Chapter 4
Thermodynamics of Interfaces
in Soft-Matter Systems

Gerhard H. Findenegg

Abstract Thermodynamics of interfaces provides a framework to relate measur-
able quantities to other important yet not directly accessible equilibrium properties
of interfacial systems. For liquid/gas and liquid/liquid interfaces (fluid interfaces)
the interfacial tension and its dependence on temperature and composition can be
measured, while the adsorbed amounts of the components are not accessible.
Conversely, for solid/fluid interfaces the adsorbed amount can be measured but the
interfacial tension (free energy) is not accessible. For both cases the Gibbs equation
represents a bridge between the two kinds of quantities. In this chapter we explain
the application of the Gibbs equation with a focus on soft matter systems. We also
discuss the meaning of surface excess amounts and their relation to (absolute)
surface concentrations which appear in adsorbate equations of state. Finally we
briefly touch the additional features of charged interfaces and of ionic equilibria at
interfaces.

4.1 Thermodynamic Quantities and Relations

4.1.1 Introduction

Interfaces represent thin regions between macroscopic phases in which the prop-
erties gradually change from those of one adjacent phase to those of the other.
Because of this inhomogeneous nature of interfaces, a thermodynamic treatment of
their properties has been a challenge to generations of scientists. Different for-
malisms have been developed to cope with this problem. One intuitively appealing
way of treating a surface is to consider it as a distinct phase of finite thickness and
volume, so that adsorption and related phenomena can be treated analogous to
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phase equilibria. This approach was pursued, among others, by Bakker [1] and
Guggenheim [2]. However, the clarity of the surface phase formalism is deceptive,
as there is no way to define unambiguously the thermodynamic properties of this
surface phase. An alternative formalism for defining the thermodynamic properties
was proposed by Gibbs in 1878 [3]. In this treatment the surface is regarded as a
mathematical dividing plane between the two macroscopic phases, and the prop-
erties of the interface are defined as a surface excess relative to a hypothetical
reference system in which all properties remain uniform up to the dividing plane.
Surface excess quantities often have no intuitively simple interpretation, but their
importance lies in the fact that they represent measurable quantities.

In this short review we focus on adsorption phenomena from liquid phases at
different types of interfaces (liquid/gas, liquid/liquid and liquid/solid). The treat-
ment is limited to interfaces at which specific curvature effects can be neglected. We
show how surface excess quantities suitably defined for these types of interfaces
can be determined experimentally and interpreted in terms of physical models. The
examples chosen are related to soft matter at aqueous interfaces.

4.1.2 Surface Tension

The liquid/vapour interface of fluids represents an inhomogeneous region in which
the local density changes from high to low values at a length scale of a few
molecular diameters. We consider a flat interface in the plane xy as sketched in
Fig. 4.1. When neglecting gravity, a force balance on an infinitesimal cube centred
at point x, y, z in the system gives [4]

Opuc(x,3,2) _ Opy(%,,2) _ Op(x,3,2)
Ox dy 0z

=0 (4.1)

where p,, py,, and p_., are the pressures exerted on surfaces normal to the x, y, and
Z axis, respectively. Since the local density depends only on z, the coordinate
normal to the interface, but not on the position in the xy plane, the pressure com-
ponents py,, pyy, and p_, can be only functions of z. Also, because of the condition
of isotropy in the xy plane, p,, = py,. Equation 4.1 can therefore be written as

Op-.(z)
0z

Pxx = Pyy = pT(Z)

= 0 or p,;, = const = py (42)

Hence in a two-phase system with planar interface the conditions for hydrostatic
equilibrium are: (i) the normal pressure p, is constant and equal to the pressure p of
the coexistent bulk phases; (ii) sufficiently far from the interface, the transverse
pressure pr is also equal to p, but in the interfacial region pr(z) # py. It can be
shown that the interfacial tension y is given by [1]
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Fig. 4.1 Components of the pressure tensor across the interface of phases o and f: The normal
component py is independent of the position, the transverse component p is a function of z and
assumes negative values in the interfacial region. Accordingly, the pressure difference py — pr has
positive values in this region but is zero elsewhere

=] b pr(@)dz (4.3)

The integration can be taken from —00 to +00 because p(z) differs from p only
near the interface. Equation 4.1 can be taken as a mechanical definition of the
interfacial tension. An idea of the magnitude of the stress acting within the interface
is obtained by the following elementary calculation. The width of the surface of
simple liquids at their normal boiling point is about 1 nm and a typical value of the
surface tension is 30 mN m ™. Since p = 1 bar this means that the average value of
p7(z) in the interface is about —300 bar. This large value makes it plausible that the
surface tension can dominate phenomena at the mesoscopic and even at a macro-
scopic level. The expression for y in Eq. (4.3) is obtained by considering the
isothermal reversible work 6W for increasing the surface area of the interface by an
increment JA at constant volume, i.e., y = 6W/0A. Hence in the language of ther-
modynamics the surface tension represents the change in free energy F of the
two-phase system with an infinitesimal change of the surface area at constant
temperature 7T and volume V, viz., y = (OF /OA); , expressed in SI units in J m ™.

4.1.3 Adsorption as a Surface Excess

Adsorption generally stands for the enrichment of substances at an interface, but
different situations prevail at different types of interface. For example, gas
adsorption leads to a higher density of the gas near the surface. At liquid/solid
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interfaces, on the other hand, enrichment of one component of a mixture goes at the
expense of the other component(s), causing changes in composition near the sur-
face, and adsorption may be viewed as a displacement of solvent by the solute in
the surface layer of the liquid.

The solid phase often represents a more or less inert external medium. This is
different in the case of fluid interfaces (liquid/gas or liquid/liquid), where all com-
ponents may be present at significant concentrations in both phases. In this latter
situation it is conceptually difficult to define the adsorbed amount of a component.
This problem was solved by Gibbs by introducing the concept of surface excess
quantities and relative adsorption. To rationalize this concept consider the con-
centration profiles cx(z) of the components of a binary mixture (k = 1, 2) across a
liquid/vapour interface, where the local concentration c(z) changes from cfc to ¢f in
a monotonic or nonmonotonic manner (Fig. 4.2). The surface excess amount of
component k is now defined as the difference between the known total amount
and the amount in a hypothetical reference system in which the two phases would
extend up to a mathematical dividing plane located at some position z,. The surface
excess amount of component k is then given by

ng = n — (V' +c§ve) (4.4)

For given values of n; and total volume V = V! + V&, and known concentrations
ck and cf, the value of the surface excess n{ is not yet defined in a singular way but
depends on precisely how the volume V is divided into the volumes V' and VZ. For a
geometric interpretation of the surface excess nj consider a cylindrical volume with
the concentration profile ci(z) along the cylinder axis. The overall amount n; of
component & in this cylinder is obtained by integration of c;dV = ¢ (z) Adz, where
A represents the basal area of the cylinder (and thus the area of the interface).

