 0.3

h 2o 3.1 -22.9 -9.8 * * * -0.3

** water will not penetrate magnesium stearate.

* water will no penetrate Starch 1500 after 10 seconds.
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Table 4.9.
Values of 0diff for group 2 powders i.e. the difference between the liquid 

contact angles of the untreated powder and contact angles of the powder 

presaturated withOvapour of the penetrating liquid prior to penetration 

(0 - 0S8t) calculated from liquid penetration data.

Powder 

LiquidS. PHB methyl -PHB
®«Hff = 0 

ethyl-PHB
- 0 sat
propyl-PHB butyl-PHB

Hexane -29 .4 22 .2 11.5 10.7 71.0

Heptane 6.4 34.7 12.6 -12.3 66.3

Octane 8.5 68.1 19 .3 17.0 82>9

Decane 5.7 32.6 8.7 12.2 39.5

Dodecane 25.9 41.2 76.7 -6.2 34.0

h 2o -8.1 11.2 -5.4 o■"3*i 44.2

PHB = para hydroxybenzoic acid.
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Table 4.10.
Values of ©diff for group 3 powders i.e. the difference between the liquid 

contact angles of the untreated powder and contact angles of the powder 

presaturated with vapour of the penetrating liquid prior to penetration 

(0 - 0sat) calculated from liquid penetration data.

N. Powder 

LiquiaN. Ca--formate
0 diff 0  0 sat

Ca-acetate Ca-lactate Ca-■gluconate Ca-stearate

Hexane 3.6 1.8 1.9 0.0 89.0

Heptane 15.5 0.3 0.7 - 1 4 . 5 2 2 . 6

Octane 7.7 2.1 0.9 -3.7 2 6 . 4

Decane 47. 0 -0 . 7  1.3 - 1 6 . 9 2 2 . 9

Dodecane 10. 8 - 6 . 2  1.5 -5.1 17.9

h 2o 65.2 0.0 4 9 . 5 0.3 *

Ca = calcium

* water will not penetrate into calcium stearate.
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Negative values indicate an increase in contact angle 
when powders are degassed under vacuum and presaturated 
with vapour before penetration, while positive values 
indicate a decrease in contact angle. The magnitude of the 
numerical value of the contact angle denotes the intensity 
of the change caused by treating the powder irrespective of 
whether a negative or positive value is involved. These 
observations indicate that it may be possible to improve 
the wettability of a powder by a liguid from a knowledge of 
the effect of vapour phase presaturation on the contact 
angle the liguid makes with the solid.

4.1.3. Limitation of the use of cylindrical tube
model in the measurement of contact angle 

The validity of the use of the cylindrical tube model for 
studying capillary flow in irregular porous powder, and the 
subsequent use of Studebaker and Snow's (1955) adaptation 
of the Washburn's equation (1921) to estimate contact 
angles of liquid solid system is most often based on the 
fact that plots of either x2 versus t or x versus t54 are 
linear as predicted by the Washburn's equation (1921). 
However, in recent criticisms (Yang and Zografi, 1986) it 
has been observed that conformation of penetration data to 
tK dependence has also been predicted theoretically for 
systems other than cylindrical tubes, using ordinary and 
nonlinear diffusion theory with the appropriate boundary 
conditions (Boltzman, 1894). Yang and Zografi (198 6 ) have 
also challenged the Studebaker and Snow's (1955) method of
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estimating contact angles, which assumes that the geometric 
contribution is the same for liquids exhibiting different 
contact angles in the same medium. Miller and Miller (1956, 
1980), have argued that media exhibiting different contact 
angles are in dissimilar states, so that no appropriate 
comparisons can be made between them. Philip (1971) showed 
that it is not possible to scale contact angle, even in a 
single conical-shaped pore, since the shape of the liquid- 
air interface depends not only on the contact angle, but 
also on the geometry of the pores between particles.

The impetuous movement of liquids into porous media 
is mainly as a result of the pressure difference across the 
liquid-air interface which arises due to the curvature of 
the interface (the meniscus) and surface tension of the 
liquid. In real cylindrical capillaries, the meniscus at 
the air liquid interface moves continuously and uniformly. 
However, for liquid flow in porous media with irregularly 
shaped pores, the meniscus moves in a non continuous 
fashion characterised by discrete jumping movement, known 
as "Haines jumps" (Haines, 1930). Haines jumps arises 
primarily because of curvature changes in the irregularly 
shaped pores as the liquid penetrates the powder bed. This 
jumping movement and the interconnections between the 
tortuous micro channels in a porous powder result in 
capillary pressure hysteresis during emptying and filling 
of pores as the liquid penetrates. This is illustrated in 
Figure 4.4. At P = -5 cm the empty state becomes unstable
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F i g u r e  4 . 4 .

Filling and emptying of pores occur through sudden and
irreversible "Haines jump" from an empty state to a full
state. This behaviour manifest itself macroscopically as
hysteresis.

L Taken from Miller & Miller (1956)
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and executes a sudden irreversible "Haines jump" to the 
full state at P = -5 cm. Conversely at P = -15 cm the full 
state Haines jump to the empty state. It should be noted 
that these jumps occur in milliseconds as a result of which 
they are time-scale invariant.

The macroscopic gradients obtained from x2 versus t 
plots are related to the microscopic liquid geometry of the 
powders and therefore are a hysteresis function of 
pressure. Another criticism levelled against the use of the 
Washburn's equation is that it assumes that all the void 
space behind the liquid front is free of trapped air and is 
completely filled with liquid as penetration proceeds, 
i.e., flow is completely saturated. In practice the degree 
of saturation varies in relation to the physical properties 
of the liquid-powder systems used, e.g., different contact 
angles.

In view of these criticisms, Yang and Zografi (1986) 
have gone further to show " the extent of the deviation 
to be expected when one assumes that the cylindrical tube 
model is applicable", by comparing contact angles obtained 
from liquid penetration data to those obtained from 
measurements on liquid drops on flat surfaces. Although the 
basis for direct comparison of contact angles from these 
completely different methods is questionable (because the 
contact angles from liquid
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penetration are dynamic contact angles while those from 
stationary liquid drops on flat surfaces are static contact 
angles, and also, contact angles from liquid penetration 
are advancing contact angles while those on flat surfaces 
are receding contact angles), they concluded that liquid 
flow in porous powders do not follow the cylindrical tube 
model described by the Washburn equation (1921). Therefore, 
contact angles obtained from Studebaker and Snow's method 
do not give physically correct values. In another study 
(Yang, Zografi and Miller, 1988b), an empirical 
relationship which could be used to scale liquid-powder 
systems exhibiting different contact angles was proposed 
from scaling concepts developed from the surface tension 
and viscous flow (STVF) model of Miller and Miller (1955a, 
1955b, 1956). See chapter 1 for detailed discussions on the 
STVF model.

4.2. Implications of Yana et a l 's (1988b)
proposals as it affects results obtained 
in this study

4.2.1. Similitude and scaling of Surface Tension
Viscous Flow from liquid penetration data 

Following the use of a theory of capillary flow, based 
entirely on the physical laws of surface tension and 
viscous flow (STVF) (Miller and Miller, 1955a) to determine 
contact angles of liquid-powder systems (Yang, Zografi and 
Miller, 1988), it was considered useful to carry out 
calculations using data from liquid penetration experiments
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in order to test its application to pharmaceutical systems. 
The STVF theory provides a comprehensive set of scaling 
laws which include relations between such parameters as the 
constants of the liquid, the microscopic scale of the 
particles of the medium, the macroscopic scale of the 
entire flow system and gravitational force.

4.2.2. Similar media: similar, states
The STVF theory makes it possible to obtain detailed 
similitude of interface shapes and microscopic flow 
patterns between two media whose powder geometries differ 
only by a constant magnifying factor. Two such media are 
called similar media, and if the interface geometries are 
also similar, the two media are said to be in similar 
states. Another condition for similar states is that cos 0 
at each point in one medium must match cos 0  at 
corresponding points of the order medium. This means that 
comparisons between systems should be limited to those 
having the same contact angle characteristics (this is the 
basis for criticizing Studebaker and Snow's method for 
calculating finite contact angles). For an example of a 
pair of similar media in similar states see Figure 1.7. The 
introduction of two important system parameters i.e., the 
microscopic characteristic length, $, for comparing of 
media and macroscopic length, L, for comparing the whole 
penetration system allows the expression of these 
geometries in terms of "reduced" variables. The reduced 
geometries are identical. It is apparent that the reduced
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solutions for two similar media with the same contact angle 
will be identical. If this is true, then it should be 
possible to "telescope" reduced solutions of system 
parameters from similar media into one another. Thus two 
similar media in similar states have identical values of 
x* and t*, where from the following scaling relationships,

x* = x/L ........................... (4.5.)

and,

t* = $. Y . t / n.L2 .................. (4.6.)

x* is the reduced distance, x, travelled by the liquid front 
during liquid penetration, L is the macroscopic 
characteristic length which has been set as 1 cm in order 
to simplify the calculations (there is no inherent scale 
for macroscopic length since space time is self scaled in 
vertical one dimensional flow systems considered in this 
study) . t* is the reduced time, t, Y is the surface tension, 
$ is the average particle size and n is the viscosity.

This argument was used to test the application of the 
STVF similar media theory to the powders used in this 
study. Plots of x* versus square root of t* should yield 
curves which are superimposed on one single curve. As shown 
in Figures 4.5.-4.6 . which are typical of all the powders 
investigated, the reduced curves for a homologous series of
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liquids do not telescope reasonably well into a single 
curve for the pharmaceutical powders used in this study, 
significant deviations start to occur after the liquids 
have moved a distance of 1 cm irrespective of time.

According to Yang, zografi and Miller, (1988) liquid- 
powder systems that exhibit different contact angles are 
necessarily in dissimilar states, since the liquids will 
occupy different stable positions in the pore openings at 
the same reduced system*parameters. Therefore, the reduced 
microscopic geometries of these media will not be the same, 
and plots of reduced system parameters of various liquids 
and a particular powder combination will not telescope into 
a single curve.

The implications that arise from this reasoning are 
that the liquids used in this study have different contact 
angles and as a result the liquid-powder systems are in 
dissimilar states, therefore, the use of Studebaker and 
Snow's (1955) adaptation of the Washburn (1921) equation in 
determining contact angles is not correct (Yang and 
Zografi, (1986). In order to accept that these conclusions 
are correct, the contact angles determined from STVF 
scaling model must also predict that the liquid-powder 
systems are in dissimilar states.
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4.2.3. Similar media; dissimilar states
It can be argued that for similar media in dissimilar 
states i.e., liquids penetrating the same powder, which 
display finite contact angles ( 0  > 0 ), contact angles
calculated from reduced penetrability, cr*, where,

o * = (a.n)/($.Y) ......................... (4.7. )

(a is the gradient of distance travelled versus square root 
of time) should be different for each liquid. There is no 
properly defined theoretical relationship between 
penetrability and contact angle. However, an empirical 
relationship (Yang, Zografi and Miller, 1988) has been 
proposed;

a* = [1.151 x 10"2cos (1. I860) - 5.419 
x 10"4cos(3. 55230) ]x

.................. (4.8.)

This was based on the assumption that contact angles 
obtained on flat surfaces are most likely to be closer to 
the true contact angles than those obtained using 
Washburn's equation. Equation 4.8. has been used to 
calculate the contact angles of the liquid powder systems
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investigated and the results are shown in Tables 4.11.- 
4.13. There is very little difference between contact 
angles for a particular homologous series of liguid and 
powder system as predicted by equation 4.8. Therefore, the 
liguid powder-systems considered are similar media in 
similar states, and following Yang, Zografi and Miller's 
(19 8 8 ) reasoning the use of Washburn's equation to 
determine contact angles is valid. This is contrary to the 
conclusion that was reached in section 4.2.1. i.e., that 
the liquid-powder systems are in dissimilar states, owing 
to the fact that plots of reduced distance versus square 
root of reduced time are not superimposed on one single 
curve.

This inability of the two approaches to reach the same 
conclusions despite the fact that both approaches are 
founded on the STVF scaling model, questions the validity 
Of a universal application of the STVF scaling model to all 
liquid-powder systems. From the present experiments and 
those of other workers (Klute and Wilkinson, 1958, 1959; 
Elrick et al, 1974) it seems that whenever the STVF theory 
has been applied under non ideal conditions i.e., liquids 
having finite contact angles and powders having a broad 
spectrum of shape and size distribution, deviation from 
theory have been observed. This observation does not 
invalidate the use of the cylindrical tube model in the 
determination of contact angles. Similar media concepts 
seems to be valid for liquid-powder systems were cos 0 = 1
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Table 4.11.
Values of contact angles for group 1 powders (untreated) calculated from
liquid penetration data using reduced penetrability (Equation 4.8.)

Powder

LiquicNv Avicel CaHP0A

Contact angles (degrees) 

CaCo3 Magnesium stearate Starch 1500

Hexane 73.4 70.9 30.2 74.5 72.4

Heptane 73.7 72.4 * 74.2 72.5

Octane 73.7 71.5 * 74.0 71.7

Decane 71.7 71.3 * 73.5 68.6

Todecane 70.5 67 .72 * 72.9 64.8

Methanol 70.9 71.9 26.7 74.9 72.9

Ethanol 72.5 65.1 * 73.2 68.5

Propanol 70.2 63.9 * 72 .4 63.7

Butanol 67.6 57.8 * 71.8 60.2

Pentanol 65.5 56.7 * 69.7 54.2

Hexanol 48.2 41.3 * 63.8 *

h 2o 75.5 72.5 47.3 * * 73.8

** water will not penetrate magnesium stearate.

* high values of reduced penetrability (a* > 0.104) were obtained resulting 

in an out of scale value for contact angle << 0.
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Table 4.12.
Values of contact angles for group 2 powders (untreated) calculated from
liquid penetration data using reduced penetrability (Equation 4.8.)

