
Introduction

Bile salts are natural surfactants mainly stored in the gall
bladder. Their function is essentially the emulsification
and transport of food fats and lipids. The physico-
chemical properties of bile salts are of interest because of
their very important role in the metabolic process
of absorption at intestinal level. The solution behaviour
of bile salts is considerably different from that of
ordinary surfactants having a long alkyl chain and a
hydrophilic head group [1, 2, 3].

Bile salts are different to common surfactants, which
in general have their polar headgroup attached to a
flexible hydrocarbon chain. Bile salts have a rigid steroid
backbone, having up to three hydroxyl groups and a
branched linear chain ended by a carboxylate group,
which may or may not be conjugated with glycine or
taurine. This difference in structure generates atypical
aggregation behaviour.

From the point of view of surfactant physical chem-
istry, bile salts are far from being as studied as the more
traditional structured surfactants. For the same bile salt
there is a large dispersion of data leading to contradic-
tory conclusions.

Some authors found that most of the physicochemi-
cal properties of aqueous bile salts undergo important
changes at several concentrations. These changes have
been interpreted as arising from a stepwise aggregation
process. As an example, at least three aggregation
steps were reported in sodium cholate aqueous solutions
[4, 5].

Evaporation is an active research field. It has been
investigated in pure liquids [6], microemulsions [7, 8],
and through insoluble surfactant monolayers [9, 10, 11,
12]. Recently, computer simulations were performed [13,
14, 15, 16, 17, 18]. The evaporation through soluble
surfactant monolayers was also studied [19, 20, 21]. In
these studies, it was found that the evaporation rate
through soluble surfactant monolayers only depended
on bulk water activity. No dependence on the state of
the adsorbed layer was found.

In preceding works we studied the aggregation of
sodium dehydrocholate (NaDHC) by a battery of
methods [22, 23, 24, 25]. In this work we studied the
effect of the NaDHC aggregation in water on the solu-
tion evaporation. NaDHC is a scarcely studied surfac-
tant derived from bile salt, which adds interest to this
work. As far as we know, this is the first study of steroid
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surfactants of this kind. The information derived from
these measurements may be useful to complete the
knowledge of the complex aggregation behaviour of bile
salts and related compounds.

Experimental

Dehydrocholic acid (HDHC) was from Dr. Theodor Schuchardt
(Munich) and was of analytical grade. A concentrated NaDHC
aqueous solution was prepared by weighing a quantity of HDHC
and by dissolution in an appropriate amount of concentrated
NaOH solution. Then the solution was diluted to obtain the desired
concentrations. Only double-distilled water was used.

Surface tension was measured with a ring tensiometer (Krüss)
at 25 �C. The evaporation rate was measured using a Cahn-1000
electrobalance with continuous recording. The data were recorded
at 20 cm h)1 and 1 mg full scale. Each experiment was run twice.
Measurements were made at 18 and 28 �C and at atmospheric
external pressure.

Theory

Surface tension measurements together with ion-selec-
tive electrode measurements enable the determination of
the area occupied by one molecule of surfactant at the
air/water interface. The area per molecule of pure
surfactant, aS, may be computed from the surface
tension plot of NaDHC solutions, using the Gibbs
equation [26]:

CS ¼ �
1

RT
� @r
@ ln asalt

; ð1Þ

where asalt=a)a+ is the activity of the absorbable salt,
a) and a+ being the activities of free surfactant anion
and counterion, respectively, determined by using the
appropriate ion-selective electrodes. Only the free (non-
micellised) Na+ and DHC) ions may adsorb at the air/
solution interface. Micelles are not surface-active [27]
and are excluded from the interface region [28]. These
data were obtained from the literature [23]. The rela-
tionship aS=(GSNA)

)1 gives the area per adsorbed
surfactant molecule.

The loss of weight (in kilograms per square meter per
second) gives curves following parabolic equations with
time having the general form [8]

m ¼ m0 � Kt1=2; ð2Þ

where m and m0 are the rate of evaporation at time t and
the initial evaporation rate, measured in loss of mass per
area unit and per second. The values of m0 and K are
found by the least-squares linear regression method.

The only hindrance for the initial rate of evapora-
tion, m0, is the reluctance of the molecules of the
evaporating substance (water) to leave the surface in
the initial state of equilibrium, which is related to the

evaporation enthalpy [8]. The K coefficient is related to
the rate of diffusion of molecules with sufficient energy
to evaporate, from the bulk to the surface, where the
initial evaporation created a deficit of energetic mole-
cules.