z/ z/

solvent (1) solute (2)

dividing z |

plane =T | Zo1t T

C
C1g Cq CZE CZ| 2
Fig. 4.2 Sketch of the concentration profiles c(z) of solvent (left) and solute (right) across the
liquid/vapour interface. In the Gibbs convention the dividing plane (position z¢) is chosen such that
for the solvent (component 1) the two integrals on the right-hand side of Eq. (4.5) become equal in
magnitude with opposite sign, so that I'7 = 0. With this choice of zo, Eq. (4.5) yields a

well-defined surface excess I'§ for the solute, called the relative adsorption I’ ;N
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For the surface excess amount per unit area, i.e., the surface excess concentration
I'? = nf/A (units: mol/m?) of a binary mixture we thus obtain:

r| = Z/0 [ck(z) — cf]dz+ 0/C[Ck(z) —¢fldz (4.5)

—00 20

The superscript o on n{ and I'j indicates ‘surface excess’ but, as explained
above, these quantities need to be specified by choosing a suitable location of the
dividing plane (zp). The following specifications are important for the different
kinds of interfaces:

Relative adsorption (Gibbs prescription): This is mostly adopted to quantify
the adsorption at the liquid/gas interface of solutions (solute components k) in a
solvent (component 1): In a geometric way the relative adsorption of the solutes can
be rationalized by placing the dividing surface at a position zy such that I'Y =0

(‘equimolar’ dividing surface for the solvent). Relative surface excess concentra-

tions are denoted as I’ ,El), where the superscript (1) indicates “relative to the sol-

vent”. Depending on the concentration profiles of solvent and solute the relative
surface excess of a solute can be positive or negative. Experimentally, the relative
adsorption I’ ,(:) of solutes adsorbed at the liquid/air interface can be obtained by
surface tension measurements as a function of solute concentration (see Eq. (4.17)).

Reduced adsorption: This is used to quantify adsorption from mixtures in
which no component is distinguished as the solvent. In a geometric way the reduced
adsorption of the components can be imagined by placing the dividing surface at a
position zo such that >_;_, I'f = 0. Reduced surface excess concentrations are

denoted as I ,E"), where the superscript (n) indicates that the sum of the surface
excess amounts of all n components is zero. Hence for a binary system,

r{" = —1'". The reduced surface excess I'"’ and similar specifications are mostly

used to characterize adsorption at solid/liquid interfaces, where I’ ,((") can be mea-

sured from the change in concentration before and after equilibration with the
adsorbent (see Eq. 4.42). Relative adsorption and reduced adsorption are interre-

lated by I’ (21>:F (2">/(1—x12), where x} is the mole fraction of component 2 in the
liquid phase.

Two-solvent relative adsorption: Adsorption of solutes at liquid/liquid inter-
faces is usually defined relative to the solvents of both phases. Denoting the two
solvents as components 1 and 2, then according to this prescription I'f = 0 and

I = 0. The surface excess concentration of solutes (k = 3, 4, ...) relative to the two

solvents is denoted as I’ ,il’z). This definition, which goes beyond the original Gibbs

formalism, implies that we are placing two ‘equimolar’ dividing surfaces, one for
each solvent. Hence the volume of the system is no longer the sum of the two bulk

phases a and f, but now given by V = V*+ VF 4V where the excess volume V°

. . . 1,2
may be positive or negative. The surface excess concentrations I’ ,({ ) can be
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obtained from measurements of the interfacial tension as a function of concentration
(see Eq. 4.18).

As mentioned above, the surface excess concentrations I’ ,EU, I ,(("), and I’ ]((1,2) are
measurable quantities based on clear operational definitions. Working with these
quantities has the disadvantage, however, that they lack a simple physical inter-
pretation. To overcome this problem, physical models of the interfacial layer have
been introduced. Usually it is assumed that the surface layer has a uniform com-
position with concentrations I, of the individual components k. Such a surface
phase model will be introduced in Sect. 4.2.3, where it will be shown how the
surface concentrations can be calculated from the experimentally accessible surface
excess concentrations.

4.1.4 Gibbs Adsorption Equation

The Gibbs formalism of surface excess quantities outlined above can be applied to
all extensive thermodynamic quantities of the system (internal energy U, enthalpy
H, entropy S, Helmholtz free energy F, Gibbs free energy G, etc.) except the
volume V. The surface excess X? of a quantity X is defined as [5]

X =X-x*-xt (4.6)

where X represents the value for the entire two-phase system, while X* and X/
relate to the homogeneous phases o and S, when their volumes extend up to the
dividing surface. V? =0 is implicit in the Gibbs formalism, because the bulk
phases extend up to the dividing surface. Remarkably, thermodynamic relations
between the excess quantities can be formulated just as if it was a separate phase.
The most important relation between the surface excess quantities is the Gibbs
equation, which has the general form

dy=—s"dT =Y Tidwy (4.7)

Here, 57 = §7/A is the surface excess entropy per unit area, I'y is the surface
excess concentration of component k defined relative to the same convention for the
Gibbs dividing surface as s°, and g, is the chemical potential of component k at the
given temperature 7 and composition of the system. According to Eq. (4.7) the
Gibbs equation relates changes in surface tension to changes in temperature and the
chemical potential of the solutes.

The chemical potential of component & in the surface can be defined by [5]

wp = (OF /0nf) (4.8)

T.V.An?
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Here F is the Helmholtz free energy (F = U — TS) of the whole system and A is
the area of the interface. The condition of equilibrium with respect to diffusion of
component k to the interface from the adjacent phases o and £ can be shown to be

Ly — - 4.9

My = My = e = My (4.9)

where uf and ,uf are the chemical potentials in the adjacent bulk phases. Hence y;

in Eq. (4.7) is the common value of the chemical potential throughout the system.
Alternatively, the chemical potential can be defined by

i = (OF jon) (4.10)

T,V;y,n/'.’
Here the superscript a is used to differentiate this chemical potential from that

defined by Eq. (4.8). Equilibrium between a liquid phase and the interface is then
shown to exist when

o= 1= = gy (4.11)

where @, = (0A/ 8n,f)T v e 18 the partial molar area of component & in the surface.

Equation 4.11 expresses the fact that when the derivative 0F/0n{ is taken at
constant interfacial tension y rather than constant surface area A, the dependence on
y must be added by the term ya,.