Powder

Liquid^v PHB methyl-

Contact angles 

PHB ethyl-PHB

(degrees) 

propyl-PHB butyl-PHB

Hexane 75.3 75.7 75.8 75.7 75.8

Heptane 75.3 75. 6 75. 6 75.7 75.8

Octane 75.4 75.6 75.6 65.2 75.7

Decane 75.0 75. 6 75.8 75.6 75. 6

Dodecane 74.1 75.3 75.7 75.4 75.4

Methanoic acid 75.6 75.1 75.7 75.6 75.2

Ethanoic acid 74.3 75.1 75.7 75.5 75.4

Propanoic acid 73.7 74.8 75.7 75.5 75.5

Rutanoic acid 73.7 74. 9 75 .8 75.8 75.5

Pentanoic acid 73.9 74. 6 75.8 75.8 75.4

Hexanoic acid 73.4 75.1 - 75.3 75.2

Octanoic acid 71.7 73. 9 75 .7 74 .5 75.1

h 2o 43.5 75.8 75.8 75.8 75.8

PHB = para hydroxybenzoic acid.
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Table 4.13.

Values of contact angles for group 3 powders (untreated) calculated from
liquid penetration data using reduced penetrability (Equation 4.8.)

N. Powder 

Liquid n . Ca--formate

Contact

Ca-acetate

angles (degrees) 

Ca-lactate Ca-gluconate Ca-stearate

Hexane 75 .2 75. 8 75.8 75.8 75.5

Heptane 75 .5 75.7 75 .8 75.8 75.5

Octane 74.9 75.7 75.8 75.8 75.2

Decane 74.6 75. 6 75.7 75.7 75.3

Dodecane 74.1 75. 3 75.9 75.6 65.8

Methanoic acid 74.1 75. 3 74.8 75.8 *

Ethanoic acid 73.9 75.8; 75.9 75.9 *

Propanoic acid 74.1 75.8 75 .7 75.6 *

Butanoic acid 73.0 75.5 75 .8 75.5 *

Pentanoic acid 73.7 75. 6 75.7 75.4 *

Hexanoic acid 73.2 75.7 75.7 75.5 *

Octanoic acid 67 .4 75. 6 75.7 75.1 *

h 2o 75.1 75.1 75.6 75 . 8 * *

Ca = calcium. ** water will not penetrate into calcium stearate.

* high values of reduced penetrability (o* > 0.104) were obtained resulting 

in an out of scale value for contact angle << 0.
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or are equal and when the medium is homogeneous. Failure of 
STVF model to adequately describe liquid-powder systems 
which display finite and differing contact angles when 
different liquids are used on the same powder may be due to 
the differences in wettability and surface energetics that 
is inherent in such systems (this is explored further in 
chapter 5) and not necessarily because of geometric 
factors.

The reproducibility of liquid penetration rates in 
powder beds packed under the same conditions in this study, 
confirms the uniformity and reproducibility of packing and 
by implication the validity of the assumption (Studebaker 
and Snow, 1955) that the unknown geometric factors 
associated with the porous powder can be cancelled out when 
results for two liquids on the same powder are considered. 
It follows therefore, that after taking surface tension and 
viscosity into account, differences in penetration rates 
will be due mostly to differences in wettability and 
surface energetics which are epitomised by the differences 
in contact angles.

This argument together with the role played by the 
"non wetting factor" (n2 .gradient2/Y2) in the determination 
of the rank order of finite contact angles from liquid 
penetration data described earlier in section 4.1.2.2. 
indicate the validity of Studebaker and Snow's adaptation 
of the Washburn's equation and opens to question the
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application of STVF scaling model to liquid penetration 
data. In fact the "non wetting" factor is similar to the 
scaling factor (Equation 4.6.) used by Yang, Zografi and 
Miller (1988b) to describe reduced penetrability with the 
exception that Yang et al (1988b) used gradients of L 
versus tH and introduced a characteristic microscopic length 
(i.e., particle size). Plots of the "non wetting factor" in 
Studebaker and Snow's equation versus the "scaling factor" 
used by Yang, Zografi and Miller (1988fc) (Figure 4.8.) 
indicate a linear relationship.

It seems that the penetration gradient of the non
wetting liquid in Studebaker and Snow's equation has been 
inadvertently scaled, thus accounting for the effect of 
surface tension and viscous forces. Furthermore, possible 
geometric effects have been accounted for by using powder 
beds in similar states of packing. Therefore, the use of 
Studebaker and Snow's adaptation of Washburn's equation is 
appropriate and of immense value in the assessment of 
contact angles and the wettability of powders. However, it 
should be noted that values of contact angles obtained from 
the Studebaker and Snow's method may be treated as relative 
contact angles only, except in the special case were cos 0  

= 1 for the perfectly wetting liquid.

There is also no correlation between cos 0 obtained 
from compressed discs of powders and those from equation 
4.8. of Yang, Zografi and Miller (19884^) (see Figure 4.9.).
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F i g u r e  4 . 8 .

Plots of the "non wetting factor" in Studebaker and Snow's 
equation versus the "scaling factor" used by Yang, Zografi 
and Miller (1988)
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Figure 4.9.
Relationship between cos 0 obtained from compressed discs 
and those from equation 4.8. of Yang, Zografi and Miller

(1988) .
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This further emphasizes the need to exercise caution in 
predicting the magnitude of contact angles that may be 
derived from liquid penetration data by the use of contact 
angle data from liquid drops on flat surfaces and 
challenges the basis of equation 4.8.

4.3. Contact angles on compressed disc of
powder from measurement of drop height

4.3.1. Introduction
An alternative approach to the use of liquid penetration 
for the measurement of contact angles of porous powders is 
to measure the angle formed when a liquid makes contact 
with the flat surface of a compressed disc of the powder. 
This is usually undertaken by one of two methods, namely 
those of Kossen and Heertjes (1965, 1967) and Zografi and 
Tam (1976). Heertjes and Kossen (1965, 1967) devised a
technique (h-e method) for measuring the maximum height of 
liquid drop when the drop is such that at equilibrium any 
further increase in volume does not cause an increase in 
height, and relating this to the contact angle (equations 
1.66. and 1.67.). Witvoet (1971) has adapted these 
equations for rough surfaces (equations 1.68. and 1.69.). 
Lerk et al (1976, 1977) have found this method to give
reproducible results for large numbers of pharmaceutical 
powders even when swelling or softening of the powder mass 
had occurred (Table 4.14.).
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Zografi and Tam (197 6 ) used a goniometer with an eye piece 
protractor to make direct measurements of contact angles. 
Since reasonable agreement between the two methods has been 
reported (Fell and Efentakis, 1979), only one method was 
used in this study. The Heertjes and Kossen (1967) method 
was used in preference to that of Zografi and Tam (1976) as 
it is readily undertaken and more suitable for powders 
were drop stability may be a problem.

4.3.2. Experimental technique
Maximum drop heights were measured on the compressed discs. 
Two sets of samples were used. The first set were discs 
prepared using the powder as supplied by the manufacturer, 
while the second set consisted of powder discs which were 
treated by evacuation under vacuum in a specially 
constructed chamber, in order to degas them and then 
presaturating with vapour phase of the test liquid prior to 
deposition of drops on the disc surface.

4.3.2.1. Preparation of powder compacts
Compressed discs of 2.5 cm radius were made in stainless 
steel dies, using a highly polished punch with the aid of 
a laboratory hand press (SPECAC). The weight of powder 
placed in the die was adjusted until the surface of the 
disc that was formed stood just proud of the top of the 
die. In order to ensure uniform porosity throughout the 
disc the powder was spread evenly in the die and supported 
with a phosphor-bronze lined ring.
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Compressed discs were made with various compression forces 
ranging from 1.5 x 107 to 7.0 x 107 Nm-2. A design of the 
unit used to produce the discs is shown in Figure 4.10.

4.3.2.2. Measurement of contact angles on
untreated discs 

The equipment used is shown in Figure 4.11. and consists 
of a horizontal stage fitted on a manipulator, an Agla 
syringe mounted on a micrometer dispenser, a fibre optic 
cold light source, and a cathetometer. The supporting ring 
was removed, while the discs were kept in the die to 
maintain stability. The compressed disc was saturated with 
a saturated solution of the test liquid and mounted on the 
stage.

The disc becomes entirely submerged except for the summits 
of the surface particles. On this surface drops of liquid 
are placed one at a time with the aid of the Agla syringe 
until no further increase in drop height can be observed. 
The drop height is then measured using the cathetometer. 
Knowing the porosity of the compressed disc, cos 0 can be 
calculated using either equations 1.68. or 1.69. depending 
on whether 0 is less than or greater than 90.
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F i g u r e  4 . 1 0 .

Design of the compression unit used to produce compressed 
discs.

Taken from Buckton (1985)

hignlv polished stainless steel punch

cowder

stainless steel die

phosphor-bronze lined support ring
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Results of contact angles obtained are shown in Tables 
4.15.-4.17. They represent the averages of not less than 
three replicate discs.

4.3.2.3. Measurement of contact ancles on treated
discs

In these sets of experiments the compressed discs were
treated first by degassing. Degassing was achieved by
evacuating under vacuum in a specially constructed chamber 
with aid of a rotary vacuum pump (Edwards High vacuum Ltd). 
Secondly, the degassed disc was presaturated with vapour of 
the test liquid prior to drop deposition.

4.3.2.3.1. Construction of evacuation unit
The evacuation unit consisted of a pressure resistant
spherical glass cylinder made up of two equal halves. The
upper half had an opening that allowed access into the unit 
when the two halves have been sealed. The unit was 
connected through this opening to the vacuum pump, vapour 
generating reservoir and micrometer syringe.

4.3.2.3.2. Measurements
The compressed disc was placed in the evacuation unit. The 
unit was evacuated under vacuum at 760 mmHg for 30 minutes. 
The vacuum was turned off, and the vapour phase of the test 
liquid introduced into the unit for another 30 minutes. The 
treated powder disc was then saturated with test liquid
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Table 4.15.
Values of contact angles (degrees) for group 1 powders (untreated)
determined using h-e method (Heertjes and Kossen, 1967)

Powder

L iquid^. Avicel CaHPO^

Contact angles (degrees) 

caco3 Magnesium stearate Starch 1500

Hexane 12. 6 18.5 18.3 30.4 27.8

Heptane 25.0 18.3 20.3 29 .2 22.0

Octane 22. 6 23.2 17.0 26.0 22.9

Decane 19.2 19.9 21.3 39.4 24.1

Dodecane 33.1 26.2 26.8 37 .0 27.5

Methanol 21.9 20.6 22.1 38.0 -

Ethanol 26.3 20.5 17.3 37 . 7 19.8

Propanol 24.5 23.4 15.2 39 .0 22.1

Butanol 14.3 23.7 18.0 38. 6 23.9

Pentanol 30.3 27.2 30.4 45.1 25.3

Hexanol 35.7 29.3 29.7 42.9 28.3

h 2o 27 .8 30.9 29.6 90.4 42.3

Glycerol 54.4 47.6 49.1 80.6 51.4
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Table 4.16.
Values of contact angles (degrees) for group 2 powders (untreated)
determined using h-e method (Heertjes and Kossen, 1967)

Powder

Liquid PHB methyl-

Contast angles 

-PHB ethyl-PHB

(degrees) 

propyl-PHB butyl-PHB

Hexane 32.8 31.9 29.8 24.5 19.5

Heptane 29.2 33.1 30.2 27.6 22.5

Octane 31.4 34.3 27.2 28.9 27.6

Decane 30.9 35.1 28.0 32.5 26.0

Dodecane 27.6 37 .2 32.7 33.1 25.8

Methanoic acid 24.7 23.9 43.0 30.9 33.3

Ethanoic acid 25.6 32.2 25.8 24.5 21.7

Propanoic acid 24.6 29.6 27 .90 0 22.5 16.7

Butanoic acid 29.1 26.6 21.2 21.8 16.6

Pentanoic acid 30.5 30.7 30.6 25.8 21.3

Hexanoic acid 30.7 34.9 33.7 23.4 17.9

Octanoic acid 28.4 34 .2 35.0 24.6 22.0

h2o 45.2 50.1 40.8 47.1 36.3

Glycerol 47.5 52.8 52.8 54.4 41.6

PHB = para hydroxybenzoic acid.
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Table 4.17.
Values of contact angles (degrees) for group 3 powders (untreated)
determined using h-e method (Heertjes and Kossen, 1967)

x. Powder 

Liquid x. Ca-formate

Contact angles 

Ca-acetate Ca-lactate

(degrees) 

Ca-gluconate Ca-stearate

Hexane 20.6 24.4 22.5 25.1 47.7

Heptane 18.4 27.2 23.3 21.5 37.4

Octane 15.1 29.8 19.7 22.4 38.5

Decane 16.3 22.4 19.4 24.2 33.6

Dodecane 16.2 26.4 22.6 26.9 35.6

Methanoic acid 13.5 31.7 19.7 31.2 74.5

Ethanoic acid 022.3 26.0 22.9 22.2 49.4

Propanoic acid 23.4 27 .1 24.1 22.2 40.8

Butanoic acid 24.2 25.8 23.9 22.0 38.4

Pentanoic acid 30.3 30.5 24.7 25.1 39.4

Hexanoic acid 32.9 23.4 23.8 21.9 44.4

Octanoic acid 34.4 29.1 23.3 27.8 45.9

h 2o 13.6 27.3 20.7 28.2 74.5

Glycerol 31.0 48.9 45.4 39.3 78.7

I Ca = calcium

I
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after which drops of the test liquid was deposited on the 
surface until a maximum drop height was obtained. The 
maximum height was measured and the contact angle of the 
liquid-powder system under investigation calculated as in 
section 4.3.2.2. The results obtained are presented in 
Tables 4.18. to 4.20. They represent the mean of not less 
than three replicate discs.

4.3.3. Results
4.3.3.1. Effect of molecular properties on contact

angle
It seems that there is no rank order relationship for the 
contact angles in terms of the physico-chemical properties 
of the homologous series of liquids used. However, the 
nature of the intermolecular forces present in the liquid 
may play an important role in the magnitude of the contact 
angle.

