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SUMMARY

Mass transfer of surfactant molecules from the bulk to the fluid interface determines time-
dependent variation in surface tension known as dynamic surface tension. Many biological and
industrial processes that involve the formation of drops or bubbles or free surface flows are
influenced by dynamic surface tension. In particular foamability, printability and foam/emulsion
stability are affected by the dynamic adsorption of surfactant molecules. In addition to bulk
diffusion and adsorption-desorption fluxes that control the rate of mass transfer for non-ionic
surfactants, the effects of the electrostatic potential created by adsorbed surfactants must be
accounted for the mass transfer of ionic surfactants. In this study, the dynamic surface tension
(DST) and dynamic adsorption of ionic surfactant cetyltrimethylammonium bromide (CTAB) and
four bile salts are characterized and analyzed using maximum bubble pressure (MBP) tensiometry.
The interfacial adsorption of CTAB and bile salts is a relatively fast process, and surface tension
variation timescales (<50 ms) inaccessible in measurements with Du nouy ring, Wilhelmy plate,
and pendant drop methods. A home-built MBP tensiometer is utilized for obtaining dynamic and
quasi-equilibrium surface tension data. The time evolution of surface tension is analyzed using a
full transient model for mass transfer of ionic surfactants that accounts for non-stationary interface,
charge, and diffusion, and the quasi-equilibrium surface tension data are analyzed by using
Frumkin and van der Waals isotherms. Surface concentration, surface potential, Gibbs elasticity,
critical micelle concentration is obtained for CTAB and four bile salts. In addition, the CTAB data
are analyzed to determine an apparatus constant that allows computation of the universal surface
age, that corrects for the influence of non-stationary interface as bubble surface is younger than
nominal surface age obtained from MBP method. The dynamic adsorption data for bile surfactants
shows a more rapid adsorption to the interface, and the quasi-equilibrium datasets indicate that

xii



even though bile micelles are highly surface active, the effectiveness as surfactants for reducing

surface tension values is quite limited.
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1 INTRODUCTION

1.1 Surfactants Active Agents

Amphiphilic molecules like lipids and soaps that contain both hydrophilic and hydrophobic
groups, spontaneously adsorb at water-air interfaces. The adsorption of such surface active agents
leads to a change in interfacial properties including surface tension. Due to their surface activity,
surfactants play an important role in many industrial applications (1) and biological processes (2)
as self-assembled micelles, cell membranes and vesicles, as foam and emulsion stabilizers, as
soaps and detergents for solubilizing dirt and oils (3), as denaturing agents, as frothing agents in
food and beverage industry as well as in mining operations, among others. Adsorption times of
amphiphiles and their influence on interfacial properties, depends on physicochemical properties
of the surfactant, including chemical structure, size, and type of hydrophilic tail, charge (if
present), etc. Surfactant molecules are typically categorized according to their charge and the shape

of the surfactant molecule.

Surfactants can be classified as ionic, amphoteric or nonionic, depending on presence or absence
of charge. The presence of charge influences functionality and properties of surfactants in
processes where interaction with other charged molecules is involved. In the context of foams,
emulsions or biological membranes, adsorbed ionic surfactant molecules create an electrical
potential that affects the mass transport and adsorption of other charged species (proteins,
surfactants or drug molecules) to the interface. lonic surfactants also contribute electrostatic forces
that influence the drainage and stability of thin films, influencing stability and properties of foams

and emulsions (3).



Many surfactants that are used as soaps and detergents comprise of a charged, hydrophilic head
and hydrophobic tail. A typical example of such surfactant is cetyltrimethylammonium bromide,
known as CTAB (Figure 1). In this study, we investigate properties of CTAB and contrast their
behavior with the bile salts. Unlike CTAB which is a cationic surfactant, bile salts are anionic, and
as their chemical structure contains steroid ring system, bile salts have a rigid, flat and slightly
curved structure (2) (Figure 2). CTAB dissociates into Cetyltrimethylammonium (CTA +) and
counterion bromide (Br -) when added to water, and it is used in industry to isolate DNA from
tissues (4, 5), as a medium for self-assembly nanoparticles (6) and production of gold or silver
nanorods (7). On the other hand, bile salts are bio-surfactants present in digestion and they
participate in processes such as nutrient absorption, transport of food residues, solubilization and
transport of insoluble fats and nutrients in the small intestine, and digestion of lipids (2). The nearly
flat shape and rigid structure of bile influence their self-assembly as well interfacial properties
including their packing and local interactions as well as dynamic of adsorption and desorption.
Human bile contains a mixture of bile salts that are produced by the liver for digestion of lipids.
Due to the difference in the number, position and stereochemistry of conjugated amino acids
(taurine or glycine) and hydroxyl ions, the surface activity and self-assembly of each bile salt needs
to be evaluated separately. Furthermore, bile salts not only play a critical role in physiological
processes, bile salts are also fast emerging as valuable biosurfactants with applications in
healthcare and pharmaceuticals. For instance the design of healthier foods to avoid obesity (2), the
combination of drugs with bile salts for the creation of specific drugs to act in the liver (8), the
control of lipid digestion to reduce levels of cholesterol and saturated fats (9), and extraction of

DNA for later analysis as vehicles for gene delivery and gene transfection (5). Understanding and



quantifying interfacial properties including DST of bile salts is an important step towards

addressing challenges in the field of medicine and pharmaceuticals.
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Figure 1. Chemical structure of CTAB molecule.
CTAB is a cationic surfactant molecule
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Figure 2. Schematic structure of the bile salts and the chemical structure of the studied bile
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Surfactants like CTAB and bile salts spontaneous adsorb at the air-water interface, and the
measurement of surface tension and other interfacial properties can be used for determining the
hydrodynamic and thermodynamic properties of such amphiphilic molecules. Mass transfer of
surfactant molecules from the bulk to a freshly created fluid interface occurs over a finite time and
the time-dependent variation in surface tension known as dynamic surface tension. Dynamic
adsorption itself depends on the transport mechanism (role of diffusion, adsorption-desorption,
and migration or transport of charged species in the response to an electric field). The measurement
of dynamic surface tension, allows a comparison between the adsorption time of surfactants, in
fast processes like drop or bubble formation or generation of foams or emulsion and in the rapid
and precise transfer of fluids as in printing technologies. Therefore, dynamic surface tension
effects foamability, foam stability and emulsion stability (10, 11) and printing(12). In this study,
we describe the measurement of DST using maximum bubble pressure technique, as discussed

next.

1.2 Maximum Bubble Pressure Technique

Dynamic surface tension can be measured by different techniques typically used for making
equilibrium surfaces tension measurements such as shape analysis methods (sessile drop and
pendant drop tensiometry), force-based method (Wilhelmy plate, du Nuoy ring) and Laplace
pressure measurement (as in maximum bubble pressure (MBP) tensiometry). Each method has a
range of measurable time scales, limiting the shortest and longest time for which surface tension
variations can be evaluated (Figure 3). Macromolecules or proteins take longer times to populate

the interface, thus they require techniques with longer time scales. Shape analysis methods like



pendant drop tensiometry as well as force-based techniques such as Wilhelmy plate and Du Noty
ring are well studied for such an application. On the other hand, for small surfactant molecules,
adsorption times are shorter, and the conventional techniques are of limited value. However,
maximum bubble pressure method can measure dynamic surface tension significantly fast
adsorption kinetics and for adsorption of milliseconds to minutes (13). Maximum bubble pressure
is a technique that consists in producing fresh interface by creating a solution at a constant flow
rate through a capillary that is submerged into it. The pressure inside the bubble is measured, and

surface tension is evaluated by means of Laplace equation (14).
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Figure 3. Dynamic surface tension: Techniques and Timescale (15, 16).

Techniques as Oscillating Jet and Maximum Bubble Pressure can measure surface tension at
short time scales. While Pendant Drop and du Noly ring are suitable for measuring the
effectiveness of molecules which take longer times to reach interfaces such as polyelectrolytes,
proteins, and large molecules.



Maximum bubble pressure tensiometry is particularly suitable for analysis of dynamic surface
tension effects associated with fast events and fast diffusion process. Short times make this
technique attractive among the other techniques in the market although this method has its
limitations. For example, dynamic surface tension data measured using different MBP apparatuses
differ among themselves, because adsorption occurs at a moving interface [see next section for
detailed discussing] and the presence of convective mass transport makes quantitative comparisons

harder.

