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Abstract—The terms “hydrophobic” and “hydrophilic” are typically used in a non-specific sense and, as
such, they have a limited utility. Surface thermodynamic theory, as described here, allows a natural and
potentially powerful definition of these terms. The boundary between hydrophobicity and hydrophilicity
occurs when the difference between the apolar attraction and the polar repulsion between molecules or
particles of material (1) immersed in water (w) is equal to the cohesive polar attraction between the water
molecules. Under these conditions, the interfacial free energy of interaction between particles of 1, im-
mersed in water (ignoring electrostatic interactions), AGE,,, is exactly zero. When AGE, is positive, the
interaction of the material with water dominates and the surface of the material is hydrophilic; when
AGTE, is negative, the polar cohesive attraction between the water molecules dominates and the material
is hydrophobic. Thus, the sign of AGT, defines the nature of the surface and the magnitude of AGE,,
may be used as the natural quantitative measure of the surface hydrophobicity or hydrophilicity.
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INTRODUCTION

Much of the scientific and technological interest in
clay minerals derives from their interfacial interactions
with colloidal particles (clays and other minerals) in
the presence of a liquid, most often with water. The
interfacial properties, along with the electrostatic in-
teractions, if any, control flocculation, adsorption, wet-
ting, and they are a major contributor to the rheological
properties of dispersions. Thus, it would be useful to
have a terminology to describe the manner in which a
solid surface interacts with another solid surface (e.g.,
two clay mineral particles) in the presence of a liquid.

It is commonly assumed that water wets the surface
of a hydrophilic solid and does not wet the surface of
a hydrophobic solid (cf. the very designation “hydro-
phobic” (Adamson 1982)). If this nomenclature were
true, it would have some utility, but it still would be
purely descriptive and uninformative about the causes
of the particular behavior described. There also is no
indication of a scale of magnitude in this nomenclature,
that is, there are surfaces which are more hydrophobic
than others, yet the difference between two such sur-
faces cannot be quantified solely with the terms hy-
drophobic or hydrophilic.

Now, wetting or non-wetting by water is actually a
very unsatisfactory criterion: all surfaces of condensed-
phase materials attract water molecules to a consid-
erable degree, i.e., with a free energy of adhesion vary-
ing from a value of —40 mJ/m? for strongly apolar
surfaces, to — 140 mJ/m? for the most strongly hydro-
philic materials (van Oss 1994). Thus, simply to des-
ignate apolar compounds as “hydrophobic” is inap-
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propriate. However, as the use of that adjective in this
context has become too wide-spread to hope for its
speedy disappearance it should be used only in the
sense of “apolar”, or “low-energy”.

Surface thermodynamic theory can describe the in-
teractions between condensed-phase materials across
an interface and thus provides a basis for a natural and
quantitative definition of hydrophobicity and hydro-
philicity, in the form of the free energy of interfacial
interaction between particles, in an aqueous environ-
ment (van Oss and Good 1988, Good and van Oss
1991). Such a definition can reveal which properties
of the materials and of the liquid medium are respon-
sible for the interfacial behavior.

BACKGROUND

Non-covalent interactions between particles are of
three types: 1) interfacial interactions, 2) electrostatic
interactions, and 3) Brownian movement (van Oss
1994). Of these, only the interfacial interactions are
relevant to a definition of hydrophobicity and hydro-
philicity. Interfacial interactions are described by sur-
face thermodynamic theory whose fundamentals are
discussed by van Oss et a/ (1988). Basic to the dis-
tinction between hydrophobicity and hydrophilicity is
the competition between the interfacial free energy of
cohesion of the solid, immersed in the liquid, and the
free energy of cohesion of the liquid (water, in this case).

The free energy of cohesion of a condensed material,
i, in vacuo is related to the surface tension of the same
material by:

AGE® = =2, 1)
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Figure 1. A plot of AG¥, 1(left scale) and the contact angle

of water on a solid surface (right scale) both as a function of
the Lewis base parameter, v°, for a clay mineral having vV
= 37 mJ/m? and v® = 0.5 mJ/m? (see text for a discussion).
The boundary between hydrophobicity and hydrophilicity
(where AGT,, = 0) is marked.

The surface tension, v;, is the sum of two components:

)

where ¥V is the Lifshitz-van der Waals component
and y4® is the Lewis acid-base component. All con-
densed materials exhibit an LW character (i.e., y-V>>
0). As the name implies, acid-base activity of a material
involves two functionalities, one for the electron ac-
ceptor (Lewis acid) and the other for the electron donor
(Lewis base). Thus, there are two parameters which
determine the AB component of the surface tension:

VB = 2Vy®y? 3

where ¥® is the Lewis acid parameter and +° is the
Lewis base parameter. In contrast to vV, the AB com-
ponent of the surface tension can be zero; either when
~®or v?Pis zero (monopolar surfaces) or when both are
zero (apolar surfaces). Surface tension values are spec-
ified in units of mJ/m? and this unit is also used for
surface free energy, following Eq. (1) (Good 1966).