4.2 Fluid Interfaces

4.2.1 Surface of Pure Liquids and Liquid/Liquid Interface
of Partially Miscible Binary Systems

For the liquid/vapour interface of a pure fluid, when choosing the ‘equimolar’
dividing surface (I'° = 0), the Gibbs equation (Eq. 4.7) reduces to s* = —(dy/dT).
For simple liquids both y and —(dy/dT) decrease monotonically with increasing
temperature from the triple point to the critical point. Water is not a simple liquid. It
has a high surface tension (72.0 mN m™' at 25 °C) and —(dy/dT) exhibits a
maximum near 200 °C. When the critical temperature 7, of a fluid is approached
along the vapour/liquid coexistence line, the densities of the liquid and vapour
phase become equal and the interface vanishes at the critical point. Close to T, the
vanishing of the surface tension follows a universal law [6]

WT) = o(Te = T)" (4.12)
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where 7, is a material constant and the index m has a universal value (m ~ 1.25).
From Egs. (4.7) and (4.12) the surface excess entropy as a function of temperature
then becomes

s°(T) = myy(T. — )" (4.13)

This relation tells us that pure liquids have a positive excess entropy that
decreases progressively as the critical point is approached. Physically, s > 0
means that molecules in the topmost layers of the liquid phase have a higher free
volume and thus a higher translational entropy than those in the interior of the
liquid.

From a thermodynamic point of view, the liquid/liquid interface of binary sys-
tems with a lower miscibility gap behaves similar to the liquid/vapour interface of a
pure fluid. The interfacial tension y(7T) again follows Eq. (4.12) as the critical
temperature (consolute temperature) T, is approached, and with s("2) = —(dy/ ar),

we find a positive surface excess entropy which falls off steeply near 7., as shown
in the graphs at the left-hand side of Fig. 4.3. Systems with an upper miscibility gap
exhibit a different behaviour, as shown on the right-hand side of Fig. 4.3. In this
case phase separation starts at a lower critical point and the interfacial tension
increases with temperature. The temperature dependence of y and s"** can again be
described by Egs. (4.12) and (4.13) when replacing (T. — T)" by (T — T.)" and
introducing a minus sign on the r.h.s. of Eq. (4.13). Hence the liquid/liquid interface
of systems with an upper miscibility gap exhibits a negative surface excess entropy
s Examples of systems with an upper miscibility gap are aqueous systems of
proton acceptors (e.g., ethers or polyethers). Such systems typically have negative
values of the excess enthalpy and excess entropy of mixing in the bulk liquid state
(HE <0, SE<0) [7].

Does the generic behaviour of liquid surfaces also apply to complex liquids? In
the past decades interesting model systems have been studied, in which colloidal
particles dispersed in a solvent replace the molecules of a simple fluid, and a
non-adsorbed polymer is added to tune the interaction between the colloid particles
(see Chap. 3 by R. Tuinier). In a certain range of polymer concentrations phase
separation into a colloidal liquid (rich in colloid and poor in polymer) and a col-
loidal gas (poor in colloid and rich in polymer) occurs (Fig. 4.4) [8, 9]. Experiments
and theoretical work have shown that in such systems, at states well away from the
critical point, the interfacial tension scales as the thermal energy (kgz7T) divided by
the square of the particle diameter d, i.e., [10]

ksT

o (4.14)

’)) ~

For particles of diameter 25 nm this factor is of order 1 uN/m, i.e., about 4 orders

of magnitude lower than the surface tension of molecular liquids. Theoretical and
experimental studies also indicate a rapid decrease of the interfacial tension with
decreasing difference in the particle number density in the two phases,
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Fig. 4.3 Liquid/liquid interface in binary systems of partial miscibility in the liquid state: Systems
with an upper critical solution temperature (left) or a lower critical solution temperature (right).
The graphs show the liquid/liquid coexistence curve (fop), the temperature dependence of the
interfacial tension y (middle), and the temperature dependence of the surface excess entropy s
(bottom) in the vicinity of the critical temperature 7,

Y~ (pl —ps )4, as the critical point is approached. This again is in agreement with
the behaviour of simple liquids.

4.2.2 Adsorption at Fluid Interfaces
Adsorption at the liquid/vapour interface of a solvent (component 1) is expressed

commonly by the relative surface excess concentrations I ,(:) of the solutes (k = 2,
3...). Hence at constant temperature the Gibbs adsorption equation takes the form
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Fig. 4.4 A colloid—polymer suspension separated into a ‘colloidal gas’ and a ‘colloidal liquid’
phase: a sketch of the two-phase system; b phase diagram (polymer concentration cp versus
colloid volume fraction ¢.) showing coexistent colloid-rich (liquid-like) and polymer-rich (gas-
like) phases and the critical point of the binodal curve (Reproduced from Ref. [8] with permission.
Copyright 1999, American Chemical Society); ¢ interfacial tension y versus colloid volume
fraction ¢ near the critical point showing analogy with the behaviour of simple liquids near their
liquid/vapour critical point (Reproduced from Ref. [9] with permission. Copyright 2004, American
Association for the Advancement of Science)

dy ==Y Iy, (4.15)
k=2

The chemical potential of solutes in the bulk solution is given by
t, = i +RT Inay (4.16)

The standard chemical potential uf refers to the hypothetical state of an ideal
dilute solution. The activity a; can be expressed either as a; = ¢, f; or a = xif,
where ¢, is the concentration, x; the mole fraction and f; the appropriate activity
coefficient of component k in the unsymmetrical (Henry) convention (f;, — 1 as
X — 0). Using the differential form of Eq. (4.16) at constant temperature,
dy, = RTdInag, the Gibbs equation for a single nonionic solute (2) may be written
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m__ L[ %
I’ = RT(&Ina)T (4.17)

According to this relation the relative surface excess I ;l) can be determined

from the experimentally well accessible dependence of the surface tension on the
activity of the solute. Because of the logarithmic activity scale, the choice of the
concentration units (mol/L or mol/kg, etc.) is irrelevant, as long as the corre-
sponding activity coefficient is used. The necessity of using activities in the Gibbs
equation has been discussed in the literature [11]. For qualitative considerations the
activity may be replaced by concentration. Equation 4.17 then indicates that solutes

which lower the surface tension (dy/dc, <0) are positively adsorbed (I" gl) > 0),
while solutes causing an increase in surface tension (dy/dc, > 0) are negatively

adsorbed (I’ gl) <0). At the surface of water, hydrophilic and well-hydrated solutes
(inorganic salts, but also glycerine, glycine, etc.) are negatively adsorbed, while
hydrophobic solutes (hexane, benzene) and amphiphilic substances (surfactants,
etc.) are positively adsorbed.