Due to the differences between measurements made with different MBP tensiometers and between
MBP and other tensiometry techniques, several authors including Christov et al. (13) and
Frainerman et al. (17) developed theoretical arguments and analysis protocols to standardize the
measurements made with MBP method. Christov et al. (13) determines an apparatus constant that
accounts for contributions by convective transport to the nonstationary interface and the apparatus
constant is used for calculating a corrected universal surface age. Fainerman et al. (18) evaluated
a critical pressure and a critical flow rate for bubbling to jetting transition and developed that a
formula based on these values to define an effective adsorption time that they call a surface
lifetime. The surface lifetime computed in this protocol allows measurement of sub-millisecond
adsorption processes; but as aperiodic and chaotic bubbling can occur even before jetting sets-in,
the accuracy of their measurement at short time-scales is questionable. In this study, the approach
described by Christov et al. (13) is followed for its appears to more theoretically robust.
Furthermore, Christov et al. (13) describe the transport model that can be used for capturing

variation in surface tension, as is discussed next.



1.3 Adsorption of amphiphiles

For non-ionic surfactants, the transport of surfactant molecules to the static interface depends on
two transport mechanisms: diffusion (from bulk to subsurface) and adsorption-desorption
(subsurface-interface). Ward and Tordai (19) developed the first comprehensive model for the
describing transport of surfactants from bulk phase to an interface. When diffusion times are longer
than the adsorption-desorption times, diffusion is said to be the transport-limiting step and a local
equilibrium is assumed between the subsurface and the surface. However when the adsorption-
desorption times are longer, an adsorption barrier is said to exist between the subsurface and

surface, and the adsorption-desorption is modeled by a kinetic model (20).

In the case of ionic surfactants, the mass transfer to the interface is affected by the potential
generated due to the charge density produced at the interface due to the adsorption of surfactants.
Three different approaches have been proposed to model the mass transfer of ionic surfactants to
the air-water interface (21) that is considered energetically homogeneous. The first model accounts
for the effect of electrical potential on bulk transport, involves the solution of Nernst-Planck
equation to account for both diffusion and migration (in response to electric field), and either
assumes an equilibrium between the subsurface and surface, or account for sorption-desorption
using an equilibrium or kinetic model (22, 23). The second model, called quasi-equilibrium model,
neglects the effect of the electrical potential of the diffusion process, and the adsorption-desorption
of the surfactant between subsurface and surface can be assumed in equilibrium or kinetic model
(21, 23). Finally, the third approach uses a free-energy formulation, wherein the electrochemical
potential is used and effect of entropy at the interface and in the bulk are all accounted for in a

non-equilibrium formulation (24).



In this study, we will follow the formulation and the analytical solution (for long-time asymptotics)
developed by Danov et al. (22) and utilized by Christov et al. (13) for analyzing dynamic surface
tension data, because it takes into account the interfacial expansion that is present in the maximum
bubble pressure method, and additionally also account for the influence of electrostatic potential
on the mass transfer process (first approach). The analytical solution obtained in this model makes
it attractive compared to other solutions proposed to evaluate the electrodiffusion model (23). For
example, MacLeod and Radke (23) presented a numerical solution to for their model for mass
transfer of ionic surfactants, but as convection term is not included, the laborious numerical is less
insightful than the model from Danov and coworkers (22). The thermodynamics of adsorption will
be evaluated following the approach described in Kralchevsky et al. (25), where the quasi-
equilibrium surface tension data from MBP measurements are compared to the isotherm models,

to determine the value of surface potential and surface excess for counterion and surfactant.

1.4 Motivation

The dynamic surface tension (DST) and dynamic adsorption of ionic surfactant
cetyltrimethylammonium bromide (CTAB) and four bile salts are characterized and analyzed using
maximum bubble pressure (MBP) tensiometry in this study. Due to the relevance of bile salts in
physiological processes including digestion, a large number of studies (from the physical
chemistry perspective) have focussed on the solubilization of fats by micelles (26-29) and were
carried out using a mixture of bile salts to emulate the conditions within the human body (8). Only
a countable few studies examine the dynamic adsorption of bile salts. The dynamic surface tension

measurements have been reported only for a few concentrations of sodium taurocholate and



sodium glycodeoxycholate (2, 30), and to the best of our knowledge, have not dynamic surface
tension measurements have not been reported for sodium cholate and sodium deoxycholate. The
lack of data is possibly due to the fact that fast rate of interfacial adsorption requires the use of
maximum bubble pressure tensiometry as more readily available techniques (like pendant drop
tensiometry or Wilhelmy plate methods) lack the time resolution necessary for carrying out the
necessary measurements. In the case of thermodynamic of adsorption, maximum surfaces excesses
have only been reported for sodium deoxycholate (29) and sodium cholate (29, 31, 32), these data
have been determined by Gibbs equation or have been obtained by assuming that these charged
molecules follow models developed for non-ion surfactants (31). The present is study is motivated
by the need for more extensive data on dynamic surface tension and analysis of dynamic adsorption
of bile salts with theoretical model that accounts for charge on the surfactant as well as counterion
binding in the adsorption layer, similar to the approach described by Kralchevsky et al.(25) for

surfactants like sodium dodecyl sulfate (SDS) typically used as soaps and detergents (25).

In the present study, we focus on the dynamic adsorption of four bile salts. We first optimize the
experimental procedure and analysis framework by examining the adsorption kinetics of CTAB
using maximum bubble pressure tensiometer. The time evolution of surface tension is analyzed
using a full transient model for mass transfer of ionic surfactants that accounts for non-stationary
interface, charge, and diffusion, and the quasi-equilibrium surface tension data are analyzed by
using Frumkin and van der Waals isotherms. The dimensionless apparatus constant for our MBP
apparatus is evaluated by using dynamic surface tension data and equilibrium surface tension data,
and this allows an estimation of universal surface age. The analysis of quasi-equilibrium surface
tension data includes consideration of both counterion binding and electrical double layer (EDL)

and finally, additional parameters such as Gibbs elasticity, the energy of adsorption, and area per
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molecule are determined. The analysis protocols are then repeated for the four bile salts. The
present thesis includes extensive data sets acquired for dynamic adsorption of bile salts and a
thorough analysis of fluxes that contribute to mass transfer and thermodynamic effects that affect

adsorption behavior.
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2 BACKGROUND THEORIES

2.1 Dynamic adsorption of surfactants

In agueous solutions, amphiphilic molecules like CTAB and bile salts spontaneously adsorb at the
liquid-gas interface. The transfer of these amphiphiles molecules from the bulk to the fluid
interface is driven by a chemical potential gradient, which eventually leads to an equilibrium
concentration at the interface (24). As the concentration of adsorbed surfactant increases at the

interface, surface tension decreases (Figure 4) over time.

Air L A I Air I
S L — ol 5% & zusz Lt
R -~ ¢ A
| O s = <

Figure 4. Schematic showing the dynamic adsorption of surfactants

When a surfactant is added into the water at time zero, surfactant chemical potential is zero at
the interface while in the solution it is greater than zero. Therefore, a chemical potential gradient
induces the transport of surfactant molecules to the interface until equilibrium is reached.
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For non-ionic species, mass transfer from the bulk to the interface is controlled by two dynamic
processes: diffusion and adsorption (21). Surfactant molecules are transported from the bulk to a
subsurface by diffusion (gradient of concentration) and then from the subsurface to the interface
by adsorption (also known as a jump to the interface). When the adsorption is faster than diffusion,
the transport of the surfactant is controlled by diffusion and a local equilibrium between the
subsurface and the interface can be assumed, which can be modeled by an isotherm. For a freshly
created interface, diffusion is usually the rate limiting step (see Step 1 in Figure 4). In the late
stage, adsorption is the rate-controlling process, and a kinetic relation is needed (33). The latter
case occurs due to the formation of an adsorption barrier due to the configuration and orientation
of adsorbed molecules, an increase of surface pressure at the interface, or due to fewer sites of
adsorption. Though the dynamic adsorption of ionic surfactants involves additional effects due to
the presence of charge on surfactant and counterions, as well at the interface, flux contributions by
diffusion and adsorption-desorption are also present. Surface tension against t™”2 plot helps to
determine whether it is diffusion-controlled or adsorption controlled. If surface tension shows a
linear dependence with t2 for a long time, the process is diffusion-controlled, otherwise, an
adsorption barrier is said to exist (31). In this work, it is assumed and verified that for the case of
CTAB, the process is diffusion-controlled at long times. Unlike non-ionic surfactants that display
diffusion-limited Kinetics at short time scales, the ionic surfactants are deterred initially by the
presence of a barrier, and even with maximum bubble pressure tensiometry, the resistance of
adsorption at an early stage of dynamic adsorption is often not captured, as discussed later in the
thesis. For ionic surfactants, an electrostatic diffuse layer (see Figure 5) appears near to the surface
due to the charged interface, which affects the mass transfer of the molecule surfactant. The

