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A thermodynamic treatment of protein adsorption layers is pre-
sented and an equation of state of the interfacial layer is derived.
Only by assuming different models for the activity coefficients in
the interfacial layer different are models derived considering ideal
and nonideal entropy and enthalpy of mixing. As special cases,
well-known equations from other authors are obtained which are
frequently used for the description of surfactant and polymer ad-
sorption. Concerning the configuration of adsorbed protein mole-
cules, i.e., number of protein segments adsorbed, the composition
of the adsorption layer is caused by a self-regulation process which
is mainly influenced by the chain flexibility and determines the
surface pressure. Only four basic parameters describe the adsorp-
tion equilibrium of the protein. A sufficiently good agreement be-
tween literature data and the model is obtained, although best-fit
procedures do not exist so far and the isotherm parameters were
adjusted only manually. © 1996 Academic Press, Inc.

Key Words: protein adsorption; adsorption isotherm; liquid in-
terface; thermodynamic model; surface pressure isotherm.

1. INTRODUCTION

The theoretical and practical importance of the adsorption
of polyelectrolytes, particularly proteins, at fluid interfaces
stimulated the development of different models under equi-
librium and dynamic conditions and for surfaces under defor-
mation, as demonstrated in recent reviews (1-5). Besides
the statistical theories and scaling models of de Gennes,
for example, there are many thermodynamic models. These
models use Butler’s equation (6) for the chemical potentials
of the components in the bulk phase and at the interface as
the starting point. Examples of such models are those of
Joos (7), Ter-Minassian-Saraga (8), and Lucassen-Reyn-
ders (9), which describe many details of the adsorption
behavior at interfaces.

Although the description of many systems was successful,
the capacity of the theories has not been completely utilized.
At first the Butler equation is considered to describe the
different demand w of adsorbed molecules at the interface.
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For surfactant solutions this can be expressed by the adsorp-
tion principle of Braun-Le-Chatelier (10—12). It states that
when the adsorbed molecule may occupy different parts of
the interface, then for small values of IT a maximum surface
area w is occupied, whereas minimum w is achieved at large
IT. Obviously this agrees with the well-known fact that the
adsorption layer thickness increases with increasing protein
concentration. Thermodynamic approaches cannot take into
consideration the adsorption layer thickness, whilein statisti-
cal and scaling theoriesit is a necessary prerequisite. On the
other hand, nonideal behavior of mixing in the interfacial
layer allows further possibilities for the present model.

The present paper gives a thermodynamic treatment of
protein adsorption layers, i.e., deriving an equation of state
of the interfacial layer, the adsorption isotherm, and the iso-
therm of interfacial tension. Different models are derived
considering ideal and nonideal entropy and enthalpy of mix-
ing at the interface. As specia cases, equations from other
authors are obtained which are well known and frequently
used for the description of surfactant and polymer adsorp-
tion. Literature data are used to test the new theoretical
model presented.

2. ADSORPTION LAYER MODELS

The equation for the chemical potentials u; for the ith
component in the solution bulk («) and at the interface (S)
can be written (6, 9) as

ur = p’ + RTInf 3x7 —
pd* + RT Inf #x¢,

ow [1]
[2]

u

where p° and p? are the standard chemical potentials at
the interface and in the bulk, o is the surface tension, w; is
the partial molar surface demand, f; isthe activity coefficient,
Risthe gas constant, T is the temperature, x, = N;/XN; are
the molar ratios, and N, are the numbers of moles of the
component i.

Using the pure solvent as the standard state, i.e., Xg = 1,
and assuming infinite dilution for the dissolved components
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(i=1),i.e, x— 0, from Egs. [1] and [ 2] results (9, 11)
in
f 5x° Tw;
I I 1 — ] , 3
Wi RT [3]

wherek; = 1 and k = (XP/X{)xe0 @ i = 1 are the distribu-
tion coefficients at infinite dilution, IT = o, — o isthe surface
(or interfacial) pressure, and oy, is the surface tension of the
pure solvent.