Of particular interest is the interfacial free energy
(indicated by IF) between two objects of the same ma-
terial (1) in the presence of water (w) (Figure 1), where
AG'™ = AGYY + AG*®, This is given by Dupré’s equa-
tion (Dupre 1869) for one condensed material im-
mersed in the other (van Oss ef al 1988):

Yi = vVt e

AGYE, = — 27y, @

where
Tiw = Yhe T 1% &)

The LW interfacial tension is related to the individual
surface tensions by:

7Y = (VA = VA ) (©)
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and the AB interfacial tension is related to the surface
tension components by:

e = 2(\/7?7? + VA®ye — VyPye — \/7937?)-
@)

Combining Eqs. 6 and 7 into Eq. 5 yields the full ex-
pression:

1= (VI ~ V7

+ 2(\/’7?’7?’ + Vyevs — Vy®yS - \/797?)-
®)

In expressing AGYE,,, the thermodynamic convention
is followed, i.e., when AGZE, is negative, there is a co-
hesive attraction between the two surfaces of material
1, immersed in water, and when positive, there is a
repulsion. In a dispersion of clay particles in water, for
example, a negative free energy of cohesion would in-
dicate an aggregation of particles while a positive value
would indicate that the dispersion should be stable
(excluding electrostatic interactions). The definition is
independent of the precise nature of the solid-water
interface and, especially, whether a residual monolayer
of water is part of the surface of the solid (van Oss and
Good 1984).

DEFINITION

Examination of Eq. (8) shows that the interfacial
tension is determined by two quantities. The first is
related to the difference between the vV values for the
two materials, the solid 1, and water, w. This contri-
bution to the interfacial tension is always positive (or
zero when y1W= yLW). The right hand side of Eq. (7)
describes the polar interactions of which there are four
kinds. The first two terms (yPyPand 48yS) are a mea-
sure of the AB contribution to the free energy of co-
hesion for the solid, 1, and water, w, respectively. These
two terms always have a positive sign. In contrast, the
other two terms (v®y2and v2v?) represent the Lewis
acid/base interactions between the solid and water
across the interface and are either zero or have a neg-
ative sign. (It should be noted, however, that there is
a sign change upon conversion of iy terms to free energy
terms, AG; cf. Egs. 1 and 4). Thus, while the LW con-
tribution to the interfacial free energy is always attrac-
tive or zero, the AB contribution can be repulsive,
attractive or zero, and the interfacial free energy,
AGT,,, will be zero when:

Y = e, ©)

When Eq. (9) is true, the total interfacial tension, v,
is zero so that the interfacial free energy of cohesion,
Eq. (4), is zero, thereby indicating the polar repulsion
between surfaces of material i, immersed in water, is
equal to the (large) polar cohesive attraction of the
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Table 1. Values for the surface tension components and parameters for a number of solids and water (all in mJ/m? at 20°C).
For the solid materials, values of the LW and AB interfacial tensions and AGY, are also given (values in mJ/m? at 20°C).

Material Ll yAE r® w e AGT., Ref.
Water 21.8 51.0 25.5 25.5 - - - 1
Talc 315 5.1 2.4 7 23.8 0.9 —49.5 2
SWy-1 41.2 14.3 1.5 333 3.1 =5.5 +4.9 3
Muscovite 36.5 6.8 0.2 57.7 1.8 —23.5 +43.4 4
Teflon 18.5 0 0 0.2 51.2 -102.8 5
Glass 34.0 15.8 1.0 64.2 1.4 -24.0 +45.3 4

! (van Oss et al 1987).
2 (Giese et al 1991).

3 Montmorillonite from the Clay Minerals Repository (Norris 1993).

4 Unpublished data.
5 (Chaudhury 1984).

water molecules, plus the (small) van der Waals at-
traction between surfaces of the same material, in wa-
ter. This condition marks the boundary between hy-
drophobicity and hydrophilicity. Thus, a hydrophobic
material is one for which AGT;,, has a negative sign,
i.e., surfaces of material 1, immersed in water, prefer
to be in contact with each other rather than forming
an interface with water, while a positive sign indicates
that the material prefers to form an interface with water
rather than with itself and thus is hydrophilic.