complete analysis of mass transfer to the interface turns out to be a singular perturbation problem,
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and since a detailed analysis can be found in Danov et al.(22), only highlights of the underlying

physics and final asymptotic solution, with relevant assumptions, are summarized in the following

pages.
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Figure 5. Schematic showing interfacial adsorption area of ionic surfactant solution. lonic
surfactant dissociates in aqueous solution into surfactant ions and counterions.
Surfactant ions adsorb at the interface while counterions adsorb at the Stern plane. Charged
surface generates a diffuse electrical double layer (EDL). From the end of the EDL to further
the solution is electroneutral. Surfactant molecules diffuse until the subsurface and from the

latter, they adsorb to the interface.

The surfactant transport from the bulk to the interface is defined by the conservation equation,

which considers convection, diffusion, migration (34).

Here C, is a concentration of the ion i; D,

F
= {DIVZCI. ¥ Dijé—]"v o(CVy)

(1)

is the diffusion coefficient the ion i; ¥ is the

electrostatic potential; F is the Faraday constant and z; is the charge of the ion. For ionic

surfactants and mobile interfaces, the migration and convection terms need to be considered

respectively. Here we follow the notation and framework described by Danov et al. (22). The

conservation equation for a system with continuously expanding interface can be rewritten as:
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Here ¢ is the dimensionless electrostatic potential and ¢ represents the interfacial expansion rate

as convection contribution defined by Danov et al. (22). The first term represents contribution by

diffusional and migration fluxes respectively.

When the diffusion layer is smaller than curvature radius, the bubble surface can be modeled as a
planar interface (applied for curvature radius larger than or equal to 100-150 um). In our MBP
set-up the minimum curvature radius (capillary radius= 130um) is large enough, (assumption is

thus valid), therefore it is reasonable to consider it as a planar surface (22).

The potential is related to charge distribution by using a Poisson-Boltzmann equation that
combines the Poisson’s formula for potential distribution with the statistical ion density that

follows Boltzmann distribution:

o’y F
ox? :_;Z‘Zici @)

The & parameter is the permittivity of the solution. Out of the EDL, the solution is considered as

electroneutral. Therefore:

2.,4C.. =0 ©)
The concentration of ion i at x — oo is the parameter C, . The first boundary condition is given

by the mass balance between amount adsorbed and the amount of surfactant in diffuse layer.

dr oC. . 3¢
i+¢T =D | —+C =
a & ’Lax " ’ax]xzo ©)
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The surface concentration of the ion 1 is the parameter I';. The second boundary condition is

obtained from electric field intensity is,

o) __ K
(axjx_o_ 2C,, (FZ Fl) ©

Kk 1s the Debye length that is the same thickness of the EDL.

Finally, using Gibbs adsorption equation, in order to connect surface tension with surface
concentration, and replacing terms, leads to the following expression which is an asymptotic

approximation for long times derived by Danov et al. (22):

S

4

Y =7e +m (7

s _ kTnyeq}L( 1 1 j

y (ﬂ'Deﬁ )1/2 C +C (8)

1o 200

Where A is a constant for each MBPM apparatus that rely on the surface expansion rate of the
bubble (13), and allows comparing dynamic surface tension data among tensiometers. The

universal surface age is defined as the ratio of surface age (experimental one) by A2.

t, =2 ©)

This apparatus constant A can be calculated either from shape analysis of the bubble growth
(measuring rate area change per time) or can be calculated directly by fitting dynamic surface
tension data obtained from a tensiometer with immobile interface and contrasting it with data from

a tensiometer with mobile, nonstationary interface (for example using MPB measurements) (13).
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The first fitting (non-mobile interface) can also be evaluated from the fitting of equilibrium surface

tension curves with an equation of state.

From shape analysis of the bubble, a function of the change of interfacial area with time can be

determined. The apparatus constant can be evaluated using the following equation.

2= Ion(_ld)%[ A(t,)]d, (10)

Here z, and A4 are dimensionless time and area respectively; z, and 7, are integrals of the
dimensionless area with the time that goes from 0 to 1 for the first one and from O to t; for the
latter one. From fittings of dynamic surface tension and equilibrium surface tension curves, S, and

S,, can be calculated respectively, and A can be evaluated as follows.

A=S,1S,, (11)
The S, is a constant obtained from the slope surface tension versus t™* for long times and S, 6

is determined by the following expression:

KTT?

leq

g —__ e
7.0 (ﬂ_D)llz y+C. (12)

I, ., is equilibrium surface concentration of the surfactant ion; y is the activity coefficient.

2.1.1 Dynamic Surface Tension

Dynamic surface tension refers to the change of surface tension with time. For the pure solvent,
there is no change in surface tension with time because the interfacial composition and

intermolecular interactions do not change with time. In the case of solutions, the change of surface
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tension could be positive (salt) or negative (surfactant), depending on the interactions between the
surfactant molecules, solvent-solvent molecules, and surfactant-air molecules (or second phase).
Dynamic surface tension graph indicates the decrease in surface tension with a surfactant as well
as the rate with surfactant populates the interface (Figure 6). At time zero, the surface tension is
equal to the solvent surface tension because surfactant molecules have not reached the interface.
When the slope of the curve of dynamic surface tension is almost zero, surface tension is equal to
the equilibrium surface tension. In maximum bubble pressure tensiometry, often quasi-

equilibrium values are measured (as shown in the example below).

75 — T T T T 1
— 9 0.58mM CTAB
70 | i
%I
— 65 i
£ ?
zZ L\
£,
— 60 I1 7]
-
“‘a\ 111
55 - \_’*“*¥———7_g... ....... _ _
(0] I S S S S NN S|
0 1 2 3 4 3 6
tapp [s]

Figure 6 Dynamic surface tension data corresponding to the dynamic adsorption sketched
in Figure 4.

Apparent surface age (t,pp) is the adsorption time measured using MBP tensiometer without

applying a correction for expanding interface. Stage | shows that nearly clean interface when the

surface tension values are similar to the value for a pure solvent. Stage Il shows the decrease of

surface tension value as the surfactant concentration increase in the interface. Stage I11 shows that

a quasi-equilibrium has been reached.
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Dynamic surface tension measurements by tensiometers where surface area is fixed during the
adsorption period differ from the ones where surface area is expanding constantly while surfactants
are adsorbing at the interface. In the case of maximum bubble pressure, convection will influence
the transport of surfactants to the interface (13). The raw data obtained from maximum bubble

pressure tensiometer needs to rescaled using apparatus constant as discussed earlier.

2.1.2 Equilibrium Surface Tension

The equilibrium surface tension refers to the surface tension reached when the gradient of chemical
potential between the bulk solution and the interface becomes zero for all active surface agents
present in the solution (24). Dynamic surface tension shows the change in surface tension with
time, which is correlated with change in concentration and conformation/packing of surfactants at
the interface. Surface tension eventually attains constant time invariant value. At this stage, the
system has attained the equilibrium and the surface tension at that point is equilibrium surface
tension (ST). Values for the equilibrium surface tension should be taken at intermediates times in
order to avoid the effect of impurities which lower the ST due to high surface activity (35).
Equilibrium surface tension decreases with increase in the concentration of the surfactant. A rapid
change or sharp transition in the slope of equilibrium surface tension curve with concentration is
observed. The concentration at the end of the sharp transition is the critical micelle concentration
(CMC). Beyond CMC, surfactants in the bulk self-assemble to form agglomerates called micelles,

and the shape and size of micelles depends on the concentration of surfactants as well as the



19

geometric shape and interactions. Above CMC, surfactant exists in a dynamic equilibrium between

aggregated state, adsorbed to the interface and as monomers.