Results in Table 4.21. seem to indicate an increase 
in contact angle as a hydrophillic substituent group i.e., 
-OH or -COOH which is capable of hydrogen bond is 
substituted for a hydrogen (-H) in the parent hydrocarbon. 
This is analogous to the observations made in section
3.3.4. that the presence of -OH and -COOH in a liquid tend 
to decrease the rates of liquid penetration and reveals the 
role of contact angle in liquid penetration for the powders 
investigated in this study.
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Table 4.18.
Values of contact angles (degrees) for group 1 powders degassed and
presaturated with vapour phase of the test liquid prior to drop deposition,
determined using h-e method (Heertjes and Kossen, 1967)

N. Powder 

Liquid Avicel CaHP0A

Contact

CaCo3

angles (degrees) 

Magnesium stearateO Starch 1500

Hexane 11.6 24.3 22.6 34.1 28.0

Heptane 24.5 20.4 21.6 31.1 20.9

Octane 22.0 24.3 16.5 27.2 21.8

Decane 18.8 22.1 22.6 38.7 23.5

Dodecane 35.1 27.9 26.8 37.4 28.5

H20 42.1 38.1 34.5 145.0 ' 55.6

Glycerol 59.5 58.8 67.4 107.8 53.1
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Table 4.19.
Values of contact angles (degrees) for group 2 powders degassed and
presaturated with vapour phase of the test liquid prior to drop deposition,
determined using h-e method (Heertjes and Kossen, 19 67)

Powder

Liquid PHB

Contact angles 

methyl-PHB ethyl-PHB

(degrees) 

propyl-PHB butyl-PHB

Hexane 28.9 31.6 28.7 27.6 29.1

Heptane 28.5 32.3 29.8 27.6 23.5

Octane 30.7 33.6 28.4 29.4 28.1

Decane 31.5 34.6 27.7 32.5 26.9

Dodecane 27.2 36.5 32.7 33.5 26.9

H20 75.1 61.6 65.7 90.4 90.0

Glycerol 77.1 70.5 97.0 93.7 0 94>0

PHB = para hydroxybenzoic acid.
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Table 4.20.
Values of contact angles (degrees) for group 3 powders degassed and
presaturated with vapour phase of the test liquid prior to drop deposition,
determined using h-e method (Heertjes and Kossen, 1967)

x. Powder Contact angles (degrees)

L i q u i d \  Ca-formate Ca-acetate Ca-lactate Ca-gluconate Ca-stearate

Hexane 20.8 23.9 19.5 26.8 35.8

Heptane 17.4 27.2 23.3 23.2 36.8

Octane 15.1 30.2 20.3 23.1 38.0

Decane 16.4 21.9 19.4 24.4 34.1

Dodecane 16.3 26.5 23.6 27.1 36.1

H20 40.9 45.5 36.0 41.4 135.7

Glycerol 65.0 66.9 73.9 62.3 142.6

Ca = calcium
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Table 4.21.
The effect of substituent groups of test liquids on the magnitude of contact 

angles (degrees)

Powder

Hexane

h-e method 

liquid 

Hexanol Hexanoic acid

Liquid penetration 

liquid

Hexane Hexanol Hexanoic acid

Avicel 12.6 35.7 28.7 29.5

CaHP04 18.5 29.3 - 0.0 62.2 -

CaCo3 18.3 29.7 - 40.1 47.3 -

Mg-stearate 30.4 42.9 - 22.6 55.0 -

Starch 1500 27.8 28.3 - 20.1 35.8 -

PHB 32.8 - 30.7 0.0 - 39.3

methyl-PHB 31.9 - 34.9 64.4 - 67 .6

ethyl-PHB 29.8 - 33.7 66 .0 - -

propyl-PHB 24.5 - 23.4 10.7 - 39.3

butyl-PHB 19.5 - 17.9 81.8 - 66.7

Ca-formate 20.6 - 32.9 44.5 - 51.3

Ca-acetate 24.4 - 23.4 82.4 - 88.2

Ca-lactate 22.5 - 23.8 81.9 - 87.2

Ca-gluconate 25.1 - 21.9 0.0 - 35.6

Ca-stearate 47.7 - 44.4 89.9 - 0.0

PHB = para hydroxybenzoic acid; Ca = calcium; Mg = magnesium
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The presence of -OH and -COOH groups in the 
penetrating liquid seem to raise the contact angle of the 
liquid which result in low values of Y.cos 0, and from the 
Washburn equation,

x2 = rYLV cos 0 t / 2n ................ (1.25.)

low values of Y.cos 0 can result in low rates of 
penetration dx2/dt. A powder that demonstrates either a high 
hydrophylicity or hydrophobicity will have a lower or 
higher contact angle respectively when in contact with a 
polar liquid such as water e.g., Avicel and Starch 1500 are 
hydrophillic with watet contact angles of 27.8° and 42.3°, 
while magnesium stearate, calcium stearate, paraffin wax 
and stearic acid are hydrophobic with water contact angles 
of 90.6°, 74.5°, 111.0° and 93.7° respectively.

Correspondingly, water will penetrate Avicel and Starch 
1500 but not any of the hydrophobic powders mentioned. The 
implication is that for 0>74.5 water penetration will not 
occur. These phenomena are due to the nature of the 
intermolecular forces present in the liquid-powder system. 
Avicel and Starch 1500 have numerous -OH groups capable of 
hydrogen bonding (Table 2.4.) while the hydrophobic powders 
do not. Water
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forms a lower contact angle with Avicel and 
penetrates it faster than Starch 1500. This might be 
because of the structural differences in D-glucose 
chains found in both Avicel and Starch 1500 i.e., the 
relative arrangement in space of the -OH group on C- 
2 and the oxygen atom connecting C-l to the next 
glucose unit. In starch, the oxygen and the -OH groups 
are both on the same side of the structure in a cis 
position giving an a-linkage. In Avicel, the oxygen 
link between the glucose units is on the opposite side 
from the C-2 -OH group in a trans position, giving a 
J3-linkage. Therefore, Avicel tends to be a more rigid 
molecule and crystalline than starch with its polymers 
more extended and linear than starch chains.

4.3.3.2. Effect of degassing and vapour phase
presaturation

The effect of degassing and vapour phase presaturation 
was studied using a homologous series of alkanes 
representing hydrophobic liquids and water and 
glycerol representing hydrophillic liquids. A 
comparison of the values of contact angles obtained 
when the compressed discs where used without any 
treatment prior to drop deposition (Tables 4.15.- 
4.17.) to those obtained when the discs were first 
degassed by evacuation under vacuum and then 
presaturated with vapour phase of the test liquid 
prior to drop deposition (Tables 4.18.-4.20.) indicate
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that there is little or no difference between contact 
angle values obtained using the alkane series. While 
consistently higher values were obtained when the 
compressed discs of powder were cleaned and exposed to 
vapour phase of water before drop deposition.

The results in Table 4.22. shows the difference 
in contact angle, 0 diff, between contact angle, 0 , 
obtained on untreated disc and that from a treated 
disc, 0sat. A negative sign indicate an increase in 0 
with presaturation. Hydrophobic powders such as 
magnesium stearate, calcium stearate and butyl p- 
hydroxybenzoic acid show very large differences and 
therefore are more affected by degassing and vapour 
phase presaturation, while hydrophillic powders such 
as Avicel and Starch 1500 yield a small difference and 
are less affected.

Powders with 0diff> 25° are hydrophobic. Surfaces 
of compressed powder discs are made of non-polar and 
polar components depending on the type of powder (see 
chapter 5). The value of the contact angle obtained 
will depend on which of these two components dominate. 
Large contact angles such as in magnesium stearate 
imply a very high proportion of non-polar component 
while small contact angles such as in Avicel show the 
presence of a high proportion of polar components. It 
is interesting to note that while 0 diff from compressed

222



Table 4.22.
Effect of degassing and vapour phase presaturation prior to drop 

deposition on the water contact angle determined from h-e method

Powder 0d1ff = 0 - 0sat

(degrees)

Group 1

Avicel -14.3

Starch 1500 -13.3

Calcium phosphate -7.2

Calcium carbonate -4.9

Magnesium stearate “54.6

- Group 2

Para hydroxybenzoic acid -29.9

methyl p-hydroxybenzoate -11.5

ethyl p-hydroxybenzoate -24.9

propyl p-hydroxybenzoate -43.3

butyl p-hydroxybenzoate -53.7

Group 3

Calcium formate -27.3

Calcium acetate -18.2

Calcium lactate -15.3

Calcium gluconate -13.2

Calcium stearate -61.2
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discs data is negative for all the powders investigated, those from 

liquid penetration data are either negative or positive (see Tables 4.8- 

4.10), (This may depend on history of the geometry of the powder bed 

before liquid penetration, a point further emphasised by the differences 

in surface topography of the powders as seen from the scanning 

electron micrographs in Plates 2.1-2.15). It is also possible that after 

compression the average pore diameter is such that pores are 

unavailable to non-polar alkanes but available to dipolar water, a 

similar observation was made for the physical adsorption of water and 

N 2 on gels (Fripiat, 1977). This means that when compressed discs are 

exposed to water vapour, the micropores are easily penetrated by it. 

Water vapour adsorbs into the micropores, and associates with more 

polar groups in the solid as it is now able to reach more of these 

groups. This results in a preponderance of the hydrophobic tendency of 

the powder surface. This yields an increase in water contact angles 

when compressed discs of powders are presaturated with water vapour 

prior to measurement.
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4 . 3 . 4 . C o m p a r iso n  o f  c o n t a c t  a n g l e s  o b t a i n e d  on

compressed discs with those obtained from 
liquid penetration 

When powders are compressed under high compression 
forces they may undergo plastic deformation leading to 
an alteration of their structure. Therefore, surfaces 
of powders which have undergone compression will yield 
properties different from those of the uncompressed 
powder. If this were to be the case then it follows 
that contact angles measured on loose powder beds 
could be different from those on surfaces of 
compressed powder.

The values of contact angles obtained from liquid 
penetration data are different from those obtained 
from measurement on compressed discs (Tables 4.2-4.4. 
and 4.15.-4.18.). Furthermore, the rank order of 
contact angle as obtained from liquid penetration 
results is different from compressed disc. This 
difference is contrary to the observation made by Cook 
(1978) and Mohammed (1983). This is not surprising as 
studies of Cook (1978) involved different samples of 
the same powder (griseofulvin) while that of Mohammed 
(1983) looked at different ratios of phenobarbitone 
and Encompress. The current work involves comparison 
with fifteen different powders. However, the 
observation by previous workers (Cook, 1978; Mohammed, 
1983 and Buckton, 1985) that, the values of contact
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angles obtained from liquid penetration data using 
loose powder beds are consistently higher than those 
from measurements on compressed discs has been 
confirmed in this study.

Recently, Yang et al (1988) used contact angles 
obtained from siliconised glass slides to develop an 
empirical relationship between penetration rates and 
contact angles (Equation 4.8.). In view of the present 
findings and those of other workers (Cook, 1978; 
Mohammed, 1983 and Buckton, 1985), this empirical 
relation can not be expected to give correct values of 
finite contact angles and penetration rates for 
pharmaceutical powders.

4.4. Conclusion
Liquid contact angles have been obtained from liquid 
penetration technique and by measuring drop height on 
compressed disc of powder. There is no correlation 
between the values of cos 0 obtained from the two 
methods for a range of hydrophobic and hydrophillic 
materials.

When ever the STVF theory is applied to liquids 
having finite contact angles and powders having a 
broad spectrum of shape and size distribution, 
deviation from theory is observed. This is due to 
differences in wettability and surface energetics that
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is inherent in these systems and not necessarily 
because of geometric factors.

The reproducibility of liquid penetration rates 
in powder beds packed under the same conditions 
confirms the reproducibility of packing and the 
validity of the use of Studebaker and Snow's 
adaptation of the Washburn's equation in the 
interpretation of liquid penetration data. Similar 
media concepts are only valid for liquid-powder 
systems were cos 0 =1 .



CHAPTER 5 

SURFACE ENERGY OF POWDERS



5.

\

SURFACE-ENERGETICS OF POWDERS
Although there are several methods for obtaining numerical 
values of surface and interfacial energies from contact 
angle data, they are often in disagreement and more so from 
the theoretical standpoint. Two basic theories have been 
put forward for the estimation of powder and liquid-powder 
surface energies. These are, 1) the theory of surface 
tension components (Fowkes, 1964) and 2) the equation of 
state theory of interfacial tensions (Neumann et al, 1974).

5.1. Estimation of surface energy using the
theory of surface ' tension components 

The theory of surface tension components was pioneered by 
Fowkes (1964). He suggested that surface tension should be 
considered in terms of components, each due to a particular 
kind of intermolecular force. It follows from this 
reasoning that a given liquid may have discrete surface 
tension components attributable to dispersion forces, 
dipole-dipole forces, induction forces and hydrogen bonding 
forces.

Fowkes regarded these surface tension components as 
unique physical attributes of the materials even though 
they were not thermodynamically defined. When interaction 
between two phases are considered, only those surface 
energy components which are due to the same types of forces 
interact. For example in the interaction between water and
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hard paraffin wax, since only dispersion forces are present 
in the wax, the large polar and hydrogen bonding forces 
present in the water will not act across the interface to 
affect the interfacial energy directly. It is clear 
therefore that from the theory of surface tension that the 
solid-liquid interfacial energy is a function of the types 
and relative magnitudes of the intermolecular forces in the 
solid and the liquid. While the Fowkes equation and 
approach (Equation 1.70.) is capable only of measuring the 
dispersion component of surface energy of a solid or 
liquid, there seems to be no agreement reached on an 
acceptable method for determining nondispersion components 
of surface energy with a certain degree of confidence, 
consequently there is very little agreement regarding the 
magnitudes of total surface energy for solids.