For simplicity, in the following we consider only the sol-
vent and one dissolved component (protein). All equations
can be equivalently generalized for other cases, such as pro-
tein mixtures or mixtures of a protein and a surfactant. It
should be noted that proteins usually contain dissolved ions.
When the concentration of the dissolved electrolyte suffi-
ciently exceeds the concentration of the effective charge of
the protein (free charge (13)), in conformity with Gibbs
equation, the contribution of the counterions to o may be
neglected.

When we use Eq. [3] for solutions of one protein, the
index i refers to different possible configurations of the pro-
tein at the interface. The different configurations are charac-
terized by different values of w; and k; . Obvioudly, the val-
ues (x{'f )i=1 = x*f * are equd for al states.

The number of possible states of protein molecules at the
interface n can be expressed by the maximum wy,, and the
minimum w, = w4 of the partial molecular surface area of
a protein molecule and the increment Aw, by which the
value of the partial molecular surface area changes when the
protein transfers from one state into another. The number of
different states is given by

Wmax — W1

Aw

n= + 1

[4]

The physica meaning of w. corresponds to the minimum
adsorption layer thickness, wp,, to the maximum one. The
vaue Aw is determined by the flexibility of the protein
chain. The flexibility can be estimated by using scaling theo-
ries (4, 13) while of course the relation Aw < w, holds.

2.1. Adsorption Equilibrium

For deriving the equation of state T1(T"), the adsorption
isotherm T"(c), and the equation of surface tension I1(c), it
is necessary to determine the value w, and express the molar
ratio x7 by the adsorption T . Starting from a pair of equa-
tions [3] for a solution of one protein having only one ad-
sorption state (i = 0, 1 corresponds to a simple surfactant
solution), and taking f ¢ = f = 1and k. f {x§ = bc, we
obtain

5 = exp(— ““’°) , [5]

RT
le
RT ) ' (6]

Here, b is the equilibrium adsorption constant, and c the
bulk concentration of the surface-active component. For the
case wg = wi, EQgs. [ 5] and [ 6] transform into the Szyszkow-
ski equation

x; = bc exp<—

I1 = —Eln(1+ bc).

C%%

(7]

Lucassen-Reynders (14, 15) has shown that for realizing
this condition it is necessary to chose the dividing surface
such that the total adsorption of all components equals the
saturation adsorption, i.e.,

F0+F1= l/wl [8]
For a mixture of proteins or for different states w; of one
protein the value w, should be equal the average partia
molar surface of all states wy. Therefore Eqg. [ 8] transforms
into

Fi = 1/(,()): [9]

Ve

The position of the dividing surface, defined by Lucassen-
Reynders through Eqg. [9], is near the dividing surface of
Gibbs, for which I'yyo = 0. The former is shifted toward the
solution by A = (wh,0/ ws)@u,0. Here wy,o and a0 are the
molar surface area of water and the diameter of a water
molecule, respectively. With increasing saturation of the in-
terface by protein molecules, the dividing surface of Lucas-
sen-Reynders is further shifted toward the bulk by a value
amost equal to the thickness of the adsorption layer. The
selection of the dividing surface has a considerable advan-
tage because it permits one to exclude the influence of the
adsorption layer thickness on the parametersin Eqg. (3); i.e,,
the values x{ are determined in the present model by x =
INws. AsEQ. [3] isinvariable to the selection of w, we may
USe wo = ww,o asit is done in many approaches. In this case,
however, it is necessary to include the thickness of the ad-
sorption layer §, and the value X7 is determined by the molar
volumes of al components of the system. The corresponding
equation for x5 was given, for example, in (16). In the
model we assume ideality in the solution bulk; i.e, f § =
f* = 1. Firgt, the equation of an ideal interfacia layer is
derived. In the following paragraph additional corrections
allow extension of the model to nonideal layers.
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2.2. The Ideal Interfacial Layer
The equation of state of the adsorption layer is derived
from Eq. [3] for the case i = 0, and assuming f § = 1,

_Rr

Wy

Il = In(1 — Tsws), [10]

where
[11]

is the total adsorption of the protein—the sum over al ad-
sorption states. The average partial molar surface areain Eq.
[10], ws, is determined in the same way as it was proposed
by Lucassen-Reynders for surfactant mixtures (15), namely
by calculating the weighted average using the interfacial
concentration of the different states

2wl

T, [12]