From equilibrium surface tension data, the isotherm that relates the surface concentration with the
subsurface concentration can be determined, following the algorithm established by Kralchevsky
et al. (25). In this approach, an equation of state that accounts for the counterion binding and the
effect of the electrostatic double layer (EDL) is used for fitting the equilibrium surface tension

data.

The algorithm works as follows. Firstly, the subsurface concentration is calculated using
Boltzmann’s distribution and dimensionless surface potential value ¢ is assumed as initial value

of the posterior iteration.

a‘is = a'ioo (_Zi¢s) (13)

. Z.e . . .
Where a, =+yC, , z, =% and & :Ik—1v'/s . C, Is the concentration in the subsurface and the

is 7 i Zl
activity coefficient (+y)is considered as 1. Then an estimated surfactant surface concentration

(Iy) is calculated from Frumkin and Van der Waals isotherm, by assuming values for the constants

£, T, K and K,, as discussed next.

Frumkin isotherm

r 20
Ka,. = I _exp| ——1
® T, -T, p( kT ) (14)
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van der Waals isotherm

(15)

o0 1

r I, 240
K — 1 ex 1 _ 1
®TT T 'O(rm—rl KT J

Frumkin model refers to localized adsorption while van der Waals model refers to non-localized
adsorption (36). Here the parameter g reflects the interaction of the molecules that are adsorbed
to the interface. For air-water interface, the value of g > 0 and this parameter characterizes the
attraction between hydrocarbon tails. In the case of the oil phase, g = 0. The maximum surface
excess I is reached when surfactant molecules are closed packed at the interface (37). In the
case of Frumkin isotherm 1/T"_ express the area per adsorption site, and I is a scale parameter,
whereas in the case of van der Waals isotherm (see equation 15), 1/T"_ refers to the excluded area

per molecule (37, 38).

The parameter K is related to the activity of the surfactant and to the free energy of adsorption i.e

energy gained from bringing a surfactant molecule to the interface (38).

K= Kl +Zi:2,4,6.. KlaTS (16)
Where K, is the contribution from counterions to the constant of the adsorption model. After

calculating the surface concentration of the surfactant the counterion adsorption can be evaluated

using an isotherm for the counterion that meets the Euler’s condition.

I Kias

1—‘1 Kl + Zi:2,4,6... I(ia'is

(17)
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Additionally, Gouy’s equation relates the surface concentration of surfactant ion and counterion
with the surface potential. The surface potential value is then obtained by an iterative procedure

such that the following equation is satisfied [18].

I,-I,=4/k./a,, sinh (%) (18)

Finally, by using the surface tension isotherm that includes the effects of the electrical double layer
and counterion binding, surface tension is evaluated for each concentration by minimizing the error
between the calculated surface tension and the experimental data and surface potential and the
other mentioned constants are then calculated. The surface tension isotherm follows by

considering the Gibbs adsorption model for ionic surfactants, and it relates the total adsorption

(f“l,) (which is the produced surface concentration of surfactant by the Stern layer (I';) and the
electrical double layer) corresponding to the bulk concentration (Ci’w) with a surface tension value
(;/). Also, the expression is derived by assuming an equilibrium between the subsurface and the

surface with the equilibrium isotherm (&, =+yC, = f(I';)) and the concentration in the bulk is

related to in the subsurface concentration by using the Boltzmann’s equation C, = f(C,_,¢,) in

conjunction with the Poisson equation. The total surface tension thus includes two contributions,

as discussed below.

y=v,—KT(J+2F) (19a)
Here J is the contribution from the adsorbed molecules, and it is obtained from the adsorption

isotherms (a,, = f(I';) ), as follows.
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- jr d '”Cldr (19b)

The parameter F represents the contribution from the electrical double layer, and is evaluated

using the following expression:

F:lj%{iam[exp(—zi@)—l]} do (19c)
K0 j=1

2.2 Additional Parameters

There are additional parameters that are needed for analyzing the dynamic and static surface
tension data, or can be deduced or computed using the datasets obtained. We next list these
parameters and describe their role in leading to a better understanding dynamic adsorption of any

surfactant.
2.2.1 Diffusivity
The diffusion coefficient can be calculated by using Stokes Einstein’s equation (39):

KT
677 R, g

(20)

DAB =

Here D, represents diffusivity of the solute (A) in the solvent (B), R, is the radius of the solute

and g, is the solvent viscosity. The literature values for Stokes’ radii and diffusion coefficient for

different species (40-43) are included in the following table, along with diffusion coefficients

calculated using equation [20].

Table 1. Diffusion coefficients of bile salts and CTAB
The reported values for Sodium Taurocholate and Sodium Glycodeoxycholae Oh(40), Sodium
Cholate (44), Sodium Deoxycholate (45), CTAB (46).
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. Diffusion
Di:‘_fﬁgirg:\ux);‘?:g?;nts Stokes Radii Coefficients (cm_25'1)
(cm?s™) (nm) Stokes El_nsteln

Equation

Sodium Taurocholate 1.57x10°° 2.09 1.17x10°°

Glycoiggggh olate 1.50x10°® 2.19 1.12x10°
Sodium Cholate 0.46x10°°- 0.68x10°° - -
Sodium Deoxycholate | 0.45x107°- 0.72x107° - -
CTAB 45x10°° - -

Once the data is fitted, the following parameters can be calculated.

2.2.2 Energy of adsorption

The standard free energy of adsorption of an ion i can be calculated using the following

relationship (25).

r KT

o) Apl®
Klz—lexp( ) ] (21)
Here A ? is the standard free energy of adsorption and &, is the thickness of the adsorption
layer created by the packing of surfactant molecules. The thickness o, can be assumed as the

characteristic dimension of the respective molecule (36).

Similarly, the free energy of the adsorption of the counterion binding can be calculated by the

following expression.
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(0)

Ky, _ 6 Apy,
—S=—=exp| —— 22
K, T p( KT (22)

o0

0, is the thickness of the Stern layer, which is formed by counterion adsorbed on the adsorption

layer.

2.2.3 Gibbs elasticity

The Gibbs elasticity ( E;) measures the mobility of the surfactant at the interface (38). At high

values of E; the interface is considered as an immobile interface (or rigid interface) (38). For low

concentration, “Marangoni effect” that is the flow caused by the gradient of surface tension, affects
the hydrodynamic regimes at the interface (38). The elasticity of the adsorbed monolayer can be

calculated by the following equations (38).

oo
EG = _Fl E (23)
1

This Gibbs equation returns the following expressions for Frumkin and van der Waals adsorption

isotherms (38).

Frumkin

(24)

van der Waals
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& 256G )
E, :kTGlL ~—- 1J (25)
(G- G)* T

2.2.4 Area per adsorbed molecule
The area per adsorbed surfactant molecule is defined as:

a=1/T, (26)
Avrea per adsorbed molecule can be obtained from surface tension data and can also be calculated
theoretically from the following expression (assuming circular cross section).

o =rxr’ 27)
where I is the ion radius, in the case of the C TAB (n=12,14,16) in the literature (38) the area

calculated from molecular size is 37.8 4> and from reported surface tension fits is 36.5—39.5 4>

(46).
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3 MATERIALS AND METHOD

3.1 Materials

Cetyltrimethylammonium bromide (CTAB) is a cationic surfactant that dissociates into
cetyltrimethylammonium and bromide in an aqueous solution (47). In this study, CTAB is studied
as a representative example of common surfactants that typically contain a hydrophobic tail and

hydrophilic head.

Bile salts found in the human body are normally conjugated, mostly with glycine (75%) and on
smaller percentage with taurine (25%) (8, 48). For this reason, four conjugated bile salts were
selected for this study: sodium taurocholate (NaTC) and sodium glycodeoxycholate (NaGDC), and
their simpler structural forms, sodium cholate (NaC), and sodium deoxycholate (NaDC), which
differ due to their hydroxyl groups. All surfactants used in this study were purchased from Sigma-
Aldrich and were used without further purification. The following table lists the properties for

chosen surfactants (provided by the seller):

Table I1. Properties of surfactant molecules provided by Sigma-Aldrich

Solubility
Surfactant Purity CMC

Water
Sodium Taurocholate Hydrate >97% (TLC) - 50 mg/ml
Sodium Glycodeoxycholate >97% (TLC) - 0.1M
Sodium Deoxycholate >97% (titration) | 2-6 mM (20-25°C) -
Soudium Cholate Hydrate >99% 9-15mM (20-25°C) |1 M
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Hexadecyltrimethylammonium
>98% - -
Bromide

The aqueous solutions were prepared with deionized water purified by a Milli-Q. The water was

taken with a resistivity of 18 MQ-cm.