5.1.1. Calculation of dispersion force
contribution to surface energy of powders 

The surface tension (surface free energy per unit area) of 
a liquid or solid is defined as half of the free energy 
change due to cohesion of the material ia vacuo (Good, 
1967);

Y1 = -* aF„ .................................. (5.1.)

where Yi is the surface tension of the ith species and aF^ 
is the free energy of cohesion of species i in vacuo. In a 
situation where only dispersion forces are involved in the
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interaction, i.e., interactions between two completely 
apolar liquid and solid compound, the following is 
obtained;

YsLd = Ysd + V  " 2(YsdYLV  .............. (5.2.)
or

V  =  ( < Y SV  - (YLV ) 2 ......................(5.2b)

The interaction energy between solid and liquid in vacuo 
then is according to Dupre equation

i F SLd = V - V " Y Ld ......................(5.3.)

and the interaction energy between molecules or particles 
of solid, S, immersed in liquid, L, is

*F SLSd = -2V   ( ̂ ’ 4 * )

while the cohesive energy of the solid is

.Fssd = -2Yssd ................................... (5.5.)

Finally, the interaction energy between solid 1 and 2 
immersed in a liquid is

*FU2 = Y«  - V  - V  ......................<5 -6 '>
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5.1.2. Calculation of attractive and repulsive
dispersion interaction forces 

Combining equation 5.2. and 5.6.

.F1L2d = ((V)* - (YLV ) ( ( Y Ld)* - <Y2V )
.................... (5.7.)

This equation shows that AF1L2d < 0 only when

YLd > and YLd > Y2d .................. (5.7a.)

or when

YLd < Y^ and YLd < Y2d .................. (5.7b.)

similarly, AF1L2d > 0 when

Y,jd > YLd > Y2d ......................... (5.8a.)

and when

Y1d < YLd < Y2d ........................ (5.8b. )

The conditions that obey equation 5.7a. and 5.7b. 
result in repulsive dispersion forces (van Oss et al, 
1979a; 1979b). Hamaker (1937) has also indicated the
possibility of repulsive dispersion forces. The dispersion 
interaction between two molecules or particle (whether they



are identical or different) in vacuo is always attractive 
(see equation 5.2b.)* Also the dispersion interaction 
between two identical molecules or particles S immersed in 
a liquid L is always attractive, although it can become 
zero when Ysd =YLd (see equation 5 . 2 . ) .  For dispersion 
interactions the free energies of interaction between two 
identical solids immersed in a liquid, can be directly 
obtained from the surface tension (surface energy) of the 
solids and liquids (see equations 5 . 1 . - 5 . 6 . ) .  Thus all that 
is needed for obtaining aF values is the prior 
establishment of the surface tension (surface energy) 
values of each of the interacting materials.

The surface tensions of the liquids used in this study 
where obtained using the Wilhelmy plate method (chapter 2). 
Having obtained the surface tension of the liquids , their 
dispersion force component, YLd, were determined by contact 
angle 0 measurement on hard paraffin wax which has a 
completely apolar surface (surface energy = 2 5 . 0  mN m"1), 

using a variant of Young's equation (Young, 1 8 0 5 )  developed 
by Good and Girafalco ( 1 9 5 7 )  and Fowkes (19 62);

1 + cos 0 = 2 ( Y sd .YLV  .............................. ( 1 * 9 4 . )

The Ysd component of the surface energy of the solids used 
in this study were determined from contact angle 
measurements using completely non polar liquid i.e., alkane
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series for which YL = YLd using equation 1.94. in the form 
of

1 + cos 0 = 2(Ysd/YL)* ................. (1.111.)

The surface tension of the pure liquids used in this 
investigation and their dispersion force components are 
presented in Table 5.1. YL = YLd for the alkane series 
because they are strictly apolar in nature. Dodecane was 
used to obtain the dispersion force contribution to the 
total surface energy of the powders using equation 1.111. 
The results are presented in Table 5.2. The magnitude of 
the dispersion interaction energy involved when the powders 
investigated interact with apolar (represented by dodecane) 
and polar (represented by water) liquid is shown in Table
5.3. It can be seen that the dispersion interaction energy 
between the powders and water (polar liquid) is lower in 
magnitude compared to that between the powders and dodecane 
(apolar liquid) indicating a greater affinity of the 
powders for dodecane than for water. The negative sign 
indicate an attraction between the powders and the liquids.

5.1.3. Calculation of polar force contribution
to surface energy of powders

Although the importance of distinguishing between the 
apolar and polar force contribution to the surface energy 
of liquids was first established by Fowkes in 1962, the
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Table 5.1.

The total surface tension, YL, cos 0, and dispersion force components, YLd, 

of pure liquids obtained using h-e method on hard paraffin wax (Ysd = 25.5)

Liquid cos 0 Yl (mN m'1) Yud (mN m'1)

Hexane 20.47 20.47

Heptane 22.14 22.14

Octane 23.49 23.49

Decane 25.92 25.92

Dodecane 27.72 27.72

Methanol 0.7184 24.16 16.89

Ethanol 0.7089 24.75 17.54

Propanol 0.7499 25.65 19.75

Butanol 0.7176 27.81 22.29

Pentanol 0.7147 27.81 22.29

Hexanol 0.7665 28.30 24.50

Methanoic acid 0.5177 39.15 34.61

Ethanoic acid 0.7048 30.24 26.05

Propanoic acid 0.7967 28.35 25.43

Butanoic acid 0.8062 28.08 25.22

Pentanoic acid 0.7813 28.89 25.96

Hexanoic acid 0.8376 27.73 25.45

Octanoic acid 0.7900 29.29 26.95

h 2o -0.3596 71.82 20.73

Glycerol -0.0864 63.04 32.52
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Table 5.2.

The contact angles, and dispersion force, Ysd, contribution to the total 

surface energy of powders using dodecane as the test liquid (Equation 

1.90.)

Powder cos 0 Ysd (mN m"1)

Avicel 0.8378 22.57

Starch 1500 0.8865 23.89

Calcium carbonate 0.8926 23.55

Calcium phosphate 0.8968 23.79

Magnesium stearate 0.7981 21.17

p-hydroxybenzoic acid 0.8863 24.01

methyl p-hydroxybenzoate 0.7960 21.55

ethyl p-hydroxybenzoate 0.8417 22.89

propyl p-hydroxybenzoate 0.8375 22.90

butyl p-hydroxybenzoate 0.8998 24.36

Calcium formate 0.9604 25.42

Calcium acetate 0.8955 24.25

Calcium lactate 0.9229 25.21

Calcium gluconate 0.8911 23.89

Calcium stearate 0.8132 21.97
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Table 5.3.

The magnitude of the dispersion interaction energy AFSLd (mN m"1)between the 

powders investigated and dodecane (apolar) and water (polar) in vacuo using 

equation 5.3.

Powder *Fsi.d (dodecane) ±FSLd (H2°)

Avicel -49.47 -43.26

Starch 1500 -50.83 -44.50

Calcium carbonate -49.92 -44.19

Calcium phosphate -50.32 -44.41

Magnesium stearate -47.62 -41.89

p-hydroxybenzoic acid -51.09 -44.61

methyl p-hydroxybenzoate -48.5 6 -42.27

ethyl p-hydroxybenzoate -50.30 -43.56

propyl p-hydroxybenzoate -50.21 -43.57

butyl p-hydroxybenzoate -51.43 -44.94

Calcium formate -51.89 -45.91

Calcium acetate -51.32 -44.84

Calcium lactate -52.52 -45.72

Calcium gluconate -50.70 -44.51

Calcium stearate -48.93 -42.68
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development of an acceptable methodology in the calculation 
of polar force contribution has been rather slow. This is 
in part due to ambiguities in the concept of "polarity" in 
this field for example to what extent can a material be 
regarded as being polar?. Three groups of compounds may be 
classified as being polar albeit to a certain degree. These 
are:
i) Dipolar compounds- materials that have appreciable 
dipole moment.
ii) Compounds capable of hydrogen bonding (Pimentel and 
McClelland, 1960).
iii) Compounds capable of acting as proton donor/electron 
acceptor or proton acceptor/electron donor (Gutmann, 1978). 
These may be further classified into:
iiia) Proton donors- these are much more effective as 
proton donors (Bronsted acid) e.g., CHC13;
iiib) Proton acceptors- these are much more effective as 
proton acceptors (Bronsted bases) e.g., ketones;
iiic) Electron donors- these are more effective as electron 
acceptors (Lewis acid);
iiid) Electron acceptors- these are more effective as 
electron donors (Lewis base) and
iiie) Bipolar compounds- these compounds can function as 
both proton donor and acceptor (Bronsted acid and base), 
or as both electron acceptor and donor (Lewis acid and 
base) e.g, water. The donor- acceptor functionality in the 
case of bipolar materials may not be of equal strength. 
While there may be no difficulty in predicting whether or
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not a compound can donate a proton on the basis of whether 
it contains an acidic hydrogen atom, the possession of a 
large dipole moment does not mean that the compound is 
capable of hydrogen bonding (Drago et al, 1977). For 
example nitriles and nitro compounds both have large dipole 
moments, yet nitriles form hydrogen bonds, while there is 
no report of nitro compounds doing so (Pimentel and 
McClelland, 1960). Benzene has zero dipole moment. Thus it 
can not be called polar in the dipole sense, yet its pi 
electrons act as electron donor in hydrogen bond with -OH 
containing compounds (Drago et al, 1977). In water and many 
polar liquids, hydrogen bonds predominate. Therefore, when 
a powder that has hydrogen donor and hydrogen acceptor 
potential interacts with these polar liquids a stronger 
interaction energy is observed which only the dispersion 
interaction forces can not account for. The additional 
interaction energy is due to polar force contribution to 
surface energy, Yp.
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5.1.3.1. Measurement of polar force contribution
to surface energy of powders using Lewis 
acid-base approach 

Drago et al (1971) using empirically defined acid-base 
parameters, were able to correlate enthalpies of 
interaction of donor-acceptor systems. Recently, van Oss 
et al (1987a) expressed Yp in terms of an electron acceptor 
(Lewis base) parameter, Yp~ and an electron donor (Lewis 
acid) parameter, Yp+ (see section I.8.2.2.). Unlike 
dispersion force interactions* electron acceptor-electron 
donor or Lewis acid-base interactions are asymmetrical. 
Thus, Yp for any material can be represented as

YP = 2 (YP+Yp") * ..........................(5.9. )

The polar component of the free energy of interaction 
between a solid, S and liquid, L can be expressed as

.Fslp = - 2 < ( Y , " 0 »  + < V T T>”>P + .r P - v H P - u P + v X ,

...........(5.10.)

to take into account the electron acceptor interaction of 
the solid with the electron donor of the liquid as well as 
the electron donor interaction of the solid with the 
electron acceptor of the liquid (Kollman, 1977). From 
thermodynamic convention aFslp always represent an attraction 
and therefore must be negative, hence the negative sign.
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The polar component of the free energy of cohesion of any 
solid, S, therefore is

aFssp = - 4 ( Y SP+YSP' )  .............................................................. ( 5 . 1 1 . )

The polar component of the free energy of interaction 
between solid and liquid can also be expressed by means of 
the Dupre equation (see equation 5.3.)

a F slp = Yslp - Ysp - Ylp .................. (5.12.)

When equations 5.9., 5.10., and 5.12. are combined, an
expression for polar component of the interfacial tension 
between solid and liquid is obtained

Yslp = 2<(YSP+YSP">* + (YlP+y lP">*
- (YsM YLp-)X - (Y^-Y^)) ..........(5.13.)

this may also be written as

Yslp = 2 ( ( ( Y SPV  - ( y J V j U Y / V  - (YlpV ) )

Equation 5.14. indicates that YSLP can be negative (van Oss 
et al, 1987a) i.e., when

YSP+ > Ylp+ and YSP' < YLP' ................ (5.15.)
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or when
Y sP+ < Ylp+ and YSP' > YLP" ................. (5.16)
compare this with YSLd which is never less than zero.
Nir (197 6 ) expressed the Young-Dupre equation ,in the form

(1 + cos 0)YL = -AFsl_tot ..................(5.17.)

considering the fact that

AFtot = AFd + aFp ..................(5.18. )

the following equation may be obtained

(1 + cos 0 )Yl = -AFSLd - aFslP .............. (5.19.)

Combining equations 5.*2., 5.3., 5.9., 5.10., and 5.19.
yields

(1 + cos 0 )Yl = 2((YsdYLd)* + (YSP+YLP" ))4 + (YSP"YLPV )
.................(1.79.)

It follows from equation 1.100. that by determining contact 
angle, 0 , with three different liquids of which two must be 
polar and knowing the values of YLd, YLP+, YLP~ for the 
liquids, the YSP, YSP+ and YSP“ values of the solid can be 
derived (see section I.8.2.2.). Using the additivity rule 
of surface tension components the total surface energy of

241



t h e  s o l i d  c a n  b e  o b t a i n e d  from:

Ys = Ysd + YSP  (5.20.)

5.1. 3.2. Results
5.1.3.2.1. Interpretation of contact angle data

using Lewis acid-base concepts
Contact angles determined by h-e method were measured for 
all the powders in groups 1-3 using two polar liquids (water 
and glycerol) and one apolar liquid (dodecane). Dodecane 
contact angles were used to determine the dispersion force, 
Ysd component of surface energy of the powders (equation 
1.111.). The surface tension components of the liquid used 
is given below. Electron donor (YLP~) and electron acceptor 
(YLP+) parameters for water were calculated using the ratio 
of donor number (DN) to acceptor number (AN) derived by 
Gutmann (1978).

