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ABSTRACT. The adsorption mechanism of some biocompounds, e.g. two local anesthetics,
like dibucaine and tetracaine, and of stearic acid, from bulk solutions to the oil/water interface
was studied by using the pendant drop and ring methods. The biocompounds are
approaching the oil/water interface from the opposite directions, namely anesthetics from
water phase and stearic acid from oil phase. On the other hand, anesthetics are charged
species and stearic acid is uncharged under working conditions. The kinetic analysis shows
that Langmuir kinetic approach describes the dynamic interfacial pressures within the limits of
the experimental errors over a wide range of time and for different surfactant concentrations
in bulk solutions. It is also concluded that this approach allows the calculation of the ratio of
the adsorption and desorption rate constants of these biocompounds at the oil/water
interface. Obtained results are in substantial agreement with similar earlier reported data for
the adsorption of different surfactants at various oil/water interfaces as well as with their
molecular structure. The driving force for the adsorption of anesthetics (water soluble
molecules) is the hydrophobic interactions among the penetrated hydrophobic chains and the
oil phase, which are accompanied by the increase of the entropy of the system because of
the destruction of the ordered structure of water molecules formed around the hydrophobic
chains in aqueous phase. On the contrary, the driving force for the adsorption of stearic acid
(practically water insoluble compound) is the change in the enthalpy of the system due to the
hydration of hydrophilic polar head groups when they immerse in the water phase.

Key words: Dynamic interfacial pressures; dibucaine; tetracaine; stearic acid; oil/water interface;
Langmuir adsorption kinetics; adsorption mechanism.

INTRODUCTION

The adsorption kinetics of various surfactants at the liquid interfaces has
attracted a considerable attention in the last several decades [1-31] due to its
industrial importance [6, 7, 28] and to its biological and medical significance [32-39].
These studies have involved various experimental techniques and different theoretical
models describing the adsorption kinetics of surfactants at liquid interfaces.

Basically, the surfactant adsorption from a bulk solution to a liquid interface,
like liquid/gas [6-18] or to a liquid/liquid interface [1-6, 19-27], occurs in two steps.
Surfactant molecules are first transported from the bulk to the subsurface by
diffusion; the subsurface is a liquid layer just below the interface, belonging still to
the bulk. The second step consists of the transfer of surfactant molecules from the
subsurface to the interface, implying sometimes a transfer through a potential
barrier [25, 28-31]. The controlling rate may be either the diffusion or the transfer
(i.e. the adsorption is barrier-controlled) and several theoretical models have been
developed for both processes.
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For instance, the adsorption kinetics of some aliphatic carboxylic acids and
aliphatic alcohols [9-12], like 1, 9 nonane dicarboxylic acid and 1, 9 nonane diol [9],
was studied at the air/water interface and described by Langmuir kinetics,
considering the adsorption and desorption rate constants. Another example is
related to the adsorption of some salts of fatty acids, like sodium laurate [13-16],
sodium myristate [13-15], and sodium oleate [17], from aqueous solutions to the
air/water interface, which was analyzed by means of diffusion controlled kinetics.

Recently, the very slow adsorption of two anesthetics from water phase to
oil/water interface [4] and of stearic acid from oil phase to the oil/water interface [1]
has received a considerable attention using the diffusion controlled kinetics. The
calculated diffusion coefficient values are much lower values than the expected
physical values. Usually, this decrease is interpreted as the effect of the energetic
barrier to the adsorption according to the theoretical model proposed in [5, 29, 30].

The dynamic interfacial pressures of these biocompounds, namely two
anesthetics and stearic acid, will be further studied and characterized at the
oil/water interface by using the Langmuir kinetic approach. The strong adsorption
of both types of compounds, anesthetics and fatty acids, is due to the considerable
change in the free energy of the system due to the immersion of hydrophobic
groups and of hydrophilic groups into the oil and into the water phase, respectively.
Nevertheless, the mechanism of the change in adsorption free energy is different
for anesthetics than that for a fatty acid.