3.2 Experimental Procedure

Agueous solutions of CTAB were prepared in a concentration range C =0.23mM — 40mM . The
prepared solutions precipitated due to the low temperatures in the lab and crystals appear in some
of the solutions as the Krafft temperature, for CTAB in water ranges between 20 °C—25°C (49).
Before performing the experiments, the surfactants were solubilized by heating slightly and then

cooling down to a temperature moderately higher than the room temperature (~ 27 °C).

Solutions of Sodium Cholate [NaC] with water were prepared in a range of concentrations of

1 mM - 40 mM. Solutions of Sodium Deoxycholate [NaDC] with water were prepared in a range
of concentrations of 0.5 MM - 30 mM; Solutions of Sodium Glycodeoxyholate [NaGDC] with
water were prepared in a range of concentrations of 0.1 mM - 20 mM and solutions of Sodium
Taurocholate [NaTC] with water were prepared in a range of concentrations of 0.1 mM - 20 mM .

The range of concentrations selected is both below and above CMC.

Surface tension was measured by the maximum bubble pressure method (MBPM) using a home-
build set-up showed schematically using Figure 7. The experimental set-up consists of a capillary

submerged in a beaker filled with the sample solution (or pure solvent). Air is pumped into the
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solution to produce bubbles at a predetermined volumetric flow rate, or bubbling rate, set by using
20 ml BD syringe affixed to a syringe pump (Harvard Apparatus PHD 2000 infusion). The BD
syringe is connected to a three-way valve, with its the two other outlets connected to the capillary,
and the pressure sensor respectively. For the measurements involving CTAB solutions, a
hydrophilic capillary with an inner radius of 0.13mm was used, and the capillary exit was
immersed at depth of 1.65cm within the surfactant solution. For measurements involving
solutions of four bile salts, hydrophobic capillary, with an inner radius 0.139 mm was used and.
The hydrophobic capillary was immersed 0.5 cm into the solution samples. The pressure

transducer used for procured for OmegaDyne INC. Data is recorded using a PC using 800 scans

per second. The pressure sensor has a range 0-1psi (+/- 0.08%).

Surface tension measurements are performed with sample volumes of 100 ml. Before each set of
measurements, the capillary and tubes are purged by pumping gas through it. After purging, the
system is left at rest for 5 minutes, and the system pressure is measured without submerging the
needle (correction factor see eq. [29]). After purging and measuring system pressure, a calibration
check is made with deionized water to ensure validity to our results. Gas flow rates in the ranges

0.1ml/s- 6ml/s are used to obtain maximum pressure measurements for a range of adsorption

times, and the resulting data is used for obtaining dynamic surface tension data [as explained next].
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Figure 7. Schematic of Maximum Bubble Pressure Tensiometer.
A syringe pump sets the bubbling rate, and a pressure sensor measures the pressure
variation within the bubble as it forms, grows and pinches-off.

In the maximum bubble pressure method (MBPM), the fresh interface is generated with each
bubble blown into the solution. The bubbling rate is set by using a syringe pump to control the
constant volumetric flow rate at which air is pumped through the capillary submerged in a sample
solution or pure solvent. The pressure sensor measures the variation in pressure inside each
growing bubble. The measured pressure includes contributions from the hydrostatic pressure that

depends on the depth of the bubble and the capillary pressure that depend on the curvature radius
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according to the Young-Laplace equation. The Young-Laplace equation relates surface tension
with the pressure differential across a curved surface (14, 50).
AP = a(i+ ij 28)
R R

In the case of a spherical bubble immersed into a fluid, the two radii of curvature are equal
R =R, = R and the pressure change is, therefore AP = 0'% . However, as other forces are being

exerted on the bubble in the case of maximum bubble pressure method, the expression for the

pressure is (14).

2s

P="2_reh-C (29)

The correction factor C corrects for system pressure and sensor calibration. Since pressure values
are inversely proportional to the radius of curvature, initially, the radius of curvature is large [1] as
shown schematically in Figure 8, and as the bubble grows, the radius of curvature decreases with
the pressure value rising up till it reaches its maximum value when the radius of curvature is
minimum. The maximum pressure value is obtained for bubble radius equal to capillary radius
[I1]. After stage [II], the pressure decreases dramatically as the bubble shows abrupt growth. A

new cycle begins right after a bubble detaches from the capillary [I11].
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Figure 8. Pressure evolution over time as a function of bubble radius

(a) Pressure evolution data for bubble formation in a solution of 0.5mM of CTAB with a flow rate
of 0.1ml/min. (b) The schematic shows the corresponding stages in bubble growth.

When a new bubble emerges, curvature radius is large [I]. The radius decreases as the bubble
grows and achieves a minimum radius value when bubble radius is equal to the radius of the
capillary [1I]. Maximum pressure is measured for this radius. The last stage involves an increase
in radius with growth in a bubble, culminating in its detachment [I11], accompanied by a decrease
in pressure in each cycle.

The time available for surfactants to populate the interface increases if the bubbling rate is reduced

and higher surfactant concentration results in a lower value of measured P, , as shown in Figure

9.
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Figure 9. Pressure evolution with time as a function of flow rate for a concentration of

0.5mM CTAB in water.
At larger flow rates, surface age decreases and the maximum pressure measured increases for

surfactant solutions.

3.3 Validation

We first measure P, as a function of flow rate or bubbling rate using water. As water contains

no added surface active agents, the maximum pressure, and resulting » values are expected to

remain constant at all flow rates (unless inertial effects become relevant (14, 18)). In order to
achieve shorter times, flow rates need to be increased (Figure 9). However, a bubbling-to-jetting
transition occurs (17) at higher flow rates, resulting in a lower bound to how short timescales can

we resolve using the set-up described. The critical flow rate that causes the transition can be
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determined by measuring the surface tension of water at a different flow rate, and simultaneously
visualizing the bubble formation. The measured Pmax and surface tension of water are found to be

constant for flow rate between 0.1ml/s- 7 ml/s as can be seen in Figure 8. Such validation runs

are made frequently to ensure everything is in good working order.
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Figure 10. Maximum pressure and surface tension variation with flow rate for deionized
water.
For a pure solvent like, surface tension shows no change with bubbling rate.
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4 RESULTS AND DISCUSSION

4.1 Hexadecyltrimethylammonium Bromide (CTAB)

The dynamic and quasi-equilibrium surface tension data for CTAB solutions are reported and fitted
to the models proposed by Kralchevsky et al. (25) and Danov et al. (22) respectively (see the

theoretical background, section 2 for details). The parameter S, is determined from fits to dynamic

surface tension data and I'; is determined from first to the quasi-equilibrium surface tension data,
along with another parameter as maximum surface concentration, surface potential, beta,

counterion binding. S, and I'; are used to determine the apparatus constant of the Maximum

Bubble Pressure (MBP) tensiometer, and consequently, obtain universal surface age. The universal
surface age or real adsorption time for MBP tensiometry will allow comparing dynamic surface
tension (DST) data from our measurements with other methods that do not involve interfacial
expansion during the measurements (as Wilhelmy method). The dynamic surface tension
measurements for four bile salts and CTAB surfactants are presented next and the dynamic

adsorption of these ionic surfactants is analyzed in detail.

4.1.1 Dynamic surface tension

In the maximum bubble pressure tensiometer, the adsorption time is controlled by adjusting the
bubbling rate. At lower flow rate, longer adsorption times are obtained. As the adsorption time
increases, the surface concentration of surface active agents increases, which produce a decrease
in the capillary forces (as surface tension decrease) and the maximum pressure decreases, as

observed in the data shown in in Figure 11. Furthermore, at higher concentration, the maximum
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pressure decreases as more surfactant gets absorbed at the interface, leading to a lower value of
surface tension. At higher flow rates, the maximum pressure is higher because the formation of

the bubble is faster, thus the total amount of surfactant adsorbed is less at the interface.
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Figure 11. The plot of maximum pressure vs flow rate for CTAB solutions with
concentrations of 0.4 mM, 0.58 MM, and 0.92 mM.