Liquid YlP v V

h 2o 20.73 50.77 33.84 16.93 71.5

Glycerol 32.54 . 30.46 8.84 26.24 63.0

Surface energy components of water and glycerol.
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Donor numbers (DN) and acceptor numbers (AN) were developed 
by Gutmann (1978) in order to correlate the behaviour of an 
acidic solute in a donor solvent and solute-solvent
interactions in acidic solvents respectively. Gutmann (1978) 
has reported values of 18 and 55 for DN and AN respectively, 
a ratio of 1:3. The polar force component of water Ygp is
50.77 (derived from contact angle measurement on paraffin 
wax using equations 1.94. and 5.20.) which consist of
electron donor and electron acceptor parameters in
asymmetry, therefore, using Gutmann's ratio for water, the
electron donor parameter YLP~ = 16.93 while the electron 
acceptor parameter YLP+ = 33.84 (these values agree with those 
derived from equation 1 .1 0 2 .).

The electron donor and electron acceptor parameters for
glycerol were obtained from the polarity ratios of glycerol
relative to water (equations 1.101a. and 1.101b.). Having
determined cos 0U, YWP+, Ygp", Yud for water; cos 0g, YGP+, YGP"

for glycerol and Ysd for the powders, the Lewis acid-
base parameters of the powders can then be calculated by the
simultaneous solution of the two unknown quantities i.e.,
asgp+ and asgp" in equations 1.106. and 1.110b. Finally,
equations 1.101a. and 1.101b. are used to calculate YSP+ and
Y p” x s *
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Due to the asymmetry of YSP+ and YSP" they are non 
additive, therefore, YSP is obtained from the 
relationship:

Ysp = 2(YsP,.Ysp-)X ..................... (5.21.)

The results of the surface energy components and 
surface thermodynamic properties for the powders 
investigated are given in Tables 5.4.-5.6 .

5.1.3.3. Delineation of the powders investigated
as electron donors or electron acceptors 

From equation 5.20. apolar and polar surface energy 
components are additive. It is also clear from the results 
that the electron donor (YSP~) and electron acceptor (YSP+) 
contribution to the polar component of the solid surface 
energy (determined through equations 1.100-1.112. See 
section 1.8.2.2.) are not additive, furthermore, YSP~ is not 
equal to YSP+ for all the powders. With the exception of hard 
paraffin wax, there is a demonstrable presence of polar 
characteristics in all the powders. In fact all the powders 
have a strong electron donor capacity and very little 
electron acceptor capacity. This is in agreement with the 
findings of other workers (van Oss et al, 1987a). Rarer 
cases of some solids having electron acceptor capability 
with no electron donor capacity have been reported (van Oss 
et al, 1987c). When polar surfaces display considerable 
asymmetrical polarity i.e., showing either a profound

0
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Table 5.4.
cos 0 and polarity ratios of (untreated) solid-water systems investigated.

Powder cos 0M cos 06 aswP" asuP+

Avicel 0.8844 0.5813 1.7314 0.0621

Starch 1500 0.6520 0.6242 1.1394 0.3034

Calcium carbonate 0.8693 0.6547 1.5804 0.1737

Calcium phosphate 0.8582 0.6740 1.5247 0.2095

Magnesium stearate -0.0073 0.1631 0.3889 0.1813

p-hydroxybenzoic acid 0.7046 0.6752 1.1072 0.3642

methyl p-hydroxybenzoate 0.6414 0.6048 1.1351 0.3301

ethyl p-hydroxybenzoate 0.7569 0.6038 1.3245 0.2320

propyl p-hydroxybenzoate 0.6811 0.5826 1.2743 0.2297

butyl p-hydroxybenzoate 0.8058 0.7474 1.2620 0.3709

Calcium formate 0.9718 0.8569 1.4926 0.3734

Calcium acetate 0.8883 0.6568 1.6074 0.1525

Calcium lactate 0.9351 0.7024 1.6070 0.1806

Calcium gluconate 0.8810 0.7733 1.3955 0.3548

Calcium stearate 0.2679 0.1962 0.9569 -0.0162

Stearic acid -0.0641 -0.1169 0.7070 -0.1015

Polytetrafloroethylene -0.1736 -0.1045 0.4587 -0.0726

Hard paraffin wax -0.3596 -0.0864 -0.0056 0.0018

W = water; G = glycerol
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Table 5.5.

Surface energy components (in mN m"1) for the materials investigated derived 

from table 5.4.

Powder Y d Y p Y p" Y P+ v TOT 
lS

Avicel 22.57 5.15 50.75 0.13 27.72

Starch 1500 23.89 16.55 21.96 3.12 40.44

Calcium carbonate 23.55 13.14 42.28 1.02 36.05

Calcium phosphate 23.79 15.26 39.35 1.48 39.05

Magnesium stearate 21.17 3.37 2.56 1.11 24.54

p-hydroxybenzoic acid 2 4 ‘. 01 19.30 20.75 4.49 43.31

methyl p-hydroxybenzoate 21.55 17.91 21.81 3.68 39.46

ethyl p-hydroxybenzoate 22.89 14.70 29.7 1.82 37.59

propyl p-hydroxybenzoate, 22.90 13.99 27.49 1.78 36.89

butyl p-hydroxybenzoate 24.36 22.39 26.96 4. 65 46.75

Calcium formate 25.42 26.68 37.71 4.72 52.10

Calcium acetate 24.25 11.68 43.74 0.78 35.93

Calcium lactate ' 25.21 13.87 43.72 1.10 39.08

Calcium gluconate 23.89 23.70 32.97 4.26 47.59

Calcium stearate 21.97 0.70 15.50 0.008 22.67

Stearic acid 15.66 3.43 8.46 0.35 19.09

Polytetrafloroethylene 19.5 1.60 3.56 0.18 21.10

Hard paraffin wax 25.50 0.0004 0.0005 0.0001 25.50
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Table 5.6.

Surface thermodynamic properties (in mN m“1) for the materials investigated 

derived from tables 5.4. and 5.5.

Powder Y dSL Y PSL v  TOT 
SL aF tot Ar sus

Avicel 0.39* -32.83 -32.44 64.88

Starch 1500 0.11 -4.63 -4.52 9.04

Calcium carbonate 0.09 -22.95 -22.86 45.72

Calcium phosphate 0.10 -19.86 -19.75 39.50

p-hydroxybenzoic acid 0.12 -3.26 -3.14 6.28

methyl p-hydroxybenzoate 0.008 -4.33 -4.32 8.64

ethyl p-hydroxybenzoate 0.05 -11.93 -11.88 23.76

propyl p-hydroxybenzoate 0.05 -10.12 -10.07 20.14

butyl p-hydroxybenzoate 0.14 -7.89 -7.74 15.48

Calcium formate 0.24 -14.77 -14.53 29.06

Calcium acetate 0.14 -24.66 -24.52 49 .04

Calcium lactate 0.22 -23.82 -23.60 47.20

Calcium gluconate 0.11 -12.21 -12.09 24.18

Calcium stearate 0.02 2.03 2.05 -4.10

Stearic acid 0.35 12.60 12.95 -25.90

Magnesium stearate 0.002 23.95 23.95 -47.90

Polytetrafloroethylene 0.02 24.03 24.05 -48.10

Hard paraffin wax 0.24 47.53 47.77 -95.54
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electron donor (YSP“) capacity and a very small or even 
nonexistent electron acceptor capacity and vis versa, they 
are said to display unipolarity (van Oss et al, 1987a 
described this phenomenon as monopolarity). A large number 
of natural, synthetic and semi-synthetic polymers and 
bipolymers have been shown to be predominantly electron 
donors (van Oss et al, 1987a, 1987c). Results using
commonly used pharmaceutical powders seem to corroborate 
that of van Oss et al (1987a), that most materials are YSP" 
unipolar. DNA is one exception as it seems to display YSP+ 
(28 mN m“1) unipolarity (van Oss et al, 1987a). However, an 
independent confirmation of this value seems like a poor 
prospect as a high energy YLP+ unipolar liquid probe is yet 
to be found.

5.1.3.4. Positive and negative interfacial
tensions

The surfaces of the pharmaceutical powders investigated in 
this study present very strong Ysp“ unipolarity. The 
interfacial tension between these surfaces and water will

p i  TOTbe negative when Ys > 20 mN m , furthermore, when YSL < 
0, aFslsT0T > 0 (tables 5.5. and 5.6.). The data for solid 
liquid total interaction energy, YSLT0T and the interaction 
between the solid immersed in water, aFslsT0T clearly 
classifies the powders studied into two distinct groups. 
One group has negative values of YSLT0T and positive
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.FSLsT0T values while the opposite holds for the other group. 
Polar (strongly hydrophillic) powders e.g., Avicel, calcium 
acetate and calcium formate belong to the former group 
while apolar (strongly hydrophobic) powders e.g., magnesium 
stearate, calcium stearate, stearic acid, PTFE and hard 
paraffin wax belong to the later group. YSLd for the powders 
is never less than zero and YSLP is negative for polar 
powders as YSP+ < YLP+ and Ysp- > YLP'

Positive interfacial tensions, YSLT0T, between water and 
the solids give rise to a negative value for the surface 
free energy of interaction between the solids and water, 
aFslsT0T since, a F sls = -2YSLT0T (e.g., magnesium stearate, 
calcium stearate, stearic acid, and paraffin wax). The net 
result is a strong attraction between molecules of these 
powders immersed in water. Such negative values 
quantitatively define the energy of attraction for the 
"hydrophobic interactions" (Franks, 1975) taking place 
between the powder particles in water. The values for YSLd 
< 1 mNm"1, because the values of Ysd are very close to that 
of water (see table 5.5. and section 5.1.3.2). Therefore, 
for strictly apolar (hydrophobic) materials e.g., hard 
paraffin wax immersed in water the main source of the 
negative values of a FslsT0T is the very large positive value 
of Yslp and equation 5.13. reduces to Ysl_p =* 2(YLP+YLP“)X =
50.77 mN m'1. Hence th£ values of aFslsT0T for such apolar 
materials immersed in water will be close to -101 mN m”1. 
(Table 5.6.). This type of quantitative treatment of
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hydrophobic interaction energy has been used to account for 
the interaction between proteins and their adsorption onto 
low energy surfaces (van Oss et al, 1987a).

The easy adsorption of DNA onto cellulose ester 
membranes and the failure of RNA to adsorb onto that 
material was shown to be due to negative values of 
interfacial free energy of interaction for DNA and positive 
values for RNA (van Oss et al, 1987c). Pashley et al (1985) 
were the first to measure quantitatively, hydrophobic 
interactions in macroscopic systems using the force balance 
developed by Isrealachvili et al (1978, 1980). The
attraction energy between two hexadecyl surfaces in water 
reported by Pashley and co-workers (1985) agrees with the 
strongly negative value of aFslsT0T derived from contact angle 
and surface tension data. It is not surprising, and neither 
is it unusual, to observe negative values of interfacial 
tension between some of the powders and water. This is 
possible if o s J ~  > 1.0. Negative values of YSLT0T give rise to 
positive values of aFslsT0T. This can cause molecules or 
particles of the powder immersed in water to repel each 
other, which may lead to penetration, improved wettability, 
solubility, dispersion and stability.

In chapter 3 it was observed experimentally that water 
will not penetrate into beds of magnesium stearate, calcium 
stearate, stearic acid' and paraffin wax while water will 
penetrate into calcium carbonate, calcium phosphate,



benzoic acid esters, calcium formate, calcium acetate, 
calcium lactate and calcium gluconate. Surface 
thermodynamic parameters derived from contact angle data 
using the Lewis acid-base concepts reveal that water will 
not penetrate powders that have a positive YSLT0T and a 
corresponding negative aFslsT0T (see table 5.7.). Such 
negative values result in attractive interaction energy 
between similar or dissimilar molecules or particles 
immersed in a polar liquid. During water penetration Starch 
1500 swells followed by gelation after 15 seconds 
preventing further penetration, this behaviour may be 
explained by its low positive interfacial energy (9.04 mN 
m~1) compared to Avicel (64.88 mN m'1) a related compound 
which also swells in contact with water. Starch and Avicel 
are both composed of D-glucose chains (see chapter 2), the 
major structural difference being the relative arrangement 
in space of the -OH group on the C-2 and oxygen atom 
connecting C-l to the next glucose unit. In cellulose the 
oxygen and the -OH groups are both on the same side in a 
cis position resulting in an a-linkage, while in starch 
they are on opposite sides in a trans position giving a J3- 
linkage. Therefore, cellulose chains bind themselves more 
closely than starch. This is reflected in the magnitude of 
Ys (Avicel = 27.72mN m"1; Starch 1500 = 40.44 mN nf1) and aFsls 
(Avicel = 64.88 mN m"1; Starch 1500 = 9.04 mN m ' 1 immersed in 
water).
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Table 5.7.

The effect of negative or positive values of YSLT0T and aFslsT0T 

(mN m'1) on the ability of water to penetrate powder beds.

Powder Penetration Y TOT 
SL a F tot SLS

Avicel* yes -32.44 64.88

Starch 1500*# yes/no -4.52 9 .04

Calcium carbonate yes -22.86 45.72

Calcium phosphate yes -19.75 39.50

p-hydroxybenzoic acid yes -3.14 6.28

methyl p-hydroxybenzoate yes -11.88 8.64

ethyl p-hydroxybenzoate yes -10.07 23.76

propyl p-hydroxybenzoate yes -7.74 20.14

butyl p-hydroxybenzoate yes -7.74 15.48

Calcium formate yes -24.52 29.06

Calcium acetate yes -23.60 49.04

Calcium lactate yes -12.09 47.20

Calcium gluconate yes -12.09 0 024.18

Calcium stearate no 2.05 -4.10

Stearic acid no 12.95 -25.90

Polytetrafloroethylene** no 24.05 -48.10

Magnesium stearate no 23.95 -47.90

Hard paraffin wax** no 47.77 -95.54

*# gels after 15 seconds; * swells; :**not in powder form (solidified melts 

on glass slides).
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5 . 1 . 3 . 5 .  The i m p l i c a t i o n s  and b e n e f i t s  o f  e l e c t r o n

donor-acceptor concepts in elucidating 
surface energetics

5.1.3.5.1. Additive and non-additive surface energy 
components

That apolar or dispersion (d) and polar (P) force 
contribution to surface energy are additive is predicted 
by equation 5.20. However, Bronsted-Lewis acid-base 
concepts strongly suggests that the polar force component 
of surface energy can be further divided into electron 
donor Yp_ (Lewis base) and electron acceptor Yp+ (Lewis 
acid). These constituent parameters of polar components are 
asymmetrical and therefore non additive (equation 5.9.). in 
the generality of the powders studied, YSP" is not equal to 
YSP+ (table 5.5.) while most of the powders are unipolar, 
with very strong electron donor (YSP_) capacity. Some 
materials hitherto considered as completely apolar 
(hydrophobic) may in fact have some traces of polarity 
(hydrophilicity) e.g., magnesium stearate, stearic acid, 
calcium stearate (see table 5.5.). The same observation has 
been made regarding diiodomethane, a-bromonaphthalene and 
dimethylsulfoxide (van Oss et al, 1987a).