For the adsorption of solutes at liquid/liquid interfaces it is convenient to express

the Gibbs equation in terms of surface excess concentrations relative to the two

solvents, I" ,((1’2) (see Sect. 4.1.3). For a single solute (component 3) this gives by

analogy with Eq. (4.17)

1 A
roa— L ( o (4.18)
RT \ Olna; Tp

According to this relation it is the relative adsorption I’ ,21’2) that is directly

accessible from measurements of the interfacial tension as a function of the activity
ay. Note that at equilibrium the concentration of a solute k in the two coexistent
liquid phases a and f can be grossly different, but the thermodynamic activity is
equal, ie., aqx = c}fy = c,ffkﬁ.

Adsorption of surfactants from aqueous solutions: As a case study we con-
sider the determination of the adsorption of surfactants at the air/water interface
[12—15]. Nonionic surfactants of alkyl chain length C;, or greater are strongly
adsorbed at the air/water and oil/water interface. The surface tension derivative
(dy/dlncy) reaches a high negative limiting value, indicating a high limiting
adsorption at bulk concentrations well below the critical micelle concentration
(cmce). Above the cmc no further decrease in surface tension occurs (dy/dlnc, = 0).
This can be explained by the formation of micellar aggregates, so that the con-
centration of monomeric surfactant—and hence its activity a,—remains constant
above the cmc [16].
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For an ionic surfactant, R"Na*, the general Gibbs equation (Eq. 4.7) takes the
form (T = const) [12]

—dy = I diygs +Ti-dug- + Typeduy - +Toy-duop- + i odiy,o  (4.19)

where we consider all ionic species and the solvent. In the bulk solution the
chemical potentials are interrelated by the Gibbs-Duhem relation

nna+ Aty + +ng-dpg- +ng+dpg . +nog-diioy- +nmoduy,o =0 (4.20)

Combining these two relations and neglecting the terms in H" and OH  against
the concentration of the surfactant ions leads to

NNag+ . - ngr-
—d')) = (1—7\-&1+ - FIZvON—> dAuNa‘ =+ (FR - FHvOL) dluR* (421)
LYo “ NH0
For electrical neutrality in the solution and the surface we also have ny,+ =

NR- = NNaR and F?\}a* =I% = FKIaR’ so that

NNa
—dy/RT = (F{GaR - I, nNZ) din(ay,+ ag-) (4.22)

2

Introducing the mean activity a+ = (ayq+ aRf)l/ % and noting that the expression
in brackets is the surface excess concentration of the surfactant relative to water,

FZ(\,IZ;O) = ngla)R, we find

—dy/RT = 2I'\}).din(az) (4.23)

The factor 2 in this relation arises because both the surfactant ion R™ and
counterion Na* must be adsorbed to maintain electroneutrality. Accordingly,
dy/dinay is twice as large as for a nonionic surfactant. The mean ion activity
coefficient needed to evaluate the Gibbs relation can be taken from the extended
Debye-Hiickel equation in the form [15]

—0.5115|z z |V

lo =
& 1413161

+0.0551 (4.24)

where z, and z_ are the charge numbers of cation and anion, [ is the ionic strength
of the solution expressed in molar units, and the numerical constants apply for a
temperature of 25 °C.

Is the adsorption of the ionic surfactant at the air/water interface affected by the
addition of an inert electrolyte? If a non-adsorbed electrolyte (say, NaCl) is present
in large excess, an increase in the concentration of R"Na® causes a negligible
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increase of the Na* concentration, so that dpy,« is negligible. Consideration of the
Gibbs-Duhem equation then shows that duq- is also negligible, and thus

—dy/RT = I'Vdin(az ) (4.25)

The activity coefficient fz- depends on the ionic strength which is determined by
the excess of NaCl and is therefore constant, so that

—dy/RT = I'Vdin(cyar) (4.26)
where I’ 5;,) is again the surface excess of the surfactant relative to water and cy,z is
its concentration in solution. Hence the factor 2 in the Gibbs equation has disap-
peared and the ionic surfactant in excess electrolyte is adsorbed as if it was a
nonionic surfactant.

4.2.3 Surface Phase Model

A concept adopted explicitly or implicitly in many treatments of adsorption from
solution is that of a distinct surface phase, i.e., a layer of finite thickness located
between the two bulk phases and affected by the interfacial tension [17, 18]. The
surface phase is usually supposed to be of uniform composition. On the basis of
such a model the measured surface excess concentrations can be expressed by the
concentration or mole fraction difference between the surface phase (superscript )
and bulk liquid phase (superscript [). Specifically, if the surface phase consists of an
amount n* of solvent plus solute, with a mole fraction x5 of the solute, then the

reduced surface excess I” g") and the relative surface excess I ;l) of the solute can be

expressed as
n 1 s
) = (1 =)y = (5 - )n’/A (4.27)

where A is the surface area and x}, is the mole fraction of solute in the bulk solution.
If n° is known, Eq. (4.27) may be used to calculate x5 from the measured surface
excess concentration. However, the value of n* depends on what assumptions are
made about the nature of the surface phase. In practice, meaningful results can be
obtained by this approach only if there is independent evidence that the surface
phase consists of a single monolayer of molecules. For adsorption from binary
mixtures the condition that this surface layer is completely covered is then that

May g+ 1a, =1 (4.28)

Here, I'] and I'] represent the (absolute) surface concentrations (amount per unit

area), given by I'y = n} /A = x;n’ /A, and the quantities g, , denote the partial molar
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areas of solvent and solute in the surface phase. These cross-sectional areas may be
estimated from molecular models. By combining Egs. (4.27) and (4.28) we obtain
an explicit expression to convert surface excess concentrations I’ (2") to absolute

surface concentrations I of the solute in the monolayer surface phase:

X +a, T
= 2 taol;

nS
—— (4.29)
1 - (6_12,0 - Q1.0)F§ JA

In the particular case when the two components have the same size
(@10 = @y = ap), then n’ = A/a, and Eq. (4.29) leads to

ayly = X +ay Iy (4.30)

This relation shows that in the case of strong adsorption from dilute solutions,

when g’ g”) > x12, the surface excess concentration becomes nearly equal to the

absolute concentration of the solute in the surface phase, i.e., I g") > g” >~ 7.
Hence in such cases it is justified to treat surface excess concentrations as true
concentrations of the solute in the topmost layer of the liquid phase. If the condition
ayl’ (2") > x4 does not apply, Eq. (4.29) may be used to calculate I'5 from the
measured surface excess concentration.