Each surface tension value shown in Figure 12 is computed using the pressure value plotted in
Figure 11, and as flow rate, Q sets the bubbling rate and surface age, the higher Q values
correspond to short surface age. The adsorption time determined from the pressure vs. time

diagram (Figure 9) for each flow rate is shown in Figure 12 as t, , "apparent surface age", since
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the convection effects due to the expansion of the interface contribute to adsorption, and a

correction factor are needed to make datasets comparable with measurements obtained with

technique that relies on a stationary interface.

v [mMNm™]

Figure 12. Dynamic surface tension versus apparent surface age for CTAB solutions with
concentrations of 0.4mM, 0.5mM, and 0.92 mM.

Surface tension decrease with time and with concentration, as an increase in the surface
concentration of the surfactant, leads to a decrease in measured surface tension.

The dynamic surface tension data shows the affinity of the surfactants to the interface, this is due
because if the surfactant affinity is higher, the surfactant will reach faster the interface, then the

surface tension faster will reach an equilibrium value (where surface tension does not change). So
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surfactant which reaches an interface faster will be able to create thin films more stables in the
case of foams because it will decrease the drainage of the thin film (3). The affinity of surfactant
to the interface also will be important in the case where there is competitiveness of different
surfactant molecules, so in order to know which surface active agent reach faster the interface an
act on it, dynamic surface tension curves of the surfactant will give the information of the

adsorption time at certain solution concentration.

Surface tension values decrease with adsorption times (“apparent surface age"), reaching a quasi-
equilibrium value where the surface tension variation is nearly negligible. This quasi-equilibrium
value is reached faster at higher concentrations, and the comparison is shown for eight
concentrations in Figure 13. For the solutions with the lowest concentration of added surfactant,
the surface tension values at short surface age are quite close to that of the pure solvent (water).
As the concentration of the solution is increased, the » value measured at the shortest surface age
resolved is much lower than the surface tension of the solvent, indicating significant adsorption
has taken place within a few milliseconds. Due to aperiodic bubbling and bubbling-to-jet transition
at higher bubbling rates, short time scales are not accessible and the dynamic effects leading to the
initial decrease in surface tension are not resolved. The change in surface tension for short apparent
surface age can be observed more clearly by using a logarithmic scale (see Figure 13) for the

abscissa. In Figure 13, the minimum apparent surface age is nearly 50ms.
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Figure 13. Dynamic surface tension vs apparent surface age plotted on a semilog scale in for
CTAB solutions with a range of concentration from0.23- 50 mM.

Surface tension is measured for relatively short apparent surface age.

The DST data is analyzed next by following the adsorption kinetics model for ionic surfactants

based on a theory by Danov et al. (22) discussed in the previous section. Bleys et al. (31) suggested

-1/2

that the plot of dynamic surface tension vs t™“ provides insight into whether diffusion or

-1/2

adsorption is the controlling steps. Dynamic surface tension data is plotted as a function of t.;

in Figure 14. As the longer surface age corresponds to the data near the left axis corner, a long

time or asymptotic behavior of surface tension is described reasonably well by gut;;f
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relationship. In Figure 14, a linear region near the origin indicates that for CTAB solutions in a

concentration range from 0.23mMto00.92 mM, diffusion is the rate-controlling step.
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Figure 14. Dynamic surface tension data for aqueous CTAB solutions (below CMC) is plotted

as a function of t_)” .

DST vs t;,ff exhibits a linear relationship for long adsorption times for CTAB.

The asymptotic fits to the long time's datasets shown in Figure 14 yield the value of the S,
parameter (see discussion of Equation 8, g =g, + Sg/zi’gze ). The slope of the lines of Figure 14 for

each concentration give a value of S, that represents a relation between the surfactant adsorbed

into the interface at equilibrium and the effective diffusivity for an interface that is expanding at a

constant rate. The value of S, is 8.2+ 0.7 obtained for concentrations range 0.23- 0.92mM.
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Because S, values depend on the apparatus constant A that depends on the choice of the
tensiometer, the absolute value of S, values cannot be compared with literature values. However,

the concentration-dependent behavior agrees quite well the values obtained for SDS by Christov

etal. (13).
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Figure 15. S, vs concentration for aqueous solutions of CTAB obtained by analyzing
dynamic surface tension data.
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Using the values of S, and plotting g_geq+Sg/tage for the entire time range for each

concentration shows that the data at short times is not captured by this asymptotic expression
(Figure 16), in agreement with the simplifying assumptions and approximations made by Danov

et al. (22).
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45 !
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Figure 16. Dynamic surface tension data of aqueous CTAB solutions are shown with
symbols and the lines represent the behavior captured by the asymptotic result (equation
8).
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Figure 17 shows the plot of (y—y,,.)/S, . asa function of apparent surface age (t,,, ). in the limit

of long apparent surface age, all the curves merge into one, showing that at different

concentrations, the dynamic surface tension curve has the same behavior for long times.
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- 0.4mM
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Figure 17. Plot of (y-y,.)/S,. vs apparent surface age (t,,, ).

The units for Y-axis are in terms s™* which show that we are calculating the inverse of apparent
surface age.

Dynamic surface tension as a function of apparent surface age is compared with literature for three
concentrations in Figure 18. The literature data 2mM concentration data reported by Kawale (51)
was acquired using a commercial MBPT-BPA-1S (from SINTERFACE Technologies, Germany),

0.5mM concentration data, reported by Z. Adamczyk et al. (52) was obtained from drop weight



43

method, and 0.6 mM data, reported by Chi M. Phana et al. (53), was obtained from a commercial

MBP tensiometer called MPT-C (from Lauda, Germany).

The experimental dynamic surface tension data shows a good agreement with literature data
obtained from the commercial MBPT-BPA-1S, and from the drop weight method (see Figure
18). On the other hand, the literature values for a solution with a concentration of 0.6 MM
acquired using MBPM MPT-C do not overlap with our experimental data for solution
concentration 0.58mM obtained by our MBP tensiometer (Figure 18). This disagreement arises
because of the apparatus constant, that rely on the surface expansion rate of the bubble, differ
between the MBP to the expansion of the interface for two MBP is different as suggested by

Christov et al. (13).
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Figure 18. Dynamic surface tension vs adsorption time of CTAB of different tensiometers.
The empty symbols points represent the experimental data and the full symbols with the lines
are the reported from other tensiometers. The 0.6 mM concentration data reported by Chi M.

Phana et al (53), the 2mM concentration data reported by Kawale (51) and 0.5mM
concentration data reported by Z. Adamczyk et al. (52).
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4.1.2 Universal surface age

In order to compare dynamic surface tension data from our maximum bubble tensiometer with
other tensiometers with adsorption to an immobile, stationary interface, an apparatus constant is
determined and universal surface age is obtained, using the procedure discussed in section 2. The
apparatus constant / is obtained by fitting quasi-equilibrium and dynamic surface tension fitting
and then A% was calculated for getting universal surface age. Figure 19 demonstrates that A is
nearly constant with concentration (/ =2.47 £0.22) in good agreement with the conclusions of

Christov et al. (13).
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Figure 19. Apparatus constant versus CTAB concentration.
The apparatus constant (A1) of MBPT is evaluated from the fitting of dynamic surface tension.
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Figure 20 shows the dynamic surface tension versus universal surface age. The dynamic surface
tension data is shifted to the left on the plot, for the surface of the bubble is “younger” than the
value obtained from pressure vs time plots. The results reported by Chi M. Phana et al. (53) for a

0.6 mM concentration of CTAB could be in terms of the apparent surface age and universal

surface age must be calculated in order to compare results.
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Figure 20. Variation of dynamic surface tension with universal surface age
The t,, represents the adsorption time of the surfactant. In the case of MBP is the surface age

which is named as apparent surface age if this has no be modified with the apparatus constant,
otherwise, this time corresponds to the universal surface age.

Using the apparatus constant values obtained allows a calculation of universal surface age. The

dynamic surface tension variation with universal surface age is shown in Figure 21 can be used in
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the future for comparing dynamic surface tension data acquired from other techniques. The
minimum adsorption time obtained by the ODES-lab’s maximum bubble pressure tensiometer for

CTAB, is then around 8ms. The results shown in Figure 21 indicate that the adsorption time at

higher concentration is relatively short, and the initial regime of surface tension drop is not
captured by the measurements. Nevertheless, the measurements access short time data for
adsorption times at least two orders of magnitude lower than those accessible with pendant drop

tensiometry or Du Nuoy ring or Wilhelmy plate methods.
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Figure 21. The dynamic surface tension of CTAB from MBPM with universal surface age

for concentration ranging from 0.23mM to 0.92mM.