For either of these parameters (electron donor or 
electron acceptor parameters) to manifest at all or 
contribute to the energy of cohesion, the opposite 
parameter should be present in another part of the same or 
associated molecule.
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5.1.3.5.2. Relevance to tablettina technology 
The use of lubricants in tabletting technology although 
essential, may result in unwanted changes in properties 
such as decrease in tablet strength (Alpar et al, 1969; 
Jarosz and Parrott, 1984). This decrease in strength has 
been attributed to weaker bonds resulting after compression 
between lubricant-lubricant molecules rather than the 
stronger excipient-excipient bonds (De Boer et al., 1978). 
It can be assumed that the bond strength are due entirely 
to the interactions of intermolecular forces, thus it may 
be possible to predict these interactions using parameters 
derived from surface energetics encompassing electron 
donor-acceptor concepts. Table 5.8. shows the data for the 
free energy of interaction for both cohesive and adhesive 
interactions for Avicel and five potential lubricants. The 
negative sign indicates the presence of attractive 
interaction forces.

The cohesive interactions for the lubricants are due 
entirely to dispersive forces and are in the order paraffin 
wax>calcium stearate>magnesium stearate > PTFE>stearic 
acid. The rank order of adhesive interactions between 
excipient and lubricant is magnesium stearate>PTFE>calcium 
stearate> stearic acid>paraffin wax. In the case of 
paraffin wax the cohesive interactions are higher than 
adhesive interactions, while the opposite is the case for 
the other lubricants. The implication of these observations 
with regards to tabletting technology is that lubricants
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(magnesium stearate, calcium stearate PTFE,and stearic 
acid) having strong adhesive interactions will cause a 
decrease in tablet strength, because of the ease with which 
a film will be formed over the excipient during compression 
resulting in a fall in the possible number of cohesive 
interactions between the excipient particles. Paraffin wax 
will have little or no effect on tablet strength due to its 
high cohesive interactions.

Furthermore, lubricants having adhesive interactions 
greater than cohesive interactions can quite easily form 
an extensive monomolecular film over the excipient, and are 
therefore better lubricants. When the differences in 
adhesive and cohesive interactions are considered stearic 
acid may be considered to be closer to magnesium stearate 
in efficiency as a lubricant than calcium stearate. Rowe 
(1988) using a solubility parameter approach was able to 
predict correctly the relative magnitude of adhesive and 
cohesive interactions between the following lubricants 
m a g n e s i u m  s t e a r a t e ,  s t e a r i c  a c i d  a n d  
polytetrafluoroethylene in combination with either 
microcrystalline cellulose or anhydrous lactose. Rowe's 
observation are corroborated by the results reported in 
this study. The results are also consistent with the 
experimental data of Jarosz and Parrott (1984) who studied 
the effect of magnesium stearate and stearic acid on 
tensile strengths of tablets prepared from microcrystalline 
cellulose and anhydrous lactose.
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The surface free energies of interaction can also be 
useful in the choice of a suitable excipient or carrier for 
drugs. To illustrate this pointy the free energy of 
interaction has been ' estimated for calcium lactate in 
combination with each of the following excipient:- Starch 
1500, calcium phosphate, calcium carbonate, Avicel and 
magnesium stearate (magnesium stearate has been included 
as a maker since its behaviour is known). The results are 
presented in table 5.9a. The following rank order may:be 
observed, Starch 1500> calcium phosphate> calcium 
carbonate> Avicel> magnesium stearate. Adhesion between 
excipient and drug seems to be dependant on the magnitude 
of the polar force interaction energy of the materials, 
thus Starch 1500 with the highest value aFdep tops the list 
while magnesium stearate with the lowest value is at the 
bottom. On the basis of this data alone/Starch 1500 appears 
to be the obvious choice as the most suitable excipient for 
calcium lactate. This may not be correct/as the choice of 
suitable excipient will also depend on the nature of the 
interaction between drug and excipient when immersed in 
water. Table 5.9b. gives the values of the surface free 
energies of interaction aFdweT0T between drug and excipient 
when immersed in water.

With the exception of magnesium stearate the values are 
positive and in the following rank order, Avicel> calcium 
carbonate> calcium phosphate> Starch 1500> magnesium 
stearate. Positive values (these arise as a result of
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negative interfacial tension between excipient and water) 
indicate repulsion between drug and excipient molecules 
while negative values (this is as a result of positive 
interfacial tension between magnesium stearate and water) 
represent attraction when immersed in water. These 
observations are consistent with electron donor-acceptor 
concepts. As a result of the positive aFdueT0T dispersion 
and/or solubility will be highly favoured. Therefore, the 
choice of a suitable excipient for calcium lactate will 
have to be balanced between an excipient that is compatible 
(favourable adhesion interaction) with the drug and that 
which will result in a positive surface free energy so as 
to assist in the dispersion and/or dissolution of the drug. 
Calcium phosphatewouljd be a suitable choice in this case.

5.1.3.5.3. Stability of pharmaceutical suspensions 
In the light of the results of this work, particularly on 
the role of the magnitude and sign of aF on the interaction 
between materials in aqueous media, it is possible that the 
stabilization of particle suspensions may depend on the 
electron donor and electron acceptor capacities of the 
materials involved. Polymers used in stabilizing 
suspensions should demonstrate a strong unipolarity 
particularly of the Yp- type because this criterion 
satisfies the desire that stabilizing polymers be soluble 
in the suspending media (Strong unipolarity is an important 
contributing factor to solubility). A positive free energy
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of interaction which results in repulsion between the 
materials will also be an important factor 
contributing to aqueous particle suspension. In fact 
when Napper’s (1983) work is interpreted in terms of 
Lewis acid-base concepts it is seen that the 
stabilizing polymers used for aqueous media are 
unipolar and more often than not of the Yp" type.

5.1.3.5.4. Solubility of pharmaceutical powders 
Particles that have a negative interfacial energy with 
respect to water should be quite soluble in water or 
at least water will penetrate a bed of the powder. The 
exception is when there is a high molecular weight or 
degree of cross linking involved e.g., Avicel and 
Starch 1500, in which case swelling is observed (Table 
5.7.). It appears that strongly negative interfacial 
energy results in liquid penetration, whilst strongly 
positive interfacial energy results in no penetration. 
The view that colloidal stability and solubility 
occurred readily when interfacial energy between the 
materials and a suspending or dissolving liquid was at 
a minimum was as far as researchers could go, as long 
as it was held that interfacial energies could not 
become negative. However, with the use of electron 
donor and electron acceptor concepts in resolving the 
polar force interaction of surface energies it is now 
possible to detect negative interfacial energies or
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repulsion interactions, the presence of which assists 
penetration and solubility (this is because negative 
interfacial energies result in positive interfacial 
interactions, thus similar or dissimilar materials in 
the presence of a polar liquid repel each other in 
preference to the liquid).

5.1.4. Flaws in other approaches used in the
determination of surface tension 
components

Soon after Fowkes (1964) had indicated that the 
dispersion force component of surface tension, Ysd, for 
hydrophobic surfaces could be determined by measuring 
the contact angle of an apolar liquid on the given 
surface, Owens and Wendt (1969) and later Kaelble and 
Uy (1970) (see section 1.8.2.1.) extended Fowkes 
approach by adding a polar energy interaction term in 
the geometric mean approach for hydrophillic surfaces. 
Wu (1970) suggested that a harmonic or reciprocal mean 
approximation might be better for polar polymers. 
Luangtana-anan and Fell (1987) have reported surface 
energy components for certain powders based on Wu's 
approach. The polar interactions were split from the 
dispersion interactions in the following manner

y sl = ((YSV  - (Yud> y  + <(y/)* - (Ylp) V
........ (5.22.)
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Fowkes (1983) has pointed out that polar interactions do not 
follow the combining rule which is valid for apolar
interactions, i.e., equation 5.22. is invalid. The only
exception being if the solid is very hydrated (van Oss et 
al, 1986b) or were the solid is completely apolar and the 
liguid is water (compare the value of YSL which is -32.44 mN 
m~1 for Avicel and 47.77 mN m~1 for paraffin wax determined 
using acid-base concepts (see Table 5.7.), to that using 
eguation 5.22. where YSL for Avicel and paraffin wax are,
23.6 mN m"1 and 50.7 mN m ' 1 respectively).

The reason for this difference can be obtained from a 
combination of equations 5.2., 5.13., and 5.20;

Ys\ = <(YSV  - <YLd>V + 2 ((Y/+Ysp-)*
+ (YlpV >  *> - ( Y / V ) X - (YSPW )

.......... (5.23a.)

or,

y sl = ((YsV - <YiV>2 + YsP + y lP

- 2((YsPtYLp-)* + <Ysp-YLPV > )
.........(5.23b.)

It now becomes apparent from equation 5.23. that a strong 
polar cohesion of the molecules or particles of

263



the solid or liquid yields a high YSL while a strong polar 
adhesion between the solid and liquid yields smaller values 
of Ys|_. Furthermore, surface energies obtained from Kaelble's 
approach will be similar to that from Lewis acid-base 
approach for strictly apolar solids (Table 5.10.). Large 
deviations occur when the solids are polar (or have a 
measurable polar characteristics). Girifalco and Good (1957) 
obtained a wide range of experimentally determined values 
for interfacial tensions (YSL = 1.7 to 51 mN m"1) between 
water and a large number of organic liquids. Since these 
organic liquids had surface tension values of between 20 and 
29 mN m~1, the values of YSL should have been in the range of 
10 to 17 mN m"1 if equation 5.22. was correct. It was in a 
bid to reconcile these large deviations between experimental 
values and those predicted by equation 5.22. that Girifalco 
and Good introduced an interaction parameter, into a
variant of equation 5.22.;

Ysl = Ys + Yl - 2$i ( YsYl)̂  ..................(5.24.)

The value of ranges, from 0.53 to 1.17 and was calculated 
from the assumption of pair wise additivity of 
intermolecular forces, which is not stristly valid in the 
condensed state, especially for Keesom and Dedye 
interactions (for a detailed review see Good, 1977).
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Table 5.10.

Comparison between the values of surface free energies, Ys, obtained 

from the Lewis acid-base concepts and those from Kaeble's (1971)

approach. * = glycerol-water as probe.

Powder Ys (mN m'1)

Lewis acid-base Kaelble (1971)*

Avicel 27 .7 104.2

Starch 1500 40.4 51.0

Calcium carbonate 36.0 85.9

Calcium phosphate 39.0 80.4

p-hydroxybenzoic acid 43.3 52.8

methyl p-hydroxybenzoate 39.4 50.7

ethyl p-hydroxybenzoate 37.6 66.5

propyl p-hydroxybenzoate 36.9 58.1

butyl p-hydroxybenzoate 46.7 62.1

Calcium formate 52.1 79.8

Calcium acetate 35.9 89.9

Calcium lactate 39.1 92.5

Calcium gluconate 47 .6 71.7

Calcium stearate 22.7 32.8

Stearic acid 19.1 17.9

Magnesium stearate 24.5 22.9

Polytetrafloroethylene 12.7 21.1
Hard paraffin wax 25.5 25.8
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The introduction of $. did not give considerable insight into 
the physical causes of the deviations observed. However, it 
has helped to galvanize research into solution of the 
problem. Studies by Hamilton, 1974; Busscher 
et al, 1986; Dalai, 1987; Strom et al, 1988 have used
equation 5.22. as basis for the interpretation of results, 
and are therefore open to some modification.

For example Dalai (1987) has contemplated the use of both 
geometric mean (equation 5.22.) and harmonic mean as
combining rules for the polar force contribution to surface 
energy, while Strom et al (1988) employed the use of a
characteristic multiplication constant, or "hydrophilicity 
number" to calculate the polar surface energy component of 
photooxidised polystyrene surfaces relative to water. The 
flaw in the use of geometric or harmonic mean or
multiplication constants and an interaction parameter for 
the polar force component is that they can not account for 
electron donor-electron acceptor and electron acceptor- 
electron donor interactions between two different materials. 
It is now clear why it has proved difficult to obtain Zisman 
plots of Yl against cos 0 (Zisman, 1964) for polar solids or 
apolar solids using more polar liquids.
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This is because the polar force component of these materials 
comprises electron donor and electron acceptor constituents 
which vary independently according to the type of solid or 
liquid involved.