4.2.4 Surface Equation of State and Adsorption Isotherm

Monolayers of strongly adsorbed substances have some resemblance with insoluble
monolayers of lipids at the water surface [17]. The decrease in surface tension from
the value of pure water, 7, to a value y corresponding to a given surface con-
centration [, can be interpreted as a lateral pressure I =y, — 7 exerted by the
monolayer film. In the case of water-insoluble monolayers (so-called Langmuir
films) a certain amount of lipid, commonly expressed by the number of molecules
N) is placed on a well-defined surface area A, and the surface concentration I'* =
N/A of the lipid can be varied by increasing or decreasing A using suitable barriers
to keep all the lipid molecules within the area A. The dependence of the film
pressure /7 on the area A at constant temperature and constant number of lipid
molecules (II — A isotherm) has a formal analogy with the pressure-volume dia-
gram of a given amount of gas at constant temperature (P — V isotherm). In the case
of water-soluble substances (e.g., surfactants) the surface concentration of the
substance is independent of the surface area but can be controlled via the adsorption
isotherm I'* = I"*(c), i.e., by changing its concentration c¢ in the subphase. Surface
films of this kind are called Gibbs films. In this section we explore the functional
dependence [T = II(a), where a =A/N = 1/I"* is the mean area per adsorbed
molecule in the Gibbs film at the given concentration c¢ in the subphase. The relation
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I =1II(a,T) is called the monolayer equation of state or two-dimensional (2D)
equation of state of the adsorbed substance [19], by analogy with the equation of
state p = p(V, T) of a fluid in the bulk (3D) state.

Experimentally, the monolayer equation of state is obtained by the following
sequence of steps:

(i) Determination of the film pressure isotherm IT = I1(c,T) by surface tension
measurements as a function of the concentration c.

(i) Calculation of the appropriate surface excess concentration isotherm, e.g.,
rv=r (l)(c, T) from the surface tension data by application of the Gibbs
equation.

(iii) Choice of a surface phase model and conversion of the surface excess con-
centrations to the model-based surface concentrations I'*(c, T).

(iv) Determination of the monolayer equation of state IT = II(a, T) by correlating
film pressure I1(c, T) and surface concentration I'*(c¢, T) data corresponding to
the same bulk concentration ¢, noting that a = 1/I”.

Model equations of state and adsorption isotherms: Drawing on the analogy
between ‘two-dimensional’ (2D) monolayers and three-dimensional (3D) bulk
fluids, monolayer equations of state of increasing complexity have been proposed:

Ila = kgT 2D perfect gas
II(a — ay) = kgT 2D Volmer (4.31)

<H+ u_og) (a— Qo) = kgT 2D van—der—Waals

In these relations kp is the Boltzmann constant, g, represents the cross-sectional
area of a molecule in the monolayer (analogous to the ‘co-volume’ in the 3D
equation of state), and a is a measure of attractive lateral interaction between
adsorbed molecules. Each of these equations of state can be converted to a corre-
sponding adsorption isotherm with the Gibbs adsorption equation. For ideal solu-
tion behaviour of the bulk phase all model adsorption isotherm equations can be
expressed in the form K¢ = f(I'*) = f(a), where K is a constant which depends on
the units in which the equilibrium concentration ¢ of the solute in the bulk phase is
expressed (molar concentration, mole fraction, etc.). Specifically, at low surface
concentration, when the surface film behaves as a 2D perfect gas, the adsorption
isotherm becomes

Ke=1T° = (4.32)

IS

Low surface concentration means that 1/I"* = a > q,. If this condition is no
longer met, deviations from linear adsorption isotherms occur. In this regime it is
convenient to express the adsorption isotherm and monolayer equation of state in
terms of 0 = a,/a, the fraction of surface occupied by the adsorbed molecules.
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For mobile monolayer films without long-range lateral interactions (2D Volmer) the
adsorption isotherm and equation of state are

0 0

1-0"1-90
) (4.33)

Mgy = ksT ——
B

ch =

For monolayer films with long-range interactions (2D van-der-Waals or
Hill-deBoer) these relations are modified to

0 0 20
Kyc = -
eTT =P L 0 agksT 6}

0 o 5
HQO —kBTm—ge

(4.34)

The following important conclusions emerge from these model isotherms:

(1) An adsorbate conforming to the 2D perfect gas exhibits a linear adsorption
isotherm. This is a generic behaviour at very low surface concentrations (a > aj).
Accordingly, all adsorption systems must exhibit a linear adsorption isotherm at
sufficiently low concentrations c. If the surface concentration I and bulk con-
centration ¢ are both expressed on a molar basis, then the adsorption constant K has
the dimension of a length. The adsorption constant Ky appearing in Egs. (4.33) and
(4.34) can be converted to K by K = Ky /q,.

(2) At higher surface concentrations the interaction between the adsorbed
molecules comes into play. The Volmer equation applies when the adsorbed
molecules interact only by short-range repulsive forces. This can be tested exper-
imentally by writing the Volmer equation of state in the form, kgT /Il = a — a.
Hence, a graph of kgT/II versus a should be linear down to the lowest values of ¢
and the extrapolation to kg7 /II = 0 gives the co-area g, of the adsorbed molecules.

(3) In the absence of attractive lateral interactions the film pressure at a given
surface coverage @ is inversely proportional to the size of the adsorbed molecules
(co-area ay):

kT 0

1= 4 T=0 (4.35)

Figure 4.5 shows the film pressure as a function of surface coverage for two
different values of the co-area: g, = 0.2 nm? (typical of amphiphiles with small
head groups, e.g. alkanols), and a, = 20 nm? (typical for globular proteins) [20]. It
can be seen that at half-coverage of the surface (60 = 0.5) the film pressure of the
small amphiphile is already high (20 mN m™"), while for the protein it is still very
low (0.2 mN m™"), and a marked increase of I7 occurs only at very high surface
coverage. This example shows that for proteins and other large adsorbate molecules
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Fig. 4.5 Surface pressure II as a function of surface coverage 6 for adsorbed films of molecules
with small or large cross-sectional area a,. When g, is small (0.2 nmz), 11 rises steeply with 6;
when gy is large (20 nm?), IT stays very low up to high surface coverage 6 (results for the Volmer
model, Eq. (4.35), for 20 °C)

it can be dangerous to draw conclusions about the adsorbed amount from film
pressure measurements.

(4) The 2D van-der-Waals equation can be used to represent systems in which
attractive lateral interactions between adsorbed molecules cannot be neglected.
Figure 4.6 shows results for the surface pressure I1(c), the surface equation of state
II(a), and the adsorption isotherm 6(c) for the 2D vdW model (Eq. 4.34), com-
puted for %everal values of the reduced interaction parameter o* = o/ aOkBT The
isotherms for & = 0 represent the 2D Volmer model. Positive values of a” corre-
spond to attractive lateral interactions between the molecules in the film. It can be
seen that increasing a causes higher values of the surface pressure IT and
adsorption (surface coverage 6) at given concentration ¢* = ¢ * Ky. On the other
hand, at a given mean area per adsorbed molecule (a), increasing lateral interaction
between the molecules (increasing a”) causes a decrease in the surface pressure /7,
as can be seen in the graphs showing the surface equation of state I1(a). Attractive
lateral interactions are commonly observed for amphiphilic substances (e.g., fatty
alcohols) adsorbed at the air/water interface. These molecules are adsorbed even
more strongly at oil/water interfaces, but in that case the adsorbed film can be
represented by the Volmer equation [21]. This remarkable behaviour is attributed to
the fact that the attractive interactions between the alkanol chains are screened when
they are surrounded by hydrocarbon molecules of the oil phase.