The activation energy of m0 and K may be computed
from the slope of the Arrhenius relation:

ln m0 or Kð Þ ¼ � Ea

RT
þ constant: ð3Þ

McCoy [12], using the mass-transfer model of
Nguyen et al. [29], found the following relation for the
evaporation through the air/water interface:

Qw ¼ 2 Dst=pð Þ1=2 p�=RT � cið Þ; ð4Þ

where Qw is in moles per metre squared per second, Ds is
the water diffusivity in air (3·10)5 m2 s)1) [12 ], p* is the
vapor pressure of water at the temperature of the
experiment, and ci is the initial concentration of water in
the gaseous phase.

By comparison of Eqs. (2) and (4) it may be seen that

K kg m�2 s�3=2
� �

¼ 2Mw Ds=pð Þ1=2 p�=RT � cið Þ; ð5Þ

where Mw is the molar mass of water. The value of ci
depends on the experimental conditions, and it may be
determined by measurements on pure water.

Results

A series of evaporation measurements at 18 �C is shown
in Fig. 1. The results of surface tension measurements
are shown in Fig. 2.

Discussion

NaDHC aggregates by a stepwise mechanism [22].
Below c1=(10.1±4.5)x10)4 mol dm)3 there is a
molecular solution with some strongly insoluble
HDHC produced by hydrolysis. Between c1 and
c2=(2.0±2.2)·10)3 mol dm)3, an acid-soap-like com-
plex (NaDHC.HDHC) appears and the amount and
the aggregate’s size increase with concentration above
c2. At c3=(2.28±0.55)x10)2 mol dm)3 true micelles
form. These micelles increase in size with concentration
and change their shape at c4=8·10)2 mol dm)3, giving
nonsymmetrical micelles.

By using the activities of free ions from the literature
[23], the relationship between the surface tension, r, and
the Naperian logarithm of the activity of free salt (a)a+)
was drawn (Fig. 3). From this graph, the area per sur-
factant molecule adsorbed at the air/water interface was
determined and is represented in Fig. 4.
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From the literature, the area per NaDHC molecule
adsorbed at the critical micelle concentration (cmc) was
aNaDHC=0.702 nm2 [24]. On the basis of the structure of
the DHC) ion, which may be roughly considered as a
rectangular plate of 0.571-nm width and 1.286-nm
length [30], the computed value of aNaDHC was
0.735 nm2. Therefore, the experimental value may be
explained by the accommodation of the molecule with
its plane lying parallel to the water surface. This situa-
tion allows the three carbonyl groups in the hydrocar-
bon backbone to form hydrogen bonds with water [24].
Some literature values of the limiting area at collapse
pressure for bile salt monolayers are 1.08 nm2 (cholic
acid), 0.80 nm2 (chenodeoxycholic acid) and 0.73 nm2

(ursodeoxycholic acid) [31]. The similarity of the pre-
ceding areas with that of NaDHC suggested that the
monolayer adsorbed at the air/water interface at the cmc
was very compact. Other bile salts show less compact
monolayers at the cmc with an area per molecule of
1.48 nm2 (sodium cholate) and 2.23 nm2 (sodium
deoxycholate) [32].

It may be seen in Fig. 4 that on increasing the
NaDHC concentration the solution surface is saturated
with surfactant molecules at the concentration c1 at
which the acid-soap-like complex begins to form [22].
The increase in the aNaDHC value between c1 and
0.00326 mol dm)3 may be due to an energetic advantage
of the acid-soap-like complex compared with the ad-
sorbed state. Above this concentration, there is a slow
increase in the adsorption, leading back to the saturation
of the surface.