Fell and Efentakis (1979), Buckton and Newton (1986) and 
recently Kelebek et al (1987) used alcohol-water mixtures to 
obtain a modified Zisman plot for hydrophobic powders. These 
workers however concluded that the values of critical 
surface tension obtained did not adequately reflect the 
wettability and surface energetics of the powders 
investigated. These results are easily explained using the 
Lewis acid-base concepts. Alcohols and water have 
dispersive, electron donor and electron acceptor force 
components. The electron donor and electron acceptor 
components of water interact with those of alcohol. This 
leads to an attenuation in the magnitude of the polar force 
components of the alcohol which would have been otherwise 
associated with the dispersion force components resident in 
the alcohol, thus giving the alcohol a predominantly apolar 
character. The degree of attenuation will depend on the 
concentration or mole fraction of the alcohol-water mixture. 
Therefore it is possible to measure critical surface tension 
of apolar solids using alcohol-water mixtures which at the 
correct mole fraction can mimic the properties of an apolar 
liquid.
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Mohammad and Fell (1983) reported that 
isopropylalcohol-water mixtures and polyethylene glycol- 
glycerol mixtures gave different values of Yc for the 
powders they investigated. Buckton and Newton (1986) also 
observed that propanol-water and ethanol-water series each 
formed their own line rather than forming one 
extrapolation. This is. not surprising, because electron 
donor and electron acceptor concepts predict these 
behaviours. For example propanol and ethanol possess 
different magnitudes of electron donor and electron 
acceptor capacities, the degree to which these will 
interact with their water counterpart will also differ. 
When strictly apolar liquids are used on strictly apolar 
surfaces, Zisman plots should yield a straight line. For 
such cases it is possible to obtain solid dispersion 
forces, Ysd, by using only one liquid that is predominantly 
apolar. However, three liquids are needed if one is to 
measure the whole set of three YSP parameters by contact 
angle determination on polar materials. This declaration is 
contrary to the methodology (equation of state approach) 
proposed by Neumann et al (1974).

5.2. Estimation of the surface energies of
powders using the equation of state 
approach

Using thermodynamic arguments, Ward and Neumann (1974) 
postulated that solid-liquid interfacial energy was only a 
function of the total surface and liquid surface energies.
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This formed the basis of the equation of state approach. In 
this approach the nature and relative magnitudes of the 
intermolecular forces in either phases are not relevant and 
the interfacial energy arising from solid-liquid 
interactions is thought to be completely defined by the 
total surface energies of .the separate solid and liquid 
phases. For example, consider two liquids having equal 
surface tensions but with significant differences in their 
intermolecular forces. Even if one them is an alkane, a 
liquid which has only dispersion forces, while the other is 
polar, with a large dipole moment and a significant hydrogen 
bonding, the equation of state approach predicts that the 
contact angle, that each liquid makes with a solid will be 
equal since both solid and liquid surface tensions are 
constant I

Recent attempts have been made to vindicate the use of a 
single equation of state (Spelt et al, 1986) and disprove 
the theory of surface energy components on experimental 
grounds, albeit unsuccessfully. Their evidence was based on 
the observation that in a few selected cases, apolar and 
polar liquids of the same surface tension gave similar 
contact angles on a given solid surface. That this evidence 
does not constitute enough proof can be seen in three 
respects.

Firstly, if it is true that liquids of the same surface 
tension give similar contact angles on the same
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solid, then it follows that when ever liquids have the same 
contact angle they should have the same surface tension. 
Secondly, contact angles of a polar liquid such as water or 
glycerol should be equal on different solids having similar 
or equal surface energy but different polarities. Thirdly, 
liquids having similar surface tension should give similar 
interfacial tension with water. However, results from this 
study (Tables 5.11 and 5.12.) do not agree with those of 
Spelt et al (1986), as the three conditions described above 
could not be substantiated. The results in Table 5.11-. 
indicate that liquids having similar surface tension do not 
always exhibit similar contact angles on the same solid, 
contrary to the predictions of the equation of state 
approach. Furthermore, any similarities observed are quite 
easily explained by the Lewis acid-base concepts of 
components of polar force contribution to surface energy. 
The data in Table 5.12. will help to illustrate this point. 
The contact angles for water are similar to that of glycerol 
if the powder is Starch 1500, p-hydroxybenzoic acid, methyl 
p-hydroxybenzoate, calcium stearate, and stearic acid. This 
is because these solids have low YSP" unipolarity (i.e., <22.0 
mN m"1) relative to the other powders investigated, and to 
the fact that the ratio YLP+/YLP" for glycerol is 0.17 times 
smaller than that of water. Powders that have a large YSP" 
unipolarity seldom display equal contact angles when in 
contact with either water or glycerol. Glycerol yields 
relatively larger contact angles than water for all the 
powders (particularly those having very large Ysp"
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Table 5.11.
Contact angles (degree) made by liquids having similar surface 

tension (YL) on the same solid.

Powder contact angle of liquids

dodecane butanol Hexanoic aci<

Yl=27 .27 Yl=27.0 Yl=27.7 3

Avicel 33.1 14.3 -

Starch 1500 27.5 24.0 -

calcium carbonate 26.8 18.0 -

calcium phosphate 26.3 23.7 -

magnesium stearate 37.0 38.6 -

p-hydroxybenzoic acid 27.6 - 30.7

methyl p-hydroxybenzoate 37.2 - 34.9

ethyl p-hydroxybenzoate 32.7 - 33.7

propyl p-hydroxybenzoate 33.1 - 23.4

butyl p-hydroxybenzoate 25.9 - 17.9

calcium formate 16.2 - 32.9

calcium acetate 26.4 - 23.4

calcium lactate 22.6 - 23.8

calcium gluconate 27.0 - 21.9

calcium stearate 35.6 - 44.4
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Table 5.12.
Contact angles (degree) made by water and glycerol on the same solid

Powder solid YSP- contact

water

Yl=71.5

angle

glycerol

Yl=63.04

Avicel 50.7 27.8 54.4

Starch 1500 21.9 49.3 51.4

calcium carbonate 42.3 29.6 49.1

calcium phosphate 39.3 30.9 47.6

magnesium stearate 2.6 90.4 80.6

p-hydroxybenzoic acid 20.7 45.2 47.5

methyl p-hydroxybenzoate 21.8 50.1 52.8

ethyl p-hydroxybenzoate 29.7 40.8 52.8

propyl p-hydroxybenzoate 27.5 47.1 54.4

butyl p-hydroxybenzoate 26.9 36.3 41.6

calcium formate 37.7 • 13.6 31.0

calcium acetate 43.7 27.3 48.9

calcium lactate 43.7 . 20.7 45.4

calcium gluconate 32.9 28.2 39.3

calcium stearate 15.5 74.5 78.7

stearic acid 8.5 93.6 96.7

polytetrafloroethylene 3.5 100.0 96.0

hard paraffin wax 0.0 111.1 94.9
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unipolarity) with the exception of magnesium stearate and 
hard paraffin wax (having little or no YSP" unipolarity) .
The ratio of Yp+WATER/Yp+6LYCER0L=3.8 (see section 5.I.3.2.), 
consequently water will interact to a greater extent with 
powders having a strong YSP" unipolarity than glycerol would. 
Therefore, glycerol would be expected to give larger 
contact angles than water. A further example showing the 
strong role played by polar force components and the flaws 
inherent in the equation of state approach when two 
materials interact is given in Table 5.13. From the equation 
of state approach, it would be expected that the interfacial 
tension for each organic liquid and water should only be 
defined by the total surface tensions of water and the 
organic liquid involved. The large differences between 
experimental values and predicted values observed indicate 
the inconsistency inherent in the equation of state 
approach. While the predicted result show a constant value 
(30-31 mN m"1) for Y0L, the measured results vary from 8.5 to 
31.6 mN m"1.

These variations can be accounted for by Equation 5.23a. 
Table 5.14. shows the values of surface energies for a 
number of pharmaceutical powders obtained from the equation 
of state approach, Kaelble's (1971) approach and Lewis acid- 
base concepts of surface energy components. There is no 
agreement between the values for the different methods used 
except perhaps for low surface energy materials, were strong 
Ysp_ capacity is not often demonstrated.
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Table 5.14.
Comparison of surface energies YST0T (mN m ‘1) obtained from the equation of 

state, Kaelble's (1971) geometric mean approach and the Lewis acid-base 

concepts of surface energy components

powders

Kaelble
v  TOT

Lewis acid-base
v  TOT

eq of state
v  TOT

Avicel 104.2 27 .7 60.0

Starch 1500 51.0 40.4 54.8

calcium carbonate 85.9 36.0 59 .4

calcium phosphate 80.4 39 .0 59.0

p-hydroxybenzoic acid 52.8 43.3 53.6

methyl p-hydroxybenzoate 50.7 39 .5 51.3

ethyl p-hydroxybenzoate 66.5 37.6 55.4

propyl p-hydroxybenzoate 58.1 36.9 52.7

butyl p-hydroxybenzoate 62.1 46.7 57 .2

calcium formate 79.8 • 52.1 63.1

calcium acetate 89.8 35.9 60.1

calcium lactate 92.5 39.1 61.8

calcium gluconate 71.7 47.6 59.0

calcium stearate 32.8 22 .7 38.0

magnesium stearate 22.9 24.5 28.2

stearic acid 17.9 19.1 26.1

polytetrafloroethylene 12.7 21.1 23.0

hard paraffin wax *25.8 25.5 15.5
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The degree of complexities of polar interfacial 
interactions and the ability or otherwise of the various 
methods to detect them is central to the solution of these 
deviations (see Equation 5.23a.)*

5.3. Determination of spreading pressure n c

The spreading pressure, ne, (which is the equilibrium film 
pressure of an adsorbed vapour of liquid on a solid) has 
either been assumed to be zero for low energy surfaces or 
not taken into consideration in the Lewis acid-base approach 
reported by previous workers (van Oss et al, 1987b) in this 
field. In contrast there have been several experimental 
studies that have demonstrated the presence of large values 
of rre for low energy surfaces and it has been suggested that 
a spreading pressure might exist even if finite contact 
angles were observed (Zettlemoyer, 19 68; Hu and Adamson,
1977). Dann (1970) and Good (1975) proposed methods for 
calculating n e . More recently, Yildirim Erbil (1989) using 
Good's interaction parameter, formalism and combining
one-liquid and two-liquid contact angle methods determined 
the spreading pressure for water-polymer interactions. In 
all these methods the role of the electron donor (Yp") and 
electron acceptor (Yp+) parameters of polar force component 
of surface energy were not taken into account.



5.3.1. Calculation of na using Lewis acid-base

concepts

From section 1, assuming that Ysv and Ys are the solid surface energies 

in the presence and absence of vapour phase of the investigating liquid 

respectively, and combining equations 1.1. and 1.10., the following 

equation is obtained;

WA = (Ys - Ysv) + Yl (1 + cos 0)  (5.25.)

where the first term on the right hand side of the equation is the 

spreading pressure i.e., the equilibrium film pressure of the adsorbed 

vapour of the investigating liquid on the solid,

%e = y s - Ysv ........................ (5.26.)

jce corresponds to the reduction of surface free energy of the solid 

when in contact with the vapour of the investigating liquid. From 

Lewis acid-base concepts and in the case of polar solids,

Ys = Ysd + 2(Ysp- Ysp+) ............ ....(5.9.)

Combining Equation 5.26. with Equation 5.9. yields

7Ce = 2(Ys-p Ysp+) - 2(Ysvp- Ysvp+) .........(5.27.)
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5.3.2. Results and discussion
t

To calculate the value of ne for the solids, contact angle measurements 

were taken for water and glycerol on compressed discs of the powders 

under two separate conditions, firstly by degassing the powder discs 

by evacuation under vacuum and then presaturating the degassed discs 

with vapour of the investigating liquid prior to measurement. In the 

second set of experiments the powder discs were used without prior 

treatment. Results of contact angle measurements on presaturated discs 

and the electron donor and electron acceptor parameters derived from 

them are given in Table 5.15. The value of spreading pressure derived

from data in Table 5.16. are shown in Table 5.17. Negative values
*

indicate an increase in the magnitude of 2(YSP* Ysp+) for the powders 

when they are exposed to vapour phase of the investigating liquid
t

prior to measurement of contact angle. Where such increases in polar 

cohesion of the powders are accompanied^ by a relative increase in the 

magnitude of Y/', this may lead to a favourable interaction with water, 

e.g., magnesium stearate powder untreated has Ysp‘=2.56 and 

YSLTOT=23.9 mN m'1 while for the presaturated powder the value of Ysp' 

increases to 8.13 mN m"1 and YSLTOT decreases to 12.8 mN m'1 leading to 

improved interaction with water (positive values of YSLTOT denote 

repulsion between water and powder while negative values denote 

attraction). On the other hand, when increases in polar cohesion are 

accompanied by a relative fall* in Ysp‘ the interaction with water 

becomes less favourable, e.g., for p-hydroxybenzoic acid untreated Ysp‘
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Table 5.15.
cos 0 and polarity ratios of powders presaturated with water vapour.

Powder cos ©u cos ©G „  p- °sw asuP+

Avicel 0.7420 0.5078 1.5282 0.0657

Starch 1500 0.5652 0.6003 0.9824 0.3392

Calcium carbonate 0.8244 0.3840 1.9117 -0.2204

Calcium phosphate 0.7868 0.5174 1.6141 0.0200

Magnesium stearate -0.8194 -0.3056 -0.6929 0.1246

p-hydroxybenzoic acid 0.2578 0.2229 0.8403 0.0160

methyl p-hydroxybenzoate 0.4747 0.3335 1.1935 0.0386

ethyl p-hydroxybenzoate 0.4108 -0.1228 1.7206 -0.6390

propyl p-hydroxybenzoate -0.0076 -0.0641 0.7531 -0.2153

butyl p-hydroxybenzoate 0.0004 -0.0698 0.7637 -0.2519

Calcium formate 0.7551 0.4222 1.6976 -0.1356

Calcium acetate 0.7009 0.3913 1.6100 -0.1120

Calcium lactate 0.8089 0.2773 2.0040 -0.3914

Calcium gluconate 0.7504 0.4648 1.5950 -0.0268

Calcium stearate -0.7164 -0.7950 0.3204 -0.7597

Stearic acid -0.0641 -0.1169 0.7070 -0.1015

Polytetrafloroethylene -0.1736 -0.1045 0.4587 -0.0726

Hard paraffin wax -0.3596 -0.0864 -0.0056 0.0018

W = water; G = glycerol
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Table 5.16.
Surface energy and thermodynamic parameters (in mN m"1) for the powders 

presaturated with water vapour

Powder Y d Is Y P Y P" Y P+ v tot 
xs

Avicel 22.57 4.8 39.5 0.14 27.4

Starch 1500 23.89 15.9 16.3 3.89 39.8

Calcium carbonate 23.55 20.2 61.8 1.64 43.7

Calcium phosphate 23.79 1.9 44.1 0.01 25.7

Magnesium stearate 21.17 4.1 8.1 0.52 25.6

p-hydroxybenzoic acid 24.01 20.4 11.9 8.72 44.4

methyl p-hydroxybenzoate 21.55 22.1 24.1 5.06 43.6

ethyl p-hydroxybenzoate 22.89 52.6 50.1 13.81 75.5

propyl p-hydroxybenzoate 22.90 7.7 9.6 1.57 30.6

butyl p-hydroxybenzoate 24.36 9.2 9.8 2.14 33.5

Calcium formate 25.42 10.9 48.8 0.62 36.4

Calcium acetate 24.25 ' 8.6 43.9 0.42 32.8

Calcium lactate 25.21 37.5 67.9 5.18 62.7

Calcium gluconate 23.89 2.0 43.1 0.02 25.9

Calcium stearate 21.97 11.6 1.7 19.53 33.5

Stearic acid 15.66 3.43 8.46 0.35 19.0

Polytetrafloroethylene 19.5 1.60 3.56 0.18 21.1

Hard paraffin wax 25.50 0.0004 0.0005 0.0001 25.5

.i, i
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Table 5.17.

