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The applicability of the Gibbs adsorption isotherm was examined for the adsorption of N-dodecyl-f-alanine

(NDA) at the air-solution interface with the spread monolayer of lecithin (DML) or dilaurin (DIL).

In order

to derive adsorption isotherms, the spread monolayer was treated energetically as a part of the adsorbed mono-

layer.

The isotherms were derived for the following cases: (a) a nonideal mixing of the spread and adsorbed

molecules and (b) a nonideal adsorption associated with a conformational change due to the complex formation

between monolayer molecules.

The isotherm derived for case (a) coincided with the observed isotherm of NDA

adsorbed into the DIL monolayer, but deviated from the observed isotherm of NDA adsorbed into the DML

monolayer.

The DML-NDA isotherm was regarded as to be explained by the isotherm derived for case (b).

Further, the applicability of the Pethica’s isotherm to the adsorption of NDA in both systems was examined.

Some adsorption isotherms of N-dodecyl-f-alanine,
which adsorbs at the solution surface with the spread
monolayer of lecithin or dilaurin, have been reported
in the previous paper.? From the radiometrical de-
termination of the adsorbed amount, the properties
of both mixed monolayers have been described in
detail as a function of suface composition or surface
pressure. It was clear that the surfactant remarkably
condensed with dilaurin or lecithin in monolayer.
For such adsorption systems, however, the adsorbed
amount of surfactant is expected to obey the Gibbs
adsorption isotherm, such as for adsorption of sur-
factant at the air-solution interface.?> Pethica® and
McGregor and Barnes? have derived adsorption iso-
therms by assuming the accessible area for the adsorb-
ing species in the monolayer. However, they are no
unique isotherms applicable to every type of adsorp-
tion, because each set has been derived under the
particular conditions of the highly condensed film of
spread monolayer.

In the present study, attempts are made to elucidate
the applicability of the Gibbs adsorption isotherm to
the adsorption of surfactant at the air-solution in-
terface with the insoluble film. The derivation of iso-
therms is achieved for the following cases: (a) a non-
ideal mixing of the spread and adsorbed molecules,
and (b) a nonideal adsorption associated with a con-
formational change of the monolayer molecules. The
interaction in the monolayer is introduced as the
excess free energy instead of the partial molar surface
area in the isotherm. The wvalidity of the isotherms
obtained are tested by comparison with the observed
isotherms.

Theory

The Gibbs adsorption isotherm for the air-solution
interface with spread film (1) and surfactant (2), is
given at a constant temperature, assuming that the
water surface is taken as the dividing surface:

—dy = I'ydus + Ipdus, (1
where y denotes the surface tension and I'; and g, the
relative surface excess per unit area and chemical
potential for component i, respectively. Superscripts
s and b mean the surface and bulk phases. Since
the surface tension can be varied with the amount

of spread film independently of the chemical potential
of surfactant in the bulk phase, the adsorption of
the surfactant is considered only for the solution sur-
face which is covered with a fixed amount of spread
film. When the spread and adsorbed monolayers co-
exist on the solution surface 4, of the surfactant of
concentration C, at surface pressure =z, the effective
surface area A, available for the adsorption decreases
by the surface area A4, occupied by the spread mono-
layer. As long as the adsorbed monolayer is present
in the same surface pressure, ui is equal to u3, so
that the spread and adsorbed monolayers may be
related by:

dut = —tdu3, (@)
a,

where ¢; denotes the molar surface area of component

i in each monolayer. Therefore, the contribution of

spread film to the surface energy may be taken into

account as a part of the adsorbed monolayer of the

surfactant. Using Eq. 2, Eq. 1 is rewritten for the
case of ideal penetration as follows:
ald
—dy = — —(I'y+T'5)dpi, ©)
2

where a'd=X,a,+ X,a,, and X, is the mole fraction of I',.

If the adsorption is nonideal, the following two
cases are taken into account: (a) nonideality in the
simple mixing of spread and adsorbed molecules, and
(b) nonideality in the case that the standard chemical
potentials of the spread and/or adsorbed molecules
alter due to the change in the conformation of their
polar groups by complex formation, chemical reac-
tion, or denaturation in monolayer.