It also seems natural to link the degree of hydro-
phobicity and hydrophilicity to the magnitude of
AGYT,. The free energy of interfacial interaction be-
tween particles 1 immersed in water, AGE . is the most
appropriate measure of hydrophilicity with respect to
the stability (or instability) of 1 in water. When the net
free energy of interaction between the surfaces of par-
ticles 1 immersed in water is attractive (i.e., AG',, has
a negative value), the surfaces of particles 1 have less
affinity for water than the water molecules have for
themselves. As far as polar cohesion is concerned; they
are then “hydrophobic™. More precisely (in the cases
of a negligible LW interaction): AGE,, expresses the
degree to which the polar attraction of particles 1 to
water is greater (hydrophilicity) or smaller (hydropho-
bicity) than the polar attraction which water molecules
have for each other. (cf. Eq 7). When the net free energy
of interaction between particles 1 immersed in water
is sufficiently repulsive (i.e., AGE,, has a positive value),
the surfaces of 1 are genuinely hydrophilic. The more
negative AGY,,, the more hydrophobic the particle is:
the more positive AGY,,, the more hydrophilic. Either
way, the polar (AB) forces usually are the dominant
contributor to AGE,;, by as much as 95%. For purposes
of comparison of the degree of hydrophilicity between
different surfaces, it is appropriate to express AGE,, in
terms of free energy per unit surface area (i.e., in S.I.
units of mJ/m?). However, in special cases, AGE,, is
best expressed in energy units per molecule or particle,
i.e., in units of k7, where k is Boltzmann’s constant (k
=1.38 x 10-23J per degree Kelvin), and 7 the absolute
temperature in degrees K.
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Values of the surface tension components and pa-
rameters for water, a sampling of clay minerals and
other materials, along with values of AG'E,, are shown
in Table 1.

DISCUSSION

Oxide materials, including clay minerals, typically
have values of vV varying between 35 and 45 mJ/m?
and small or zero values of ¥®. The major variation
exhibited by oxides lies in the v® values which range
from approximately 3 to 60 mJ/m2. As a useful ap-
proximation, a representative clay mineral has the fol-
lowing surface tension components: Y*% = 37 m}/m?
and v® = 0.5 mJ/m? (Giese et al 1990, van Oss et al
1990, Norris 1993). Substituting these values into Eq.
(8) with the restriction of Eq. (9) and solving for y®
yields the value of 27.9 mJ/m? as defining the boundary
between hydrophobic and hydrophilic. Values of v®
which are greater than 27.9 mJ/m? represent a surface
which is hydrophilic (e.g., muscovite and SWy-1 in
Table 1) while values less than 27.9 mJ/m? indicate a
hydrophobic surface (e.g., Teflon and talc in Table 1).
For materials with ¥V substantially different from 37
m]J/m?, the value of y® for which AGE,, is equal to
zero would be somewhat different.

There is a common assumption that water com-
pletely wets (zero contact angle) a hydrophilic surface.
While this may be so for some very hydrophilic sur-
faces, it is not generally true. The contact angle is re-
lated to the surface thermodynamic properties of the
solid (S) and liquid (L) via the Young equation for
polar materials (van Oss et al 1987, 1988):

(1 + cos 6)
2

Yo = VYEEY + Vagvg + Vs,
(10)

At the boundary between hydrophobicity and hy-
drophilicity, in the example given earlier, the contact
angle of water on the solid is 52.3°, which is not an
insubstantial contact angle. The relation between the
value of v®, AGY,, and the contact angle of water on
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the solid is shown in Figure 1. It is seen that only at
the very largest values of v° (i.e., ¥© = 65 mJ/m?) the
contact angle of water approaches zero. Such a high
energy surface (e.g., freshly cleaved mica for which 4°
~ 65 mJ/m?) however, becomes rapidly contaminated
by adsorbing water and/or organic material from the
atmosphere, thereby reducing the value of v© (Norris
et al 1992). Taking 65 mJ/m? as a practical upper limit
for ¥° and 0 mJ/m? as the lower limit it is clear that
the maximum hydrophobicity for a clay mineral
(AGE,, = —92 mJ/m?) exceeds the maximum hydro-
philicity (AGE,, = +48 mJ/m?) by almost a factor of
2. This is a consequence of the fact that just to reach
the hydrophobicity-hydrophilicity transition, the al-
ways present hydrogen-bonding free energy of cohesion
of water of —102 mJ/m? must first be matched by the
hydrophobic repulsion of the polar solid. Even higher
energies of hydrophilic (AB) repulsion are required be-
fore actual hydrophilicity can ensue (van Oss 1993,
1994).
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