The product paNaDHC versus p is shown in Fig. 5,
p=r0)r being the surface pressure. This figure is the
two-dimensional analogue to the pv versus v graph for
three-dimensional fluids. The ideal value for a two-
dimensional gas is kT=4 mN nm2 m)1 at 25 �C. It may
be seen that the adsorbed monolayer behaved as an ideal
two-dimensional gas at concentrations below c1. Above
this concentration, the adsorbed monolayer was strongly

Fig. 1 Evaporation rate at 18 �C of pure water (diamonds),
0.04 mol dm)3 sodium dehydrocholate (NaDHC) (squares),
0.06 mol dm)3 NaDHC (circles) and 0.1 mol dm)3 NaDHC
(triangles)

Fig. 2 Surface tension of aqueous NaDHC solutions as a function
of the natural logarithm of the total concentration at 25 �C

Fig. 3 Surface tension of aqueous NaDHC solutions versus the
natural logarithm of the activity of free (nonaggregated) surface-
active salt at 25 �C

Fig. 4 The area per adsorbed molecule at the air/solution interface,
as a function of the NaDHC total concentration at 25 �C. The
different aggregation concentrations are represented by diamonds
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nonideal, showing a strong resistance to the reduction in
aNaDHC, especially slightly above c2.

These results suggest that once the surface of the
solution is covered by the NaDHC molecular plane lying
parallel to the water surface, with their carbonyl groups
in contact with water, it is very difficult to produce a
further reduction of aNaDHC. The origin of this resis-
tance may be that a subsequent reduction in the area per
adsorbed molecule may only be obtained by accommo-
dation of the molecular plane perpendicular to the
solution surface, and this position removes the contact
among carbonyl groups and water. This ‘‘dehydration’’
of the carbonyl groups may require an excessive amount
of energy.

The relation between the initial evaporation rate, m0,
and the total concentration of NaDHC at 18 and 28 �C
is given in Fig. 6. Both curves are almost parallel. The
only hindrance for m0 is the reluctance of the molecules
of the evaporating substance (water) to leave the surface
in the initial state of equilibrium, which is related to the
evaporation enthalpy [8]. In turn, this thermodynamic
property is related to the activity of water and, thus, to
the concentration of particles in solution. There is a
decrease in the initial evaporation rate between c2 and
the cmc, which indicates an increase in the concentration
of particles in solution; however, this decrease is slower
than that below c1. (The values for pure water were 1.09
and 1.21 mg cm)2 s)1 at 18 and 28 �C, respectively.)
This is a consequence of the formation of the acid-soap-
like complex:

Naþ þ 2DHC� þH2O$ HNaDHC2 þOH�

The number of particles in solution is smaller than
the number of ions added to the solution. At the cmc

there is an increase in m0 because the formation of mi-
celles produces an additional reduction in the number of
independent particles in solution, but a subsequent in-
crease in the total concentration produces an increase in
the micelle concentration, and thus a reduction in m0.

The dependence of the activation energy of m0 com-
puted with Eq. (3) is shown in Fig. 7. Ea(m0) of all solu-
tions is higher than the value for water (7.59 kJ mol)1).
There is a minimum in the range c1–c2, followed by an
increase when acid-soap-like aggregates formed, and a
reduction when micelles appeared. There is an increase
above c4.

The dependence of K on the total concentration at 18
and 28 �C is shown in Fig. 8. The values for pure water
were K=0.267 and 0.295 mg cm2 s)3/2at 18 and 28 �C,
respectively. Above c2 both curves are almost coincident,
showing a decrease until the cmc is reached. Then, there
is an increase in K, followed by a decrease above c4. An
increase in the concentration of the particles in solution
must produce a hindrance in the diffusivity of water
molecules from the bulk to the surface, and this situation
is reflected in the variation of K(c). The explanation is
the same as in the dependence of m0 on c. The difference
between the two curves below c2 may be due to the in-
crease in hydrolysis of NaDHC at the higher tempera-
ture, producing insoluble HDHC that may interfere less
with the diffusion of water. When an acid-soap-like
complex is formed at c2, both curves become almost the
same.

The activation energy for K is shown as a function of
c in Fig. 9. The Ea(K) value is higher than that of pure
water (7.27 kJ mol)1) at low total concentration, but
only when acid-soap-like aggregates formed at c2, Ea(K)

became smaller than the pure water value, and only
increases above c4. Anisometric micelles formed at this
concentration.