Models of localized monolayer adsorption: In many cases adsorption involves
some sort of binding to specific adsorption sites. Hence adsorbed molecules are no
longer free to move (“mobile”) but “localized”. The Langmuir equation is the
prototype of isotherms for localized monolayer adsorption. It assumes that the
surface constitutes M equivalent adsorption sites, each of which can accommodate
one adsorbed molecule. If N* molecules are adsorbed, the surface coverage is
0 = N°/M. The Langmuir model assumes that no lateral interactions between
adsorbed moleculesexist. For this reason it is also called 2D ideal lattice gas model.
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Fig. 4.6 Behaviour of adsorbed surface films according to the van der Waals model (Eq. 4.34):
surface pressure I1(c) (upper left), surface equation of state I1(a) (upper right), and adsorption
isotherm 0(c) (lower left and right; where the graph at the left shows the low concentrations region
enlarged). All results refer to 20 °C and a molecular co-area @, = 0.5 nm” The values of the
interaction parameter o are given in reduced units (o* = o/ayksT), the bulk concentration is
expressed in dimensionless units (¢* = Kyc)

The adsorption isotherm and monolayer equation of state of the Langmuir model
are [14, 19]

0
Kie=1"% (4.36)

Ilay = —kgTin(1 — 0)

‘When lateral interactions are introduced in this model on a mean-field basis, the
Frumkin-Fowler-Guggenheim (FFG) isotherm is obtained:

0 exp(—2%0
1= 0P\ " kT

o
Ma, = —kBT{ln(l —0)+ kB—ToZ}

KLC =

(4.37)

As in the van-der-Waals equation (Eq. 4.34), positive values of the interaction
parameter a correspond to attractive lateral interactions, negative a to repulsive
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lateral interactions. Repulsive interactions can be significant in the adsorption of
polyions (proteins, etc.). Attractive lateral interactions can play a role, for example,
in the adsorption of ionic surfactants to an oppositely charged surface, when the
hydrophobic tails tend to aggregate due to the hydrophobic effect. Like the
van-der-Waals isotherm, the Frumkin isotherm indicates that a phase separation into
a dilute and a dense 2D phase occurs at low temperatures, when |o/kgT| exceeds
some critical value. This phase separation causes a step-wise increase of the surface
coverage.

4.2.5 Standard Free Energy of Adsorption

Standard free energies of adsorption are used to characterize the strength of
adsorption to interfaces. Of particular interest are values for very dilute systems,
when interactions between adsorbed solute molecules are absent. From the Gibbs
equation we obtain for 1 mol of adsorbate

1
—dy =dll =T'Vdu, ~ mduz (4.38)

where the last relation applies only to the regime of the 2D perfect gas (N, is the
Avogadro constant). Inserting the equation of state, Nya = RT/II, gives after
integration

5 = 5 + RTInIl (4.39)

At equilibrium 19 is equal to the chemical potential of the component in the bulk
solution (Eq. 4.16). For highly dilute solutions the activity can be replaced by the
concentration and we obtain the following expression for the standard free energy
of adsorption

AG® = 1" — 1t = —RTIn(I1/cy)
(IT/c3),. o= exp(—A,G°/RT)

c—0""

20 (4.40)

0.a

where ;" and ,ug’l represent the standard chemical potential of the solute in the
surface and bulk solution. The standard enthalpy and standard entropy of adsorption
can be obtained from the temperature dependence of A,G?, viz.

o _ db,GT)
AaH® = =Gt (4.41)
TAS’ = AH® — AG°

Experimentally this is achieved by measuring the initial slope of film pressure
isotherms (IT/c;) at a number of temperatures 7 and using Eq. (4.40) to

c—0
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Table 4.1 Standard free energies A,G°, enthalpies A,H° (in units of J mol ™), and entropies
TA,S°(in units of J K mol™!) of adsorption of n-carboxylic acids at the air/water interface (20 °C);
n is the number of carbon atoms in the tail group (from Ref. [12])

acid n —A,G° AA,G° —AH° TA,S
propionic 2 6.8 24.4 -17.6
butyric 3 10.1 33 17.8 =7.7
pentanoic 4 134 33 12.1 1.3
hexanoic 5 15.6 2.1 7.5 8.1
heptanoic 6 19.0 34 10.1 8.9
octanoic 7 22.7 3.7

nonanoic 8 25.6 2.9

decanoic 9 29.7 4.1

determine A,G°(T). Care must be taken to ascertain that all film pressure data
correspond to the initial linear regime of the film pressure isotherm.

Table 4.1 shows results for the adsorption of carboxylic acids at the free water
surface [12]. It can be seen that —A,G? increases nearly linearly with the chain
length (n) of the hydrophobic tail, with an average increment AA,G° of ca.
—3 kJ mol™" per CH, group. A, H° is negative, indicating that adsorption of a
carboxylic acid molecule at the water surface is an exothermic process, but the
values become less exothermic with increasing chain length. TA,S° shows a most
interesting dependence on the chain length: It is negative for short chains, indicating
a loss of degrees of freedom upon adsorption. With increasing chain length TA,S°
becomes less negative and assumes high positive values for hexanoic and heptanoic
acid. This is attributed to the hydrophobic effect: Highly oriented water molecules
forming a hydrogen-bonded ‘cage’ around the hydrophobic tails of the solute
molecule in solution are released when the hydrocarbon tail leaves the aqueous
medium on adsorption. The average increment in entropy AA,S° is about 23
JK 'mol™" per CH, group. If two water molecules are oriented at each CH, group,
the entropy of orientation per water molecule (A .S/R = 1.3) is about half the
entropy of melting of ice (AyS/R = 2.6). The results of Table 4.1 suggest that for
longer chain lengths n the entropy term 7A,S° becomes larger in magnitude than
the enthalpy term A, H°. Hence, there is a predominantly entropic driving force for
adsorption of the higher alkanoic acids at the water surface, due to the release of
2n oriented water molecules on adsorption.