In Case (a). The surface tension change is
defined as follows:

dy = dy' + dy", 4)

where dy'® is given by Eq. 3. The dy¥ term is the
change of surface tension caused by the nonideal mixing
of the spread and the adsorbed molecules. From
Goodrich’s convention for estimating the excess free
energy of mixing,® we obtain:

Aa

dyv = B dy, (5

where Aa=a—a'%, and a is real molar surface area
measured by experiment, Substituting Eq. 5 into 4,
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we obtain

_ _Aa i
dy_<l . > dy

~ (1 4 A >dyid v

a
by neglecting higher terms in the expansion with re-

spect to Aafa. For the nonideal adsorption, from
Eqs. 3 and 6 we obtain:

al

a
a (I'y+175) (dps + dAET), ™)
where dA§Y=(Aa/a)dut. Hence, AE¥ means the excess
free energy arising from the nonideal adsorption of
a surfactant. Then dASY may be equated with (a,/
ad)RTd In 7 thermodynamically; here /¥ is the surface
activity coefficient at mixing. When Aa=0or f'=1,
Eq. 7 is reduced to Eq. 3.

Consequently, when the activity coefficient of sur-
factant in the bulk phase is assumed to be unity,®
from Eq. 7 I'y is given by:

RTIIG, |r,

r,= [ ALY ~ T, (8)
as ]Fx [alncz ]1‘1
In Case (b). We define an equation similar
to Eq. 4 as follows:
dy = dy't + dy7 + dye, 9

where dy°® denotes the surface tension change caused
by an alteration in the molecular structure owing
to the complex formation or chemical reaction in the
monolayer. The dy° term can not be experimentally
separated from the dy” term, because both are func-
tions of surface compositions of the film. We assume,
in this case, that dy¥ defined by Eq. 5 refers only to
the nonideal mixing of film-forming molecules, after
the complex formation or chemical reaction has been
completed. Eventually, we have the following equa-
tion, analogous to Eq. 7:
ald

—dy = (I'y+13) (du? +dAET+dAE), (10)

ay

where dA§°(=(a,/a')RTd In f°) denotes the change
of excess free energy resulting from the alteration in
the molecular structure due to complex formation.
Finally, the adsorbed amount is estimated by:

—dy
[ RT3 InC, ] I
4l oln fv oInf°
[?]rl_l—[ dInC, ]P1+[ 0InC, :IPI
The validity of Egs. 8 and 11 is experimentally tested
later.

r,= —r,. a1

Experimental

The monolayer of vr-o,f-dimyristoyllecithin (DML) or
o,0’-dilaurin (DIL) was formed by spreading on the aqueous
solution surface of N-dodecyl-f-alanine (NDA), 7.e. 3-(dodec-
ylammonio)propionate. The adsorbed amount was de-
termined by the radiotracer method, using tritiated NDA.
Surface tension was registered by the Wilhelmy plate method,
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The experiments and procedures to measure the surface
excess and surface tension have been reported in the preced-
ing paper.) All measurements were made at 3040.2 °C.

Results and Discussion

Figure 1 shows the plots of surface pressure vs. bulk
concentration of the surfactant solution at various
spread amounts of DIL or DML. Figure 2 exhibits
the adsorption isotherms of NDA measured by the
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Fig. 1. @ vs. C, curves for DIL-NDA (a) and DML~
NDA (b) at various spread amounts (/';/umol m~2).
v:0, A: 05, O: 1.0, [1: 1.5, @: 2.0.
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Fig. 2. Adsorption isotherms of NDA measured by
the radiometry at various spread amounts (/7;/gmol
m~2) of DIL(a) or DML(b).

v:0, A: 05, O: 1.0, []: 1.5, @: 2.0,
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radiometry at various spread amounts of DIL or
DML. Figure 3 shows the n vs. I' curves for each
spread film of DIL and DML and for the adsorbed
film of NDA. The validity of derived theoretical
isotherms for the adsorption systems of DIL-NDA and
DML-NDA is tested with using the experimental data
shown in Figs. 1, 2, and 3.