Spreading pressure, ne and thermodynamic parameters (in mN m_1) for the 

powders presaturated with water vapour

powder v TOT
unsaturated

tot, F TOT 1 SL C SLS
v TOT

presaturated
• v TOT „  TOT

! .;1 sl A C  sls ne

Avicel ' 27.7 -32.4 64.9 27.4 -23.6 47.2 0.3

Starch 1500 .40.4 -4.5 9.0 39 .8 0.5 -1.1 0.6

Calcium carbonate 36.7 -22.8 45.7 43.7 -34.0 68.0 -7.0

Calcium phosphate 39.0 -19.7 39.0 25.7 -28.8 57.6 13.3

Magnesium stearate 24.5 23.9 -47.9 25.6 12.8 -25.6 -0.7

p-hydroxybenzoic acid 43.3 -3.1 6.3 44.4 3.7 -7.4 -1.1

methyl p-hydroxybenzoate 39.4 -4.3 8.6 43.6 -5.6 11.2 -4.1

ethyl p-hydroxybenzoate 75.5 -11.9 23.7 75.5 -12.4 24.8 -37.9

propyl p-hydroxybenzoate 30.6 -10.1 20.1 30.6 9.3 -18.6 6.3

butyl p-hydroxybenzoate 33.5 -7.7 15.5 33.5 8.5 -17 .0 13.2

Calcium formate 52.1 -14.5 29.0 36.4 -28.9 57.8 15.7

Calcium acetate 35.9 -24.5 49.0 32.8 -25.9 51.8 3.1

Calcium lactate 39 .1 -23. 6 47 .2 62.7 -29.2 58.4 -23.6

Calcium gluconate 47.6 -12.1 24.2 25.9 -27.7 55.4 21.7

Calcium stearate 22.6 2.0 -4.1 33.5 7.8 -15. 6 -10.9

Stearic acid 19.1 12.9 -25.9 19.0 12.9 -25.9 0

Polytetrafloroethylene 21.1 24.0 -48.1 21.1 24.0 -48.1 0

Hard paraffin wax 25.5 47.8 -95.5 25.5 47.8 -95.5 0

j*

' /
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=20.75 and YSLT0T=-3.1 while for the presaturated powder Ysp' =11.95 

and Ysltot=3.7 (a swing from attraction i.e., negative value, to repulsion 

i.e., positive value of YSLTOT).

The reverse is the case where positive values of surface pressure (ne) 

are obtained i.e., positive values of Ke are due to a fall in polar 

cohesion of the powder with presaturation, and where such a situation 

is accompanied by a relative fall in Ysp‘, there is invariably a decrease 

in the interaction with water. For example, Avicel untreated has Ysp' = 

50.75 and YSLTOT = -32.4, while for the treated powder Ysp" =39.53 and 

Ysltot= -23.6 On the other hand a fall in polar cohesion accompanied 

by an increase in Ysp' results in a relative increase in the interaction 

with water, e.g., calcium formate untreated has Ysp' =37.71 and YSLT0T= - 

14.5 while for the presaturated powder Ysp' =48.79 and YSLTOT= -28.9 The 

value of Ke is zero for stearic acid, polytetrafluoroethylene and hard 

paraffin wax, indicating that there is little or no interaction with water 

vapour (water does not wet the powders). Negative values of Ke also 

indicates that although water adsorbs unto the powders they are not 

wetted by water. These observations conform to the generally accepted 

rule that the nature and magnitude of electron donor and electron 

acceptor interactions will depend on the magnitude of the electron 

donor and electron acceptor parameters resident in the interacting 

media.
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Several authors (Good, 1975; Busscher et al, 1983, 1985; Yildirim 

Erbil, 1989) have derived values of ne without taking into consideration 

the role of electron donor and electron acceptor parameters of the solid 

and liquid used, a situation which in view of the findings of this work 

makes the interpretation of their results open to some modification. 

Using water-propanol mixtures as the probe liquids, Busscher and co

workers (1983) made the assumption that ne was constant and 

independent of the composition (i.e., mole fraction) of water-propanol 

mixtures. Lewis acid-base concepts show that these assumptions could 

lead to erroneous interpretation of contact angle data.

Water and propanol both have electron donor and electron acceptor 

parameters, and these interact when the two liquids are brought 

together. The extent of this interaction will depend on the composition 

(mole fraction) of the water-propanol mixture, this in turn will affect 

the magnitude of 7Ce contrary to the assumptions made by Busscher et 

al (1983). Good (1973) has shown that polar forces in water-alcohol 

mixtures reached a minimum at a mole fraction of about 0.22, thus 

demonstrating their dependence on the composition of the liquid 

mixtures. Hansford et al (1980) have gone further to show that the 

contact angle on griseofulvin of such liquid mixtures depended in a 

unique way on their structure.



5.4. Conclusions

It is clear that powder-liquid interfacial energy is a function of the 

relative types and magnitudes of the intermolecular forces in the 

powder and the liquid. Purely apolar (hydrophobic) powders have only 

dispersion forces, while polar (hydrophillic) powders have dispersion 

and polar forces resident in them. Polar forces can be made up of 

electron donor or electron acceptor parameters which are not 

necessarily equal in magnitude. While the apolar and polar force 

components of surface free energy are additive, the electron donor and 

electron acceptor components of polar forces are not. There is a 

demonstrable presence of electron donor and electron acceptor 

capacities in each of the powders studied except for hard paraffin wax. 

Furthermore, all the powders have a strong electron donor capacity 

(Ysp' unipolarity). When Ysp' >20 m N m'1 and YSLTOT<0, AFSLSTOT>0, 

interfacial tension between these surfaces and water becomes negative.

Negative interfacial tensions give rise to positive free energy of 

interactions, AFSLSTOT between two similar or dissimilar particles 

immersed in water. The sign and magnitude of AFSLSTOT strongly 

influences certain properties of pharmaceutical systems such as 

adhesion, liquid penetration, solubility, phase, separation and stability. 

The use of the Good's interaction parameter, geometric and harmonic 

mean to elucidate the polar force contribution to surface energy cannot 

account for the presence of electron donor and electron acceptor
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interactions, therefore, there continuous use should be restricted to 

strictly apolar systems.

There is no doubt that the use of one simple and single equation 

which would account for the anomalies arising from polar forces of 

interaction into the Young's equation was an interesting idea (Neumann 

et al, 1974). However, due to the multiplicity of components of surface 

energy (particularly of polar origin) as enumerated in the foregoing 

discussions, any proposal to solve for three components with only one 

liquid using one equation is unacceptable. The relation between contact 

angles and the three controlling parameters Ysd, Ysp‘, Ysp+ of a polar 

solid, S, can only be established by means of contact angle 

measurements with three different liquids, L, (of which two must be 

polar and H-bonding), which have been completely characterised as to 

their YLd, YLP', YLP+ parameters.

The fact that negative interfacial tensions cannot be obtained from 

the equation of state approach (Good, 1977), renders it untenable and 

spurious. The same conclusion has been reached by other workers (van 

de Ven et al, 1983; van Oss et al, 1987a). It is impossible to determine 

Ys with only one liquid and some of the errors in Ys that are 

introduced when the equation of state is used is vividly illustrated in 

Table 5.14., where values from the equation of state are 116% too high 

for Avicel and 39% too low for hard paraffin wax. Liquids having the
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same surface tensions do not always exhibit the same contact angles 

when they are brought into contact with the same solid (a fact that 

contradicts the equation of state).*

A methodology for the determination of 7Ce which encompasses the 

electron donor (YP') and the electron acceptor (Yp+) parameters of the 

solid and liquid involved has been proposed and the meaning of TCe 

examined. The values of %e can be negative or positive. Negative values 

are due to increases in polar cohesion of the powders when they are 

exposed to vapour phase of the investigating liquid and indicate that 

liquid adsorb unto the powder without wetting it. While positive 

values are due to a decrease in polar cohesion of the powders when 

they are exposed to vapour phase of the liquid.

If an increase in polar cohesion is accompanied by an increase in 

the magnitude of Ysp', an increase in the interaction between solid and 

liquid results and vice versa. On the other hand, if a decrease in polar 

cohesion is accompanied by a fall in Ysp‘, a decrease in the interaction 

between solid and liquid results and vice versa. In systems where Ke is 

Zero, there is little or no interaction between solid and liquid.
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Chapter 6 

GENERAL CONCLUSION



6.1. Conclusion

A detailed study of the properties of powder-liquid systems as well as 

the measurement and description of the penetration process has been 

undertaken in this work. The process of liquid penetration into a 

powder bed is not a simple one, because of the diversities in size, 

shape and orientation of the particles that constitute the powder and 

the effect which they have on pore space and architecture. There is 

also the added effect of the intermolecular interactions between the 

penetrating liquid and the powder to contend with.

Attempts to characterise the liquid penetration data indicate that 

the powder beds studied fit a simple one-dimensional pore space 

model. Penetration data fit the Washburn's (1921) equation. The rates 

of penetration depend on the nature of the penetrating liquid, and for 

a given powder where found to be in the following rank order alkane> 

alcohols or carboxylic acids. These differences may be due to the 

presence or absence of hydrogen bonding capability in the liquid. 

Penetration rates where shown to decrease as the chain length of the 

alkane increased, while in the case of carboxylic acids, there was 

considerable hysteresis (which may be due to the ability of some 

members of the group to form dimers). The prediction by Good (1973) 

that liquids should penetrate an outgassed, porous solid at a faster rate 

than a solid presaturated with vapour of the penetrating liquid has 

been shown not to hold for some powder-liquid systems studied.



Therefore caution must be exercised in generalising the effect of vapour 

on penetration. Contact angle data can be generated from liquid 

penetration into powder beds or by measuring drop heights made by 

liquid on compressed discs of powder. In the case of liquid 

penetration, the assumption of a cylindrical tube model allows the 

treatment of the packed powder bed as a composite of cylindrical 

capillary tubes and thus allowing the calculation of contact angles by 

comparing two liquids (of which one must be perfectly wetting) using 

the same powder packed under the same condition. The delineation of 

a wetting and non wetting factor and their effect on the magnitude 

and rank order of contact angles further strengthens the use of this 

approach. The use of a theory of capillary flow based on the physical 

laws of surface tension and viscous flow (STVF) to analyze penetration 

data as suggested by some authors (Yang, Zografi and Miller, 1988) has 

been undertaken. It seems that the STVF theory cannot be applied to 

liquids exhibiting finite contact angles and powders consisting of a 

large variety of particle shape and size distribution.

Although there is no correlation between contact angles obtained 

from liquid penetration and compressed disc both methods yield 

contact angles that prove useful in the assessment of the surface 

energetics of the powder-liquid systems investigated.
j>
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Studies on powder-liquid interaction indicate a dependence on the 

nature and magnitudes of the intermolecular forces in the powder and 

liquid. An assessment of the surface energetics involved has been made 

using the theory of surface energy components and the equation of 

state approach. It is evident that surface energy of materials consists of 

polar and or dispersive forces which are additive. The introduction of 

Lewis acid-base concepts to polar solids has enabled the solution of 

polar forces into electron donor and electron acceptor parameters. This 

has provided possible explanations to a number of pharmaceutical 

phenomena which had hitherto remained unexplained. Polar forces 

consist of electron donor and electron acceptor parameters which are 

asymmetric and non additive. Through Lewis acid-base concepts the 

existence of negative interfacial tensions becomes a reality. Negative 

interfacial energy denotes interfacial attraction, and give rise to positive 

free energy of interactions between similar or dissimilar materials when 

immersed in a liquid. This allows the prediction of the behaviour of 

similar or dissimilar materials in the presence of another from a 

knowledge of the sign and magnitude of the free energy of interaction.

The use of a single liquid via the equation of state for the 

determination of the surface energy of a material is no doubt an 

interesting idea, but due to the multiplicity of surface energy
a

components especially of polar origin, any attempt to solve for three 

components with only one liquid and one equation is unacceptable.
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A new method for the determination of surface pressure which 

takes into account the electron donor and electron acceptor parameters 

of the solid liquid system has been introduced. Surface pressure can be 

negative or positive due to an increase or decrease in polar cohesion of 

the powders respectively when exposed to vapour phase of the liquid.

6.2. Suggestions for further work

Owing to the great potential that the use of electron donor and 

electron acceptor concepts offer in the study of surface energetics of 

powder-liquid systems there is need to explore these concepts further. 

One way to do this is to undertake a characterization of a 

representative sample of powders and liquids according to their 

electron donor and electron acceptor capacities. It has been shown that 

predictions can be made concerning hydration, solubility, dissolution 

and adhesion of pharmaceutical systems, phase separation, coacervation 

and emulsion/suspension stability from surface energy and 

thermodynamic parameters obtained using the Lewis acid-base 

concepts. It would be useful to compare such predictions with 

experimental data.
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