Wy =

The interfacial tension isotherm is derived from Eq. [ 3] by
addition of all components and states at the interface (i.e.,
i=0toi =n)for f = 1following the procedure of Joos
for solutions of two surfactants (17),

ci biexp<— %) =1- exp<— %) . [13]

where c is the bulk concentration of the protein, b; are the
adsorption constants of the i different states. The adsorption
isotherm of the ith state is derived from Eq. [3] by using
al pairs of equations (i = 0 and i = 1) at the same II,
which yields

Fi Wy

bo=— 1%
(1 - szz)“"lwi

[14]

A ratio of the adsorptions of different states are easily ob-
tained from Eq. [3]:

EIEGX _H(wj—wi)
T, p P RT |-

Equation [15] is the generalization of the adsorption princi-
ple of Braun-Le-Chatelier (10) for the protein adsorption.

Equations [13] —[15] include the constant b; for different
states. As a first approach we can assume that b, = const
for all states. A physically reasonable assumption would also
be

[15]

bi Wi “«
—=|—]. 16
D - (=) [16]
Analogously to Eq. [16], for a homologous series of surfac-
tants the constants b; increase with chain length exponen-
tialy,
b B(k—1)
—=e , 17
b, [17]
where k and | are the numbers of CH,-groups in the surfac-
tant molecule and 3 is a constant.
The values of w; in the ith state can be written as
wi = wq + Aw(i — 1). [18]
For simplicity we can express i and n by their preceding
values. i =i + Ai, where Ai = Aw/w,. Variable i takes
values between 1 and n, with n = w,/w;. In a generd
casei can be afraction. Taking into account this substitution
the relations [16] and [18] become
[19]

wi = iwl
and
b = by [20]

For « = Owe get b, = b, = const, whereas for @ > 0 the
values of b increase with increasing w,. Taking into account
Egs. [15], [19], and [ 20] the value of average partial molar
surface area (cf. Eq. [12]) can be expressed by w;:

U
el )

i=1

% i"‘exp(— %) . [21]

The total adsorption (Eqg. [11]) can be expressed now by
the adsorption in the state of minimum partial molar surface
area, and the adsorption in the ith state (Eg. [15]) by the
total adsorption:

Iy=T, z ianp[_ a —FiT)le] , [22]
I, = in“exp[— (I%'I)'HM]/
)3 i“exp[— (i= DItw, _FiT)le] . [23]
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Taking into account Egs. [16] and [18], the surface tension
isotherm [13] and the adsorption isotherm [14] are rewritten

b.c = (1 - exp(— Hé?))/z i"‘exp(— '%”1) [24]

and

Fiwz
ia(l _ 1—*>:Cl(j>:)iw1/wZ .

bc= [25]

The system of equations[10], [ 21], [ 23] to [ 25] completely
describes an ideal adsorption layer of proteins. This system
is self consistent; inserting I'; from [23] and (1 — TI'sws)
from [10] into Eq. [ 25] yields Eq. [24].

From Egs. [21] and [23] the partiad adsorptions T,
i > 1 become small for large IT while I"; increases until wy
= w; = wmin. At the sametime the adsorption layer thickness
becomes maximum

6max =—), [26]

where V is the molar volume of the protein.
For IT — 0 Eq. [21] can be written

[27]

n n
Wso = wWslneo = u)1(2 iwl/z ).
i=1 i=1

On the other hand, from Eq. [ 27] and « = 1 we can derive

<2n + 1>
Wso = W1 3 .

[28]

Thus, at IT — 0 the average partial molar surface area be-
comes approximately (2/3) wma. I this case the thickness
of the adsorption layer is a minimum:

\%

6min =

NI W

[29]

Wmax

It should be noted here that the influence of the coefficient
a is small; changing « from O to «, the prefactor in Eq.
[29] changes from 2 to 1. In the composition of the adsorp-
tion layer the component with the maximum value w; is
dominant,

Fio =T, |H—>0 = rz(ia/z ia)1

i=1

[30]

orinthecase a = 1,

2

To=Ty ——.
Y P nn + 1)

[31]

The adsorption in the case i = n becomes approximately n
times higher then in the case i = 1.