The main goal of this study is to analyse the experimental data recorded in
terms of the time dependent interfacial pressures for the adsorption of the two
anesthetics, like dibucaine and tetracaine, and of stearic acid at the same benzene/
water interface and to discuss the adsorption mechanism in Langmuir kinetic approach.

LANGMUIR ADSORPTION KINETICS AT LIQUID/LIQUID INTERFACES

Adsorption kinetics of a surfactant from the bulk solution to a clean (pure)
interface, without convection currents in the liquid [40], is described by the Ward
and Tordai’s diffusion [1, 4, 8] equation.

Previously, we found for these systems that experimental data cannot be
understood by a simple diffusion mechanism [1, 4] and we replaced it by the
Langmuir kinetic approach [9-11, 41] of the following form:

dr() _ _r_, r@®
T_klcs(l r ] ko r 1)

[oe]

where k; and k, are the rate constants for the adsorption and for the desorption
processes, respectively, and [, represents the maximum adsorption for the
saturation of the liquid interface with biocompound molecules.
o . dr(t)
Eqg. (1) is valid also at equilibrium, when T =0, M) = g and cs = co.

With these conditions Eq. (1) yields:
48
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k.co + K
k1CO = %re = kre (2

00

For some cases, with biocompound concentrations high enough, a
diffusion equilibrium can be thought to be established, involving ¢ = c,. In this case
[9], a combination of Egs. (1) and (2) entails:

dr
— ==Kk -T 3)
k(T
where K is the rate constant.
Integration of the Eq. (3) yields:

AT = Alge™ (4)

with Al =T - T, Al =T, - I, where Iy stands for the adsorption att=0, i.e. [ =0.
If the increase of adsorption is proportional to the decrease of interfacial
tension, Eq. (4) may be written as:

AG = Ao, e™ (5)
or in a logarithmic form:
Ao 0,-0
In—2 =In—2>——¢ =kt (6)
Ao 0-0,

where o, . and o, stand for the actual dynamic interfacial tension, for the
equilibrium interfacial tension, and for the interfacial tension in the absence of the
surfactant, respectively.

These equations derived for the Langmuir kinetic mechanism are considered
in more detail in the followings. For the beginning Eq. (6) has been tested in the
case of the two anesthetics, viz. dibucaine and tetracaine, and of stearic acid.

MATERIAL AND METHODS

Biocompounds used were two local anesthetics: dibucaine (2-butoxy-N-[2-
(diethylamino) ethyl] — 4 -quinoline carboxamide hydrochloride) and tetracaine (4-
butyl amino benzoic acid 2-(dimethyl amino) ethyl ester hydrochloride) and a fatty
acid, namely stearic acid (octadecanoic acid); all synthetic commercial products of
high purity (minimum 99%) were purchased from Sigma. The purity of biocompounds
was checked by thin layer chromatography and they were used without an additional
purification.

As oil phase, benzene pro-analysis was used and it was purchased from
Merck. We measured the interfacial tension as a function of time for the pure
benzene/aqueous solutions of pH 2 interface and a time independent value was
recorded. Thus, benzene did not contain surface active contaminants and, consequently,
it was used without additional purification. Twice-distilled water of pH 2 was used,
containing 0.01 mole/dm? of hydrochloric acid. The water had a resistivity of at least
18 Mohm cm and a surface tension at the interface with air of 72 mN/m at 25°C.
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In order to study the adsorption of the three biocompounds at the same
liquid interface, the benzene/water of pH 2 systems were chosen. In the case of
stearic acid, at pH 2, its adsorbed monolayer is an uncharged one, the molecules
being completely unionized [32, 34], and insoluble in water phase [32]. On the
other hand, dibucaine and tetracaine may exist in three forms [42] uncharged (free
base) and charged ones, i.e., monocation (mono-protonated) and dication (diprotonated)
molecules. The calculations show at pH 2, that the dibucaine is almost in mono-
protonated form, and the tetracaine is a mixture of monocation (45%, mono-protonated)
and dication (55 %, di- protonated) molecular species [42]; all molecular species
are completely insoluble in the bulk benzene phase.