4.1.3 Quasi-equilibrium surface tension

The critical micelle concentration (CMC) and adsorption parameters like surface potential and

surface concentration can be determined from the equilibrium surface tension. In order to analyze
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equilibrium surface tension data, it is necessary to obtain dynamic surface tension for a wide range
of concentration and obtain y values at steady state/long times. Also, dynamic surface tension
data for a wider range of solution concentration gives a better understanding of the surface
properties, and the adsorption process. The surface tension values computed using maximum
bubble pressure tensiometer as a function of surface age for different CTAB concentration are
plotted in Figure 22. The shape of dynamic surface tension curves changes dramatically at
concentrations higher than 2mM implying the existence of two regimes with distinct
concentration—dependent behavior. Though surfactants exist only as monomers in the lower
concentration regime, at high concentration surfactant molecules spontaneously self-assemble to
form agglomerated structures called micelles. The concentration above which surfactant self-
assemble and form micelles is known as Critical Micelle Concentration (CMC)(54), and its value
can be determined by measuring concentration —dependent variation in surface tension. For CTAB
solutions with concentrations below CMC, it is observed that the equilibrium surface tension is
reached at higher adsorption times, instead for concentrations above the CMC, lower adsorption

times are necessary to reach equilibrium.

Furthermore, as it is shown in Figure 22 in the first regime, the equilibrium surface tension is a

strong function of the concentration. For example, for a concentration, ¢ = 0.23mM the quasi-
equilibrium concentration would be around g,” 65mNm™* and for ¢ = 0.5mM the value drops
to g, » 55mNm™. In the second concentration regime (for ¢ >2mM), a tenfold increase in

concentration results in a slight decrease of Dg =2.4mNm™ in the value of quasi-equilibrium

surface tension, approaching the value of around g,” 36 MNm™*. Reported values of this



48

equilibrium surface tension g,” 35mNm'were acquired with a pendant drop tensiometer (55).

The difference between the values could be due to the fact that the longest time achieved in the
MBP tensiometer is not enough for the system to reach the equilibrium surface tension. Longer
adsorption times require low flow rates, and the limit, in this case, is set by the limited accuracy
of the pumping mechanism. The limit for the fast adsorption times is set by hydrodynamic effects
that dominate as flow rate is increased leading to a bubbling-to-jetting transition. Though the data
at the shortest time was acquired using the same flow rate in Figure 22, different surface age value
(red dashed line) is realized for each concentration, and this implies that either the rate of expansion
of the interface seems to be concentration-dependent or peak pressure values are reached even

before the bubble radius is minimum.
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Figure 22. The plot of dynamic surface tension vs apparent surface age for solutions of CTAB
with concentrations from 0.23mM —50mM .
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The time evolution of the dynamic surface tension data depends on the mechanisms underlying
mass transfer of the surfactant molecules to the interface. For concentrations below CMC, the
change of surface tension with respect to time is controlled by three flux contributions: convection,
diffusion, and migration. Convection term arises due to flows caused by bubble growth and
expansion of the interface, diffusive flux depends on the mobility of the surfactant within the
solution, and the migration flux is controlled by charge on surfactant as well as interfacial
concentration, which determines the electrostatic potential at the interface as well as the thickness
of electrical double layer. On the other hand, for concentrations above CMC, the change in surface
tension with respect to time will be affected not only by the three previous terms but also by the
kinetics of micellization-demicellization process and the diffusion of the micelles towards the
subsurface layer. It is typically assumed that micelles are not adsorbed to the interface and only
monomers (single surfactant molecules) can be adsorbed (35, 56). A detailed analysis of micellar
solutions was not attempted in this study. The quasi-equilibrium surface tension values obtained
for CTAB from the measured values acquired at the longest adsorption times are shown in Figure
23. Two concentration-dependent regimes are clearly visible and the transition seems to occur at
¢ = 1.1. The transition is associated with concentration beyond which micelles appear in the bulk
and this critical micelle concentration value is quite close CMC = 1 mM to the value reported in

the literature (including product information provided by Sigma Aldrich,).
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Figure 23. Quasi-equilibrium surface tension as a function of bulk surfactant concentration
for CTAB.
The change of slope marks the onset of surfactant aggregation in the bulk solution.

Using the Gibbs equation (Equation 30) we can estimate the maximum surface concentration

below micelle concentration, where n=2 for ionic solutions (47). The value calculated from the

data of Figure 23 is G . m =3.087" 10"°mol/m?. This value is quite similar to the value
—n 17106 2 .
G vemx =317 10 mol/m“reported by Szymczyk and Janczuk (47), where the maximum surface

concentration is.

l—‘max :_i d7
NRT dInC

(30)
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4.1.4 Adsorption Isotherms and surface tension data

The calculation of adsorption parameters from the quasi-equilibrium surface tension data is
discussed next, and the analysis, as discussed in section 2, relies on an equation of state that takes

accounts for counterion binding and electrical double layer. Quasi-equilibrium surface tension
values for concentrations below CMC is used for computing surface pressure, 7 =y, —y that

represents the difference between the surface tension of surface with and without adsorbed
surfactant. Figure 24 shows surface pressure (symbols) as a function of surfactant concentration.
Also included in Figure 24 are fits obtained using Frumkin and van der Waals isotherms (equation
14 and 15). Frumkin Isotherm models the surfactant adsorption processes as localized adsorption,
assuming a heterogeneous interface and taking into account the interaction between adsorbed
molecules. This model represents the general form of Langmuir isotherm. On another hand, van
der Waals isotherm models a non-localized adsorption and accounts for interaction between
molecules in the adsorption layer. It is clear that both models fit the surface pressure data quite

well, and the parameter obtained from the fits are listed in Table I11. The positive sign of Himplies
attraction between surface molecules, and the magnitude of K, and K, is related to the adsorption

free energy of the interface.
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Figure 24. The variation in surface pressure with concentration for aqueous CTAB solutions
is shown together with Frumkin and van der Waals isotherm.

The K, value obtained by the fits (Table IIl) is slightly lower than the value K, =4.9" 10°mM™

(37) reported in the literature. The value G, =6.26" 10"°mol/m* obtained by using Frumkin
isotherm is higher than the alternative value calculated from the slope of dy /d InC because this
slope does not reflect a closed packed layer (35). In the evaluation of this parameter, the binding
of counterion and the electrical double layer has been considered. The I'  value for van der Waals
is greater than the one obtained using Frumkin isotherm (see Table I11), which means that the area

per molecule (1/T", ) evaluated with Frumkin is greater, probably due to the fact that Frumkin
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isotherm described localized adsorption process, while van der Waals describe non-localized

adsorption (57). The value of area per molecule (1/T", ) for van der Waal is 21A? which is

smaller to the area of the surfactant molecule in ref (57) while for Frumkin the area per molecule

obtained is closer 26.5A2.

Table I11. Parameters of van der Waals and Frumkin isotherms.

2 _ ~ mol
% Kl[ml\/l l] K,[mM ] Fa{ 2 }
van der Waals 0.23 1.54x10° 451 8.88 x10°°
Frumkin 0.03 1.65x10° 5.69 6.26 x10°°

Additionally, surface potential as a function of bulk concentration (shown in Figure 25) is obtained
by fitting the quasi-equilibrium surface tension data with the equation of state (equation 19) that
considers the contributions of the charged interface as well as counterion binding. The surface
potential generated by the adsorbed molecules in the interface will affect the mass transfer of
another charged amphiphiles in the case where there is not isolated system (one surfactant and
water) or in the case of thin film the electrostatic forces will play an important role in the drainage

of the thin film how mentioned above.

Figure 25 show how surface potential changes with CTAB concentration. The decrease of surface
potential could be due to progressive neutralization of the interface due to counterion binding. The
absolute values of the surface potential are comparable to the results of Nakahara et al. (58) who

show an increase of surface potential with concentration for the CTAB monolayer.
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Figure 25. The plot of surface potential as a function of CTAB bulk concentration, using
Frumkin and van der Waals isotherm models.