The analysis of the basic equations [10], [21], and [ 23]
to [25] shows that all parameters w;, n, @ and b; may be
found from experimental data for IT — 0 and IT — 1.
Using ascaling model, it is also possibleto estimate indepen-
dently w,, n, and Ai (4, 13).

2.3. The Nonideal Interfacial Layer

For a nonideal interfacial layer the coefficient of activity
f 7 # 1. Nonideality may be caused by two factors:

e nonideal entropy of mixing of components in the in-
terfacial layer caused by different partial molar areas;

» nonidea enthalpy of mixing governed by intermolecu-
lar interaction of the components in the adsorption layer.

The contribution from nonideal entropy of mixing to the
interfacia pressure (AIT) has been considered by L ucassen-
Reynders (9) in the form

[32]

The index j refers to different solutes, the index O to the
solvent. The same contribution to the surface pressure was
found by Damaskin (18, 19).

On the basis of statistical calculations using different con-
figurations of polymers, Singer (20) found a contribution to
IT caused by nonideal entropy of mixing (in the form of Eq.
[32]),

AH:R—T<1—ﬂ)>5|n<1—3wr>, [33]
2 z

Wo w

with z being a value approximately equal to the coordination
number.

As z > 2 (for a flexible chain z takes values between 4
and 6 (21, 22)), even at complete interfacial coverage wI”
= 1itispossibleto limit the development of the logarithmic
function after the first term in Eq. [ 33], which transforms
into Eq. [ 32] . A more complicated form of AIT was derived
by Frisch and Simha (23), who took into account a loop-
formation. Graham and Phillips (22) have shown that for
very long chains this complicated relationship transforms
into Eq. [33].

Equation [32] as a correction of Eg. [10] becomes re-
markable only for wI” < 1. For w; > wo both contributions
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are more or less equal. For protein solutions this rangeis not
very important, because experimental data show remarkable
values of IT only for almost-saturated adsorption layers.

In our model, for which w, = ws holds, the contribution
of nonideal mixing to the interfacial pressure is negligible
(cf. the Appendix).

An equation of statefor theinterfacial layer and an adsorp-
tion isotherm for surfactant solutions taking into account
intermolecular interaction was first derived by Frumkin (24)
and later developed by others (18, 19). The theory of non-
ideal solutions, published, for instance, in (25, 26), takes
into account the influence of all components on the activity
coefficients of the other components. In the present approach
we will not distinguish between the interactions of protein
molecules in different states. The activity coefficient for wa-
ter and protein is taken as (27, 28)

S 2 .2
Inf = —arzw):,

_a(l - szz)z,

[34]

where a is a constant.
From Egs. [ 3], [34], and [ 35] relationships for anonideal
adsorption layer can be derived,

the equation of state

m= - S—T [In(1 - Tewy) — altwi],  [36]
z

the adsorption isotherm for i states

b,c = Fiwzexp[al“%w%(i “r 1>

Wy

+ ZaFsz - a]/i“(l - l—‘zwz)i”ilwz. [37]

Equations [ 21] to [23] are the same for ideal and nonideal
adsorption layers. An almost quadratic dependence between
the surface pressure and the protein adsorption yields also
the scaling theory (4, 13, 16). For high electrolyte concen-
trations when the contribution of the solute ions and polymer
chains to the osmotic pressure Ies (or the interfacia pres-
sure IT) are of the same order of magnitude, Ies ~ ¢®*
(13), or IT ~ TY* (16).

The influence of nonideadlity of the entropy on activity
coefficient of the protein at the interface istaken into account
in the coefficient « in Egs. [21] to [23] and [37] (cf. the
Appendix).

3. CALCULATIONS AND COMPARISON
TO EXPERIMENTAL DATA

The Egs. [21] —[23], [36], and [37] are used for some
model calculations. First, Eq. [21] was used to find wy =

ws(IT). Then, from ws we calculated I'y = I's(I1) via Eq.
[36], and I} = T (IT) via Eq. [23]. Finally we obtain b;c
= b, c(IT) from Eq. [ 37] . The molecular mass of the protein,
the values of the maximum and minimum partial molar sur-
faces wy and w4, the increment Aw, and the constants o« and
a were varied.