Dynamic interfacial tensions in the time range from 1 minute up to 90 minutes
were measured by pendant drop and by ring methods for the following systems:
agueous solutions (pH 2) of various anesthetic concentrations at the interface with
pure benzene and benzene solutions of various stearic acid concentrations at the
interface with water of pH 2. Therefore, due to the very low solubility of anesthetics
in benzene and of stearic acid in water of pH 2, any transport across the benzene/
water interface can be neglected.

The pendant drop technique was described by us elsewhere [26]. By using
a computer program the dynamic interfacial tensions were determined. These values
were finally transformed into the dynamic interfacial pressures by subtracting the
actual interfacial tensions from the interfacial tension of the pure interface in the
absence of surfactants.

Experimental data obtained by the pendant drop technique were compared
with the data obtained by ring method, which was described by us previously [27,
35, 43]. The agreement between the two methods is good and the deviations do not
exceed the error of the individual method. The accuracy of the interfacial tension or the
interfacial pressure measurements was + 0.1 mN/m, in agreement with literature data
[23, 41]. All measurements were performed at constant temperature of 20 + 0.1 °C.

RESULTS AND DISCUSSION

Dynamic interfacial tension o(t) values obtained experimentally allowed us
to calculate the corresponding l1(t) = oo — o(t) interfacial pressure values. The T1(t)
versus time (t) curves, characterizing the adsorption process of the three
biocompounds investigated from bulk phase to the benzene/ water (pH 2) interface
are presented in Figs. 1-3. As can be seen, the interfacial pressures vary with
surfactant bulk concentrations and with time over a wide range of time, from 0 to 15
for local anesthetics and from 0 to 90 min for stearic acid.

Generally, the equilibrium interfacial pressures (1 e in mN/m) are recorded

at 30 min for anesthetics and at 120 min for stearic acid when the adsorption
equilibrium is completely attained and it is demonstrated by the constant value of
the interfacial pressures.

The validity of the Langmuir kinetic approach, given by Eq. (6), has been
tested by calculating the left hand side of this equation, by using the o(t) and o,
values (the latter ones being measured at 30 min for the two anesthetics and 120 min
for stearic acid). The interfacial tension of the pure benzene/water interface in the
absence of surfactant was taken g, = 34.7 mN/m under the chosen experimental
conditions.
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Fig. 1. Experimental dynamic interfacial pressure (I in mN/m) of dibucaine aqueous
solutions (pH 2) at the benzene/water interface, as a function of time (§ min). Figures
indicate the dibucaine bulk concentration (co in mole dm ™).

t, min

Fig. 2. Dynamic interfacial pressure (I in mN/m) of tetracaine aqueous solutions (pH 2) at the
benzene/water interface. Figures indicate the tetracaine bulk concentration co in mole dm?,
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Fig. 3. Dynamic interfacial pressure (I in mN/m) of stearic acid benzene solutions

at the benzene/water (pH 2) interface. Figures indicate the stearic acid
bulk concentration co in mole dm 3,

In order to explore Eq. (6), the logarithmic function versus t was
investigated and it was found that it exhibits a quite good linearity as it is shown in
a few examples given in Fig. 4 for the three biocompounds studied at the same
bulk concentration of 10 ** mole dm .
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t, min

Fig. 4. The logarithmic function versus time, Eq. (6), for the adsorption of dibucaine
(curve 1), tetracaine (2), and stearic acid (3) for the same biocompound
bulk concentration ¢, of 10 ® mole dm .
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As it can be seen in Fig. 4, the straight lines do not pass through the origin
of the coordinate system, and in reality Eq. (6) is of the following form:
Oy —O
—0 —€ =a+kt 7)
0-0,

y=In

By performing a linear regression, the parameters a and k have been
determined. Results are presented, together with the correlation coefficient (r), in
Table 1. In the last column n indicates the number of experimental points used in
the linear regression.