4.3 Liquid/Solid Interfaces

Adsorption of surfactants and polymers to solid/liquid interfaces is a broad field
with a diversity of applications, from controlling the wettability of macroscopic
surfaces to the stabilization of colloidal dispersions. Adsorption of biomolecules
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onto micron- or nano-sized particles is used to immobilize biomarkers and drugs
and many recent studies deal with methods to control the release of adsorbed drugs
for applications in the pharmaceutical field. Traditionally, solid surfaces have been
classified into hydrophilic and hydrophobic, or ‘high-energy’ (inorganic) and
‘low-energy’ (organic), but many surfaces are heterogeneous and combine hydro-
philic and hydrophobic behaviour. For example, carbons or organic polymer sur-
faces may contain ionizable surface groups (like -COOH) which at higher pH will
be ionized and form a hydrophilic site. In this short article only a few aspects of
adsorption of soft matter from aqueous solutions to solid surfaces can be touched.

4.3.1 Measurement of Adsorption

A wide variety of experimental methods is available to study adsorption at
solid/liquid interfaces [22]. Adsorption onto flat macroscopic surfaces can be
measured by ellipsometry and optical reflectometry (also by neutron or X-ray
reflectometry in favourable cases, see chapter D.12 by J. Daillat), surface spec-
troscopic methods (see chapter D.15 by M. Hoffmann et al.) and quartz
microbalance techniques. Adsorption onto particulate solids (powders and colloids)
with high specific surface area can be determined directly from the
adsorption-induced change in composition of the liquid phase. The reduced surface
excess concentration I’ ,(("> of a component k (defined in Sect. 4.1.3) is directly
related to the change in composition and given in terms of the mole fraction before
and after equilibration, x? and x!, by [18]

pin 0= %) (4.42)

msd;s

where 7' is the amount of solution, my is the mass and a, the specific surface area of
the adsorbent. For solutions of polymers and other large molecules it is more
convenient to express adsorption by the volume-reduced surface excess concen-

tration I’ ,((V) which is defined operationally by

RAGCEE)

)
T may

(4.43)
where V' is the volume of a given amount of solution, ¢ and ¢} are the concen-
trations of component k before and after equilibration with the adsorbent. With
some simplification (additivity of the volumes of the components on mixing, no

adsorption-induced volume changes), I’ ,((V) is related to the volume fraction profile
@4 (2) of the component in the boundary layer
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] >

S I OREALS (4.44)
k0

where V[ is the molar volume of component k. For a two-component system of

solvent (1) and solute (2) this implies that Vi T’ gv) =-V;Ir (2V>, i.e., the ratio of the
volume-reduced surface excess concentrations of solvent and solute is inversely
proportional to the ratio of their molar volumes. This conforms to the intuitive
picture of adsorption as a displacement of solvent molecules by the solute. For
example, a protein molecule of a volume 1000 times the volume of water molecules
will displace 1000 water molecules from the surface region, and

rt. =—1000r"

protein*

4.3.2 Thermodynamic Relations

We have seen that for fluid interfaces the interfacial tension y and its dependence on
temperature and concentration of the components represents the primary experi-
mental source of information on the interface. The interfacial tension of a liquid
phase against a solid, which in the following will also be denoted by y, is experi-
mentally not accessible. However, the Gibbs equation forms a basis to determine y
from the measured adsorption. For a binary mixture at constant temperature we
have

—dy = I'"dpy + I'Ydp, = T3 (dp, — dpy) (4.45)
because I’ (1") =-r g">. With the Gibbs-Duhem relation xidu, +xbdu, =0 this
yields

(n)

" I
—dy = I3 dp (143 /x) = 72— dp, (4.46)
2

Integration of this relation over the composition range from pure solvent
(component 1) to a solution of mole fraction x} then yields

X

vT—V(X’z)ZRT/l
0

()
2

; dln(xlzle) (4.47)
— X

In this relation, y7 is the interfacial tension of the solid against pure liquid 1 and
y(x’z) the tension against the solution of composition x’z. It can be shown [18] that
Y1 — y(xlz) is equivalent to the difference in Gibbs free energies of wetting of the
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solid by pure solvent and a solution of composition x,. This difference, in turn,
corresponds to the free energy change of displacement of pure solvent by the

solution that causes the adsorption I (2"). Accordingly, the left-hand side of
Eq. (4.47) is called the Gibbs free energy of displacement and is denoted by A,G
(J m™). An equivalent relation for A;,G can be derived when the adsorption is
expressed by the volume-reduced surface excess. In the limit of ideal dilute solu-
tions (when xl2 < 1) this relation simplifies to

oW
A]QG C2 = / 2[ 12 (448)
0 %)

This relation can be used to determine Gibbs free energies of displacement from
measured surface excess isotherms. When such isotherm measurements have been
performed for several temperatures, the enthalpy and entropy of displacement,
A,H and Ay, S, can be determined by relations analogous to Eq. (4.41). However,
for solid/liquid interfaces the enthalpies of wetting and enthalpies of displacement
can also be determined directly by isothermal titration calorimetry (ITC) or
isothermal flow calorimetry (IFC). By combining adsorption measurement with
calorimetric studies the thermodynamics of the adsorption system can be fully
characterized.

As an example, Fig. 4.7 shows the thermodynamic functions A,G, Aj;H and
TA;,S for the displacement of water by a short-chain nonionic surfactant (CgE,) at a
hydrophilic glass surface [23]. The Gibbs free energy A;2G decreases with
increasing concentration (i.e., with increasing adsorption) of the surfactant.

100 —TrT T T T T

c, [mM]
Fig. 4.7 Thermodynamic characterization of the adsorption of the surfactant CgE, from aqueous
solutions onto CPG silica: enthalpy (A;H), entropy (TA1»S), and Gibbs free energy (A;xG) as
functions of the displacement of water (2) by surfactant (1) at 25 °C. The inset shows the
behaviour at low concentrations cjon an enlarged scale (Reproduced from Ref. [23] with
permission. Copyright 1997, American Chemical Society)
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However, the overall change in A;G is rather small, due to enthalpy/entropy
compensation. In the low-concentration region (shown by the inset in Fig. 4.7) the
displacement of water by the surfactant is dominated by the exothermic enthalpy of
displacement, which is attributed to a direct contact of the head groups with the
hydrophilic surface. This initial adsorption step is connected with a decrease in
entropy. At higher concentrations the enthalpy and entropy both change sign and
the displacement of water by surfactant becomes entropy-controlled. This is a
signature of the hydrophobic aggregation of the surfactant tails at the surface [23].