The following results were obtained:

e In comparison to the case Aw = w;, the decrease of
the increment Aw only weakly influences the dependencies
IT and I's from c.

e The influence of the constant «, which varies in the
range 0- - - 2, islimited to small values of IT because of the
dominant influence of the exponent in Egs. [ 21] —[23].

e Vaues wn, wi and the constants a and b govern the
equilibrium adsorption of aprotein at the water/air interface.

Calculations using the present model confirm many well-
known relations (16, 21, 22, 29, 30):

» the remarkable increase of I1 after a certain amount of
adsorption I';,, has been reached, which is in the range from
0.2 to 0.5 mg/m?,

e a strong increase of adsorption and surface pressure
dependent on the bulk concentration,

e a shift of I', into the region of small adsorptions and
an increase of maximum surface pressure IT in the case of
increasing flexibility of the chain, i.e., with increasing wmax
and decreasing w .

The differences between the adsorption of a protein in
comparison to that of usual surfactants are caused by the
evolution of the protein adsorption layer. Figure 1 shows
the dependence of T's and some I'; from the surface pressure
IT for a protein with the molecular mass of M = 20,000,
wWmax = 80 NM? (w values refer to one molecule), w, = Aw
=2 nm? (i.e, n = 40), a = 240, and « = 1. Obviously,
the dependence I'; = T (IT) shows an extreme character
with an exception for i = 1. The higher thei (i.e, w;) the
smaller is the IT value, a which the adsorption of the ith
component shows a maximum. At high IT the state of mini-
mum wj; is dominant in the composition of the adsorption
layer. It should be noticed that in the present case for better
fitting of experimenta data of proteins with aimost similar
M-values, a > 0 was assumed. The value of the constant a
influences T’y for a given I1. The ratio I'; /T's, however, is
independent of a, as can be seen from Eq. [23].

Figures 2 and 3 show the experimental data of Graham
and Phillips (27) for B-casein, which are compared with
model calculations. A good agreement with the experimental
data is obtained for the following values of the parameters
inthemodel: wme = 60t0 100 NM?, w; = Aw = 5t0 10 nm?,
a = 200 to 400. The curves were calculated by assuming the
following parameters. wma = 75 NM?, w1 = Aw = 5 nm?,
a = 0, b, = 2000 liter/g, a = 400. The assumption « = O
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FIG. 1. Dependence of the sum of adsorption and of adsorption in the states 1, 2, 5, 10, and 40 on the surface pressure for a protein of the molecular
mass M = 20000, w; = 2 nm?, n = 40, « = 1, and a = 240.
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FIG. 2. Dependence of surface pressure on the concentration of a 8-casein solution. Data taken from Graham and Phillips (27). Lines calculated
using the present model, w, = 5 nm?, n = 15, « = 0, and a = 400, and b, = 2000 liter/g.
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FIG. 3.

Dependence surface concentration (¢, determined by radiotracer; O, A, determined by ellipsometry) on the concentration of a S-casein

solution. Data taken from Graham and Phillips (27). Lines calculated using the same model and parameter values as for Fig. 2.

means that the activity of the protein molecule does not
depend on the molecular interfacial state (cf. Eq. [20]).

The estimation of the maximum and minimum thickness
of the adsorption layer of g-casein by using Egs. [26] and
[27] yields 8 to 10 nm and 0.5 to 1 nm, respectively. These
values agree with those found by ellipsometry by Graham
and Phillips (27) as well as with other data (16) where the
thickness was calculated on the basis of a scaling theory.
Furthermore, using the data ws = ws(c) the actual values
of the adsorption layer thickness were calculated by

6(c) = Viwg(c). [38]
The data of 6(c) agree very well with the values given in
(16, 21).