As shown in Table 1, the a values are different from zero, particularly for
stearic acid. This means that the basic hypothesis used for deriving Eqg. (6) is an
approximation and it is not perfectly valid, presumably because the diffusion
equilibrium is not completely established and the boundary condition ¢ = ¢4 is not
yet fulfilled.

Table 1
The a and k parameters of Eq. (7).
Biocompound Co a k r n
mole dm™ min’?

0.001 0.152 0.169 0.9932 15

Dibucaine 0.005 0.202 0.190 0.9918 15
0.01 0.284 0.234 0.9909 14

0.001 0.342 0.154 0.9966 15

Tetracaine 0.005 0.340 0.176 0.9974 14
0.01 0.330 0.199 0.9984 15

0.001 0.430 0.0397 0.9991 9

0.0018 0.374 0.0396 0.9977 7

0.0057 0.395 0.0406 0.9990 8

Stearic acid 0.012 0.439 0.0415 0.9978 8
0.018 0.568 0.0431 0.9994 9

0.051 0.566 0.0501 0.9949 10

Nevertheless, from the k values reported in Table 1, some conclusions can
be drawn. As seen, with increasing surfactant bulk concentrations ¢, the k values
derived increase. This effect is expected on the basis of the Eq. (2) written in the
following form:

k:ﬁ—]'CO +I_— (8)

and the k values versus ¢y exhibit indeed an acceptable linearity. To illustrate this
situation, the relative k/T', and ku/l',, rate constant values and the corresponding
correlation coefficients are presented in Table 2.
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Table 2
Relative adsorption (ki/T'., ) and desorption ( ky/T",, ) rate constants
derived by Eq. (8) from k values given in Table 1.

Biocompound Ke/T oo Ko/l o r ki/k>
mole™ dm® min™ min™ mole™ dm®

Dibucaine 7.25 0.159 0.9914 45.6

Tetracaine 4.99 0.149 0.9988 33.5

Stearic acid 0.212 0.0392 0.9990 5.4

The analysis of data shown in Table 2 shows a quite good validity of Eq. (8).
The relative rate constant values are rather reasonable and their ratios are in agreement
with the published data for the adsorption of various surfactants at liquid interfaces
[9-11].

ADSORPTION MECHANISM AT THE OIL/WATER INTERFACE

To give a better view on the adsorption mechanism, in Fig. 5, we have
sketched the change of energy E versus distance Z to the interface and illustrated
the energetic barriers for the adsorption and desorption process at the liquid-liquid
interface.

The adsorption rate k; constant depends on the activation energy of
adsorption, noted E;, by the following relation k; ~ exp (- Ei/kgT), where kg and T
have their known meaning, and E; > 0. Similarly, the desorption rate k, constant
depends on the activation energy of desorption, noted E, (E, > 0), by the relation k;, ~
exp (- Ex/kgT). Evidently, E,= E; - E,, where E, is the adsorption energy. For E, > E;,
the adsorption energy is negative (E, < 0) and the surfactant molecules spontaneously
adsorb at the oil/water interfaces. The ki/k; ratio gives the equilibrium adsorption
constant (K) given by K ~ exp (- Eo/kgT), which does not depend directly on the
adsorption barrier.