4.3.3 Electrical Nature of Solid/Aqueous Solution Interfaces

Electrostatic interactions between surface charges and oppositely charged ionic
groups of solute molecules are often determinant for the adsorption from aqueous
media. For instance, in ionic solids (e.g., silver halides) ions of one charge dissolve
preferentially, leaving behind a surface of opposite charge. Alternatively, one type
of ions of the solution may be adsorbed preferentially, again causing a charge
separation at the surface. Many inorganic oxide surfaces (Al,O3, SiO,, TiO,, etc.),
exhibit a pH dependent surface charge according to the scheme

. .
moH;" L Mo Mo~

In all cases the charge on the solid surface (characterized by a charge density ¢°)
must be neutralized by oppositely charged counterions in the nearby solution, thus
creating an electric double layer. The structure of this layer is sketched in Fig. 4.8.
According to the classical Stern model [24, 25] the solution side of the double layer
is subdivided somewhat artificially into two parts: the inner part (Stern layer) and
the outer part (Gouy layer or diffuse layer). The Stern layer, in the words of
J. Lyklema [25], is ‘where all the complications regarding finite ion size, specific
adsorption, discrete charge, surface heterogeneity etc. reside’, while the diffuse
layer is by definition ideal, obeying Poisson-Boltzmann statistics. The border line
between the Stern layer (thickness d) and the diffuse layer is called the outer
Helmholtz (oH) plane. The net charge per unit area of this diffuse layer is ¢?. In
modern treatments the Stern layer is further subdivided into an inner and an outer
region. The centres of specifically adsorbed ions (i.e., ions adsorbed by
non-electrostatic interactions) are located in the inner Helmholtz plane (iH), with a
charge density ¢'. Tons which are not specifically adsorbed and remain hydrated can
approach the surface no closer than the outer Helmholtz plane. In some cases,
super-equivalent specific adsorption can lead to a change in sign of the potential i’
at the iH plane, connected with a charge reversal of the diffuse ion layer (see
Fig. 4.8c). This can occur, for instance, in the adsorption of highly charged
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(a) 50

¢

Fig. 4.8 Examples of Gouy-Stern layers: a only finite counterion size (upper left); b ion size and
specific adsorption (upper right); ¢ ion size and super-equivalent specific adsorption. All double

layers have the same surface potential 1//0, while the surface charge ¢ increases from (a) to (c) (after
Ref. [25])

polymers to an oppositely charged surface. In any case, however, charge neutrality
requires that

A +o+06'=0 (4.49)

The situation when ¢° = 0 is called the point of zero charge (pzc), and when the
solid surface plus specifically adsorbed ions has zero net charge (i.e., when
‘00| = |a']) is called isoelectric point (iep). At the isoelectric point the potential !
(Fig. 4.8) is zero. The potential at the slip plane (zeta-potential () is very similar to
Y and also zero at the iep.

A central part of the Stern theory is to determine the specifically adsorbed charge
o' as a function of the surface charge ¢°. For the adsorption of small ions i, the
Langmuir adsorption equation can be adopted for this purpose, i.e.,
Kic; = 0;/(1 — 0;), where 0; = N;/Nj is the fraction of adsorption sites occupied by
the ions and ¢; is the concentration in the solution. For a charged adsorbate the
electrostatic contribution to the free energy of adsorption, zFy', has to be
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introduced, so that instead of K; we have K; exp(—z,-FW/RT). Writing the

Langmuir equation explicit in 6; and introducing o' = z;eN;, we obtain the Stern
equation

o1 = zieN, —SKiexP(CwY). (4.50)
1 + c;iK;exp(—zy')
where e is the elementary charge, F is the Faraday constant, and y' = Fy/’ /RT.
Hence it is possible to calculate ¢’ once the surface potential ¥ is known. This,
however, generally requires some model assumptions [25], and is beyond the scope
of this article.

As an example of super-equivalent specific adsorption, Fig. 4.9 shows results for
the binding of the basic protein lysozyme to silica nanoparticles [26]. The silica
surface is nearly uncharged below pH 4, but becomes negatively charged at higher
pH due to the deprotonation of silanol groups. Lysozyme has a positive net charge
up to its isoelectric point at pH 11. Figure 4.9a shows that binding of the protein
starts when the silica surface becomes negatively charged, and it leads to an
over-charging of the surface, as indicated by the positive zeta-potential of the silica

Fig. 4.9 Binding of o ——
lysozyme to silica £ (a) 50
nanoparticles for a fixed D 0.6 |
overall amount of protein E 440
(corresponding to 50 t
molecules per particle), and 4 0.4 1 430
the effect on the zeta potential £ N
of the particles, as a function L 0.2 120
of pH: a adsorbed amount E
ex d tei £ j
pressed as protein mass per =
unit area and number of g 0.0 4 do
protein molecules per particle; E . . : . : :
b zeta potential of the 2 4 6 8 10 12
particles in the absence and pH
presence of lysozyme
(Reproduced from Ref. [26] 40 — T T T T
with permission. Copyright > (b)
2011, American Chemical £ 20+ .
Society) -~ 3
T opdmi
Es
s
3 -\
0 -20 + 1
o
% -40 4 —a— silica B
N - 5t
—o— lyz + silica <
'60 T T T T T T T

2 4 6 8 10 12
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particles in the presence of the protein, although the silica particles without protein
have a negative zeta potential. At higher pH the zeta potential decreases and
becomes negative. This can be attributed to the increasing negative charge density
of the silica surface and the decreasing positive net charge of the adsorbed protein
as its isoelectric point is approached [26].

4.3.4 Adsorption as Ion Exchange

Ion exchange represents an important mechanism for adsorption to charged sur-
faces. This process can be dominated by electrostatic attraction of the ionic group of
the adsorbate with an oppositely charged surface site. In this case adsorption is
expected to be accompanied by a high exothermic adsorption enthalpy. However, in
the case of protein or polyelectrolyte adsorption onto oxide surfaces, in many cases
only weakly exothermic or even endothermic enthalpies of adsorption are observed,
indicating that the driving force must include an entropic contribution that out-
weighs the enthalpic contribution. This can be rationalized from the fact that
adsorption of the ionic group at the oppositely charged surface site involves the
formation of an ion pair and the release of two counterions. In addition, it may also
involve the release of water molecules hydrating the counterions. Models for this
process indicate that the entropy gain amounts to ca. kgT for each counterion or
water molecule released [27].

The adsorption of a charged species on a charged site can be represented by an
ion equilibrium reactions. For example, for a negative protein group P~ adsorbing
to a positive site —R ™

+ 7 N, T — + p— + -
—R*Cl" + P Na,, = —R" P~ +Na,, +Cl, (4.51)

Here, the species are depicted with the counterions associated with the charges.
The equilibrium constant of this reaction expressed in concentration units is [28]

« RP|NaCl];, 452

ads = m (4.52)
where RP represents the fraction of sites occupied by the protein and R is the
fraction of vacant sites. In the absence of specific attractive interactions between P~
and —R ™ the adsorption is driven by the release of the counterions Na™ and CI~.
According to Eq. (4.52) the fraction of occupied sites should decrease when the salt
concentration is increased, as it is indeed often observed.
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