The following conclusions can be drawn when comparing
the experimental and theoretical results depicted in Figs. 2
and 3:

< with one and the same set of parameters (w1, Wma, b,
and a) the three independent experiments of Graham and
Phillips (27) obtained IT = I1(c), s ='y(c),and 6 = 6(c)
can be described by any possible combination of theoretical
functions, for example IT = I1(T'y), 6 = 6(I'y), €tc.;

« the agreement between theory and the experimental data
can possibly be improved significantly by using a fit-pro-

gram, which does not exist so far for the presently derived
model;

< in the theoretical model the concentration ¢ used is
the quantity which is in equilibrium with Ty, while in the
experiments of Graham and Phillips (27) ¢ denotestheinitial
bulk concentration ¢, in the Langmuir trough. Taking into
consideration the adsorbed amount at the surface, we get ¢
= ¢y — ['s/h; histhe depth of the solution in the trough, h ~
1 cm. For the data at the lowest concentration the equilibrium
concentration c is about 50% smaller than theinitial concen-
tration ¢y, leading to a shift of the experimental point toward
lower concentration, which isin favor of a better agreement
with the theory.

4. IMPACT ON ADSORPTION KINETICS

The self-regulation of the surface concentration of differ-
ent states of adsorbed protein molecules influences the ad-
sorption kinetics and hence the dynamic surface tension of
protein solutions. A new theoretical model of a dynamic
protein adsorption layer will be discussed in a subsequent
paper. Here, we only want to give some conclusions drawn
from Eq. [23].

We can conclude that at low surface pressure, say I1 <
2 mN/m or ¢ < 0.05 g/liter, the dynamic adsorption layer
is in quasi-equilibrium. This state of low adsorption layer
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thickness (16, 21) will be reached mainly by a diffusion-
controlled adsorption process (21, 29-33). A further ad-
sorption of protein molecules from the bulk according to
Eq. [23] is connected with a desorption of segments. At a
surface pressure of say IT > 3 mN/m a transition from
adsorption states of larger to smaller surface area demand
will become step by step dominant (cf. Fig. 1). Exactly at
this stage, as can be drawn from the experimental data in
(8), the adsorption kinetics slows down with respect to a
diffusion-controlled mechanism. We can assume that the
replacement of desorbing segments by new adsorbing mole-
cules is described by a first-order reaction and that the mo-
mentary deviation from equilibrium is small. If we consider
Eqg. [23] we get the relationship for the change of surface
pressure

drm _ koexp<_

dIl AwIl
dt ’

RT [39]
where Kk, is a constant. This equation is well known and was
derived empirically by MacRitchie (3, 34, 35). The value
of Aw isof the order of 0.5to 2.5 nm? (8, 35). Dueto Ter-
Minassian-Saraga (8) these values aretoo small for aprotein
molecule. According to our model these values belong only
to the differences in the adsorbed state and are physicaly
completely sensible.

5. CONCLUSIONS

The equations of state of the adsorption layer, theisotherm
of the surface tension, and adsorption isotherms for different
states of protein configurations were derived for the interface
liquid/gas. The composition of the adsorption layer regard-
ing the configuration, i.e., number of protein segments ad-
sorbed, is caused by a self-regulation process which is
mainly influenced by the chain flexibility and determines the
surface pressure. Only four basic parameters describe the
adsorption equilibrium of the protein. A sufficient agreement
between published experimental results and the model was
observed.

The influence of the evolution of the protein adsorption
layer on the kinetics of adsorption was discussed. As aresult
of the model yields the MacRitchie equation for the velocity
of surface tension change.

APPENDIX

The activity coefficients of component i in the interfacial
layer for nonideal entropy of mixing is given by (9)

InfS=1— (w1/w0)<% l",»m/(%)) - A

In our model we have wy = wy and Z{, I} = 1/wy and
thus from [ A1] we obtain for water (index 0) and the protein
molecules (i different adsorption states)

Inf$=0, [A2]

INfi,=1-wlws=1-iwlws. [A3]
The resulting activity coefficients are equal to the product
of the partial activity coefficients, calculated for nonideal
enthalpy of mixing via Egs. [34] and [35] or nonideal en-
tropy of mixing viaEgs. [A2] and [ A3]. Thus, the equation
of state [36] remains valid when [A2] is used, while the
application of Eqg. [A3] produces an additiona factor,
exp(—iw,/ws), in Eq. [37]. The effect of this factor is the
same as that of the coefficient « in Egs. [21] to [23] and
[37], a partial reorientation of protein molecules in benefit
of a state w; > ws. An analogous result is obtained by
choosing @ = 0.2 +~ 0.5.
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