In the case of anesthetics, the molecules adsorb from water to the oil/water
interface by penetrating their hydrophobic chains into the oil phase. Their adsorption at
the oillwater interface is controlled by the hydrophobic effect. According to this effect,
the hydrocarbon chains in aqueous phase are surrounded with ordered water
molecules [10]. In the activated state for adsorption, the water soluble anesthetic
molecule is assumed devoid of the structured water [10] and the transition of
hydrated molecule to its activated state is entropic. In fact, a change in entropy
appears and it is due to the destruction of the ordered layers of water molecules
around the alkyl chains. Even more, the activation E; energy of adsorption for the
water soluble ionic compounds, like the two anesthetics, depends on the surface
potential and of electrostatic interactions between ionized polar groups. Then, the
activated state molecule gives the adsorbed anesthetic molecule (i.e. adsorbed
state) at the oil/water interface with its polar head group hydrated and hydrocarbon
tail immersed in the oil phase.
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Fig. 5. Relation among the adsorption barrier E; (i.e. activation energy of adsorption), desorption
barrier E; (i.e. activation energy of desorption) and the adsorption energy ( Ea).

The adsorption k; rate constant is related to the transition energy (E;) of a
hydrated ionized anesthetic molecule in water (i.e. solution state) to its activated
form (i.e. activated state). The driving force for adsorption, expressed by the
adsorption rate constant, is at least in part entropic and might depend on the chain
length and seems to be related to the hydrophobic effect. The activation E; energy
of adsorption for the ionized anesthetics depends also on the surface potential and
on the electrostatic interactions between ionized polar groups.

On the other hand, the desorption k, rate is related to the transition energy
of the adsorbed anesthetic molecule at the oil/water interface to its activated
complex described above, still in the water phase near the interface, devoid of its
structured water particularly around its hydrocarbon chain. The desorption process
apparently does not depend on the hydrocarbon chain length as we found in the
case of anesthetics (see Table 2). This process is enthalpic and the activated
molecule transforms into a surfactant molecule with the structured water around it
in the aqueous phase. The desorption barrier E, is higher than E; and the
adsorption E, energy depends on the surface potential and on the adsorption
energy of the hydrophobic tail.

In a first approximation, in the case of stearic acid, the adsorption energy
and desorption barrier are assumed to be almost equal in magnitude mainly to the
energy of transfer of the polar head group from the oil into the water phase.
Because the hydrocarbon tail remains in the oil phase, the adsorption barrier is
expected to be small and it might characterize the state of the adsorbed molecules
due to the molecule reorientations in the oil/water interface [3]. Presumably, the
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long saturated hydrocarbon chain must undergo a great number of conformational
transitions to allow the polar headgroup of stearic acid to adopt a proper orientation
and penetrate into the oil/water interface.

Stearic acid molecules adsorb from oil phase to the oil/water interface by
immersing their unionized polar groups into the water phase. The driving force for
the adsorption of stearic acid is the change in enthalpy due to the hydration of its
adsorbed hydrophilic groups. Thus, stearic acid adsorbs strongly at the oil/water
interface because the hydrophilic polar groups anchor and hydrate in water phase
and may admit the possible conformational rearrangements in the adsorbed layer.

Returning to our data recorded in Table 2, one can observe that the
relative adsorption k,/T',, rate constant for dibucaine is higher than the ki/I',, value
for tetracaine, pleading for an adsorption barrier (i.e. an activation energy of
adsorption) for dibucaine smaller than the corresponding one for tetracaine. This
finding is also supported by the fact that the dibucaine is monocationic while
tetracaine is a mixture of monocationic (45%) and dicationic (55%) forms, under
the given working conditions. Therefore, it becomes clear that the electrostatic
repulsion between the ionized polar groups represents at least a part of the barrier
to the adsorption of the new arrival molecules.

Further, the relative desorption k,/T'., rate constants are almost equal for
both anesthetics and independent on the chain length, the chain being longer for
dibucaine that for tetracaine. Thus, monolayers of anesthetics at the oil/water
interface desorb at almost the same rate, also independent of the ionic molecular
species existing within the monolayers.