DIL-NDA System. In the mixed monolayer
composed of DIL and NDA, a contraction of surface
area has been reported in Ref. 1 as a function of the
surface pressure. The contribution of such a con-
traction to the surface energy is expressed by (91n 7/
9 InCy)r, in Egs. 8 and 11, which may be estimated
from the concentration dependence of the Goodrich’s
convention. The comparison of I', calculated by Eq.
8 with the experimental values is shown in Fig. 4.
It was found that the calculated values (solid lines)
were in good agreement with the observed ones.
Since DIL and NDA molecules have been known
to form a simple mixed monolayer without forming
any complex,) the result in Fig. 4 gives an experi-
mental confirmation of the validity of Eq. 8 or Eq.
11 where f°=1. However, these equations are not
valid for a mixed film in which the surface pressure
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Fig. 3. = vs. I’ curves for each spread film of DIL([])
and DML(A) and for the adsorbed film of NDA(O).
The curve for the NDA film is calculated from the
data in Figs. 1 and 2. 7,: the equilibrium spread-
ing pressure of DIL film (16.6 mN m™1).
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Fig. 4. Test of Eqs. 8 (solid lines) and 12 (dotted lines)
at various amounts (/';/umol m~-2) of DIL.
Curve A=0.5, curve B=1.0, Observed values are
marked by signs,
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of single NDA solutions, =3, is lower than that of
DIL film alone, =$: for instance, in the case where
I'ppis 1.5 pmolm—2 78 is 1.0 mN m~! and is equal
to that of n3 at NDA concentration of about 8 pumol
dm—3, as may be found from Figs. 1 and 3. Hence,
below this concentration (corresponding to the arrow
in Fig. 6-a) the calculated value from Eq. 8 or 11
gradually deviates from the observed values, because
#3 in this region is higher than =?.

Consequently, Eq. 8 or 11 is valid only in mixed
films where n? is lower than =%, according to the re-
quirement of Eq. 2.

DMIL-NDA System. Figure 5 shows the com-
parison of the observed and the calculated values for
NDA which adsorbs at the solution surface with various
amounts of spread DML. Here, the calculation was
made according to Eq. 8, using (91n f¥/d In Cy)r, values
obtained for DML system. The predicted isotherm of
Eq. 8 does not coincide with the observed one, unlike
the findings for DIL system. The reason for this
deviation seems to be the following. When NDA
molecules adsorb at the solution surface with presence
of DML molecules, the DML-NDA ion pair is formed
in monolayer,Y so that the standard chemical po-
tentials of these molecules shift because of the struc-
tural changes in their polar groups. Therefore, the
adsorption of NDA in the present system is considered
to obey Eq. 11, according to the arguments described
above. Thus the difference between the observed
(signs) and the calculated (solid lines) isotherms in
Fig. 5 corresponds to the values of the (91lnf°/dIn-
C,)r, term in Eq. 11. From this reasoning, we can
obtain thermodynamic information about the ion pair
formed between the ampholytic moieties of DML and

T2 Ipmot m?
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Fig. 5. Test of Egs. 8 (soild lines) and 12 (dotted
lines) at various amounts (I'y/umol m~2) of DML.

a: 0.5, b: 1.0, c: 1.5, Ohserved values are marked
by signs,
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NDA in monolayer. Further discussion about this
will be made elsewhere.

Pethica’s  Isotherm. Pethica has derived Eq. 12
for the penetration of sodium dodecyl sulfate at the
air—solution interface with a fixed amount of
cholesterol :3

dn = ORTT,d 1n G, (12)

where @=qa,/(a,—a,), and a, is the partial molar
surface area of the monolayer. The I', values, which
have been calculated by Eq. 12 for the DIL-NDA
and DML-NDA systems, are shown by the respective
lines in Figs. 4 and 5, and compared with the ob-

10° C2/ mol dmi?

Fig. 6. Comparison of calculated isotherm by Eqgs.
8 (solid lines) and 12 (dotted lines) with experimental
values (—-[1-, —-@—) at spread amount of DIL=
1.5 umol m~% (a) or of DML=2.0 ymol m—2 (b).
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served values. These dotted lines deviate greatly from
the observed isotherms, except for the low concentrations
of the surfactant. Since Eq. 12 should be applied
to the adsorption of a surfactant into highly condensed
monolayer, the adsorption isotherms in such a case
are shown in Fig. 6. It is clear that for DIL-NDA
system (Fig. 6-a) the predicted isotherm by Eq. 12
follows the observed one at C, less than 3 pmol dm—3,
whereas the isotherm given by Eq. 8 coincides above
8 ymol dm~3, as indicated by the arrow in Fig. 6-a:
i.e., below this concentration the requirement for Eq.
2 is not satisfied. Therefore, Eq. 12 seems to allow
the calculation in the adsorption region unsuitable
for Eq. 8. On the other hand, in the DML-NDA
system the observed values deviate from the isotherm
calculated by Eq. 12 as well as by Eq. 8, even though
the solution surface is covered with DML film of 2.0
pmol m~2. Hence, Eq. 12 appears not to be useful
for the DML-NDA system.

In conclusion, Eq. 8, derived for the simple non-
ideal adsorption system, could sufficiently explain the
observed isotherm for the DIL-NDA system, but
could not be applied to the DML-NDA system. Thus,
Eq. 11, derived for the complex formation system,
was the best one to use for predicting the adsorption
of NDA in the DML-NDA system.
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