At very low concentrations NaDHC behaves as a
water-structure breaker [22]; thus, the reduction in the

Fig. 5 The area per adsorbed molecule–surface pressure product
versus the surface pressure for aqueous NaDHC solutions at 25 �C.
The different aggregation concentrations are represented by
diamonds

Fig. 6 The initial rate of evaporation of aqueous NaDHC
solutions at 18 �C (squares) and 28 �C (circles).The different
aggregation concentrations are represented by diamonds
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Ea(K) value may be explained on the basis of the theory
developed by Némethy and Scheraga for hydrophobic
hydration [33, 34, 35, 36, 37]. The structure of the
hydrocarbon hydration cages is affected by the solubi-
lised hydrocarbon size and shape, and some hydrocar-
bons which may not enter the hydrophobic hydration
cages act as structure breakers [38, 39, 40, 42]. In addi-
tion, the hydration of charged polar groups, that of the
uncharged polar groups and the hydrophobic hydration
are mutually incompatible. Which of them will
predominate depends on the solute molecule’s structure:
the size and shape of the hydrocarbon backbone, and
the kind and localisation of the hydrophilic groups. The
large size and the stiffness of the steroid backbone and
the presence of the polar groups (three carbonyl and one
carboxyl) in different parts of the molecule, hindered

the formation of a structured water cage surrounding
the surfactant molecule and favoured the destruction
of the ‘‘icebergs’’. This increased the number of ‘‘free’’
(less hydrogen-bonded) water molecules that need less
energy to diffuse to the surface than those in pure water,
in spite of the structure-making effect of Na+ and OH)

ions. At very low concentration, the structure-making
effect of the small ions may be predominant, and at c4,
the large micelles may eliminate enough DHC) ions
from water contact to make the effect of the structure-
making ions predominant again.

The dependence of the (p0*)p*)/p0* ratio at 18 and
28 �C is depicted in Fig. 10, p0* being the vapour
pressure of pure water. The vapour pressure at 18 �C
decreased up to c2, and then there was a slight increase
and then a decrease between the cmc and c4. The de-
crease is caused by a rise in the number of particles in
solution with the total concentration, but at c2 a large
proportion of the added particles form aggregates.
Thus, the number of effective particles affecting the
colligative properties of water was much smaller than
the nominal one, and p* increased. Since micelles are
ionised but the acid-soap-like complex is not, and at the
cmc the number of particles must increase and p*
decrease. The behaviour at 28 �C above c2 was the
same; however, there was a difference below this con-
centration, because there was an increase in p* with
concentration. This may reflect the formation of the
acid-soap-like complex at a lower concentration when
the temperature was increased.

A comparison of the evaporation, the vapour pres-
sure and the adsorption results shows that the degree
of coverage of the solution surface by surfactant mol-
ecules did not affect the evaporation or the vapour
pressure. As was stated for more conventional soluble
surfactant solutions [19, 20, 21], the state of the surface

Fig. 8 The value of K (Eq. 2) of aqueous NaDHC solutions at
18 �C (squares) and 28 �C (circles). The different aggregation
concentrations are represented by diamonds

Fig. 9 The activation energy of K (Eq. 2) of aqueous NaDHC
solutions. The horizontal line indicates the pure water value, and
the different aggregation concentrations are represented by
diamonds

Fig. 7 The activation energy of the initial rate of evaporation of
aqueous NaDHC solutions. The horizontal line indicates the pure
water value, and the different aggregation concentrations are
represented by diamonds

174



monolayer did not affect these properties, in spite of
the very different structure of this interface. The satu-
rated monolayer of NaDHC is permeable enough to
water molecules to avoid the evaporation hindrance
observed when insoluble monolayers are spread on
water. Evaporation and vapour pressure changes were
affected only by the transformations occurring in the
bulk solution.

Conclusions

1. NaDHC molecules, giving rise to a strongly nonideal
monolayer once the acid-soap-like complex has
formed, rapidly saturate the air/solution interface.
Below this concentration, the surface is not saturated
and behaves as an ideal two-dimensional gas.

2. The evaporation rate of NaDHC solutions is not
affected by the degree of coverage of the surface.

3. The changes in the initial rate of evaporation and the
diffusivity of water from the bulk to the solution
surface are related to the changes in surfactant
aggregation.

4. The activation energy of the initial evaporation rate
in solutions is higher than that of pure water, and
follows the changes in the activity of water, which in
turn is related to the changes in surfactant aggrega-
tion. The activation energy of water diffusivity from
the bulk to the solution surface in some solutions is
lower than that of pure water, reflecting the structure-
breaking nature of NaDHC.
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Fig. 10 The relative decrease in vapour pressure versus the total
concentration of aqueous NaDHC solutions. The different aggre-
gation concentrations are represented by diamonds
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