It is interesting to compare the ki/k, ratios, given also in Table 2. These
ratios represent the equilibrium adsorption constants, given by K ~ exp (- Es/ks T),
which are dependent on the adsorption energy and they are not dependent directly
on the adsorption barriers. The equilibrium constants or the adsorption energies
characterize the interfacial activity of these biocompounds at the oil/water interface.
The value for dibucaine is higher than the corresponding value for tetracaine
suggesting a higher interfacial activity of the dibucaine in excellent agreement with
the interfacial pressure measurements.

It is to further observe an obvious similarity in the adsorption behaviour
between these two types of biocompounds, i.e. anesthetics and stearic acid. They
spontaneously adsorb at the oil/water interface leading to the decrease of the free
energy of the system, but the mechanism of the adsorption is different as discussed
above and consequently, the rate constants are determined by different factors.

Therefore, the adsorption of the two anesthetics and of stearic acid has
completely different adsorption energy and adsorption barriers and different
mechanism of desorption at the oil/iwater interface. However, the relative desorption
rate ko/l',, constants from monolayers of ionized anesthetics molecules are much
higher than the corresponding value for monolayers of non-ionized stearic acid
molecules at the same interface benzene/water of pH 2. This finding is plausible
because the stability of the uncharged monolayers [32], like stearic acid on pH 2, is
generally higher than that of the charged monolayers, namely mono-protonated
dibucaine monolayers and the mixture of monocation and dication for tetracaine
monolayers. At high interfacial pressures at the saturation of monolayers, the charged
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molecules desorb faster being expelled from monolayers by the high lateral
pressure and being loosed from monolayers of ionized anesthetics molecules due
to the repulsive interaction forces.

Furthermore considering the equilibrium adsorption of stearic acid I',, = 2.1 10 10
mole/cm? at the saturation [26] of monolayers at the benzene/water interface, the
desorption rate constant k; in value of 8.26 10" molecules cm™? s was calculated.
This value of the desorption rate constant k; of stearic acid from the oil/water interface
appears as a plausible one, still higher than the desorption rate constant k, for the
spread monolayers eg. hexadecanol monolayers [40] desorb at a rate of about
0.5 10" molecules cm™ s™ from the air/water interface.

Again, in spite of the different mechanism of desorption at the two different
fluid interfaces, the difference between the two desorption rates might be explained
due to the higher cohesive forces in the spread surfactant monolayers at the
air/water interface than in the adsorbed monolayers at the oil/water interface. In
adsorbed layers the oil molecules penetrate among the hydrocarbon chains of
adsorbed stearic acid molecules diminishing the molecular interactions among the
adsorbed biosurfactant molecules [27, 40, 43] and, consequently, the adsorbed
molecules at the oil/water interface might desorb at a higher rate than the spread
ones at the air/water interface.

CONCLUSION

The adsorption behavior of anesthetics (water soluble ionized dibucaine
and tetracaine) and of stearic acid (oil soluble), which adsorb from the water phase
and the oil phase, respectively, at the oil/water interface shows a certain type of
similarity.

In the case of stearic acid, the molecules adsorb from oil phase to the
oil/water interface by immersing their unionized polar groups into the water phase.
Unlike the anesthetics, which are water ionisable soluble compounds, the driving
force for the adsorption of stearic acid is the change in enthalpy due to the
hydration of its adsorbed hydrophilic groups when they immerse in the water
phase,

In the case of anesthetics, their adsorption at the oil/water interface is
controlled by the hydrophobic effect, accompanied by the increase of the entropy
due to the destruction of the ordered layers of water molecules structured around
the alkyl chains, by the electrostatic interactions among the ionized polar groups
oriented in the adsorbed layer and by the hydrophobic interactions among the
hydrophobic chains and the oil phase.

The understanding of the adsorption kinetics and of adsorption mechanism
of these biocompounds at fluid interfaces is important for the description of their
dynamic surface properties. Nevertheless, the adsorption of these biocompounds
at the oil/water interface might have an important role in vivo in various biological
systems and in different pharmaceutical and biomedical processes.
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