Additionally, the model allows evaluation of occupancy in the Stern layer (Figure 26) that shows
how counterions bind at the interface and neutralize it. Such neutralization could lead to the
observed decrease in charge density, and as a decrease in charge density changes the electrostatic
potential driving the transport of ions in an electrolyte solution, resulting in an increased adsorption
at the interface. It is evident that even to low concentration, counterion binding is present. A value

of I', /T, =0.85-0.95 was obtained for the range of 0.23-0.92 mM. In literature counterion binding

to micelles has been investigated for CTAB solutions only above CMC for understanding the shape

of micelles (59). However, for non-micellar solutions formed at a concentration below CMC,
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counterion binding has not received the requisite attention. The counterion binding (Na+) for SDS

solution shows a sharp increase with bulk concentration (25) as is visible from trends visualized

in Figure 26.
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Figure 26. Occupancy of the Stern layer (%J as a function of CTAB concentration in

1

the bulk, evaluated using Frumkin and van der Waals isotherms.
The occupancy in the Stern Layer goes from 0.85 to 0.93 for both isotherm models. As the

concentration increase the occupancy in the Stern layer increase.

Dimensionless adsorption as a function of bulk solution concentration is shown in Figure 27.
Values obtained using Frumkin isotherm are higher than the values obtained using the van der
Waals isotherm. The dimensionless adsorption shows how the increase in bulk concentration

solution results in an increase the surface concentration. The relative values and slope of the
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dimensionless adsorption data depend on the specific surfactant used and are sensitive to the

structure and intermolecular interaction forces, that vary with charge and affinity of the surfactants.
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Figure 27. Plots of dimensionless adsorption of surfactant ion (F%Oo ) vs concentration

of CTAB. Surface concentration and the maximum surface concentration were obtained
from the best fitting of experimental data (Figure 24).

4.1.4.1 Gibbs elasticity

The rheology (flow behavior in response to applied stress) of the interfaces gives a better
understanding of how the interfaces respond to perturbations, and the rheological behavior depends
on the interaction of surfactant molecules at the interface (correlated with Gibbs elasticity
discussed here), surfactant mobility, and the capacity of surfactant to populate the interface. There

is a fair bit of disagreement in the literature about the true definition and interpretation of Gibbs
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elasticity. Authors as Lucassen-Reynders et al. (60) define it as the differential change in surface
tension per change of surface area, while Liggieri and Miller (61) define it as the increase in surface

pressure with the increase of surface concentration. However, both approaches agree that the slope

dy

IS a thermodynamic parameter that
dinT

of surface tension with surface concentration —

determines the elastic response of the interface. However, additional mass transfer effects can
influence the measured response (62), and more recent work in the field has emphasized that
interfacial elasticity should be defined a priori as a material response independent of mass transfer
kinetics. In this contribution, Figure 28 shows how Gibbs elasticity (evaluated using the approach

from Liggieri and Miller (61)) changes with concentration.
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Figure 28. Gibbs elasticity as a function of CTAB concentration in bulk solution.
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The surface elasticity measure that characterizes the elastic property related how the ability to
restore overcome gradients in the surface tension created on expanding a surface (60). Limiting
elasticity, or maxima elasticity (also called Gibbs elasticity) of the surface, is defined as the change
in surface tension over surface concentration, without the influence of mass transfer from bulk to
interface or vice versa. Hence Gibbs elasticity can be calculated using the equilibrium isotherms,
and the higher values of this limiting elasticity imply a higher capacity to recover from an

interfacial perturbation.

As surface concentration increases, the surface’s stiffness increases until a point that the surface
behaves as solid and there is no tangential fluidity. In dilute concentrations, Marangoni effect is
more significant and often needed to be incorporated to tangential stress balance; at higher
concentrations, both Gibbs elasticity and lack of fluidity result in the so-called rigid interfaces.
The values of Gibbs elasticity obtained using the fitting of the isotherms are shown in figure 29;
here the empty symbols represent the taken experimental data from Stubenrauch et al. (63). The
data represented by empty symbols shows Gibbs elasticity measurements that take into account
the mass transfer of surfactant from the bulk to the interface during the perturbation. It is clear that
the limiting elasticity should be shifted to left-hand side of the graph because it should be higher

than the Gibbs elasticity (change of surface tension per surface area).
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Figure 29. Gibbs elasticity as a function of CTAB concentration in bulk solution. The empty
symbols in the figure represent data taken by Stubenrauch (63).
As the bulk solution concentration increase, the Gibbs elasticity increases.

4,15 CTAB summary

The results and discussion have focused solely on the characterization of dynamic adsorption in
aqueous CTAB solutions. Measurements of dynamic surface tension were obtained using
maximum bubble pressure. The DST data was then analyzed using the selected mass transfer
model, to establish an apparatus constant and to show that the long time asymptotic results of the
adsorption process can be described using a diffusion model (that accounts for the charge effects).
Quasi-equilibrium surface tension data were obtained and analyzed using the Frumkin and van der

Waals equilibrium isotherms. More specifically, dynamic surface tension fits yield S, and quasi-
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equilibrium surface tension data allows computation of equilibrium surface concentration T,

that in turn allow the evaluation of the apparatus constant (/ =2.46) for our MBPT was

determined. This apparatus constant allows the calculation of the universal surface age (adsorption
time) for dynamic surface tension values, and the experimental results show that surface tension
values can be measured for the relatively short adsorption time (~ 10 ms). The properties of the

adsorbed surfactants were obtained by further analyzing the quasi-equilibrium surface tension
datasets to obtain parameter including surface pressure(y/O - 7/) , B which refers to the interaction
between hydrophilic tails of the adsorbed molecules, equilibrium surface concentrations of

counterion (Fz,eq) and surfactant (Fl’eq) for different concentrations, the adsorption constant of
surfactant (K, ) and counterion (K, ) that is related to the free energy of adsorption, the surface

potential (¢,) , and the maximum surfactant surface concentration (I, ). These parameters were

determined by taking into account of counterion binding, the electrical field generated by the
surface charge density, and by assuming a surfactant adsorption follows the localized, Frumkin or
non-localized van der Waals isotherms respectively. The measurement and analysis protocols
seem to be pretty robust, compare well with literature, and are therefore applied next to a detailed

investigation of the dynamic adsorption of four bile salts.
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4.2 Bile Salts

Bile salts are the product of the synthesis of cholesterol in the liver (8). First the cholesterol is
catalyzed by the enzyme 7a-hydroxylase (classical pathway) to produce the two primary bile acids
(the chenoxycholic acid and the cholic acid), then dehydroxylation (removal of OH) of these bile
acids by intestinal bacteria results in the second set of bile acids (Deoxycholic acid and lithocholic
acid). These bile salts (sodium or potassium salts) can be conjugated with glycine or taurine (8).
The specifics of their molecular structure affect micellization process as well as their dynamics of
adsorption. In contrast to CTAB or SDS, the bile salts have a fairly rigid, flat structure, and
hydrophobic and hydrophilic regions are not simply recognizable as hydrophilic head and

hydrophobic tail.

Bile salts have been investigated extensively for their role in physiological processes and their
value in designing new pharmaceutical formulations. The physical chemistry of micellization and
interfacial adsorption has also received some attention, and the following properties have been
investigated before: micelle properties (critical micelle concentration (CMC), aggregation number
and counterion binding to micelles) (27, 64, 65), interfacial properties (surface rheology,
adsorption, desorption, surface activity) (2, 30), diffusion coefficients using light scattering (40),
thermodynamic of interfacial adsorption and micellization (32). However, there is the extremely
limited amount of data of dynamic surface tension of bile salts in the literature (30, 66). Also, the
adsorption parameters that take counterion binding and electrical double layer into account in the
fashion described earlier in this thesis have not been reported. In this section, an extensive set of
dynamic surface tension data is presented for four bile salts. The dynamic adsorption and quasi-
equilibrium surface tension data of these bile salts are analyzed in great detail to obtain parameters

like effective diffusivity, surface concentration, surface potential, Stern layer occupancy, etc.
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4.2.1 Dynamic Surface Tension

During lipid digestion, partially digested food is mixed with bile and pancreatic fluids(2). This
mixture contains a large number of amphiphilic molecules including food-products as well the
products of the human body. Different surface active molecules compete as they get adsorbed to
oil-water interfaces formed during food consumption. Therefore, quantitative understanding of
adsorption kinetics and thermodynamics is crucial for better understanding food digestion and
digestive health, the design of processed food as well for developing better cures and nutrition
programs. In this section, the focus is on bile salts that clean fat interfaces and allow the enzymes
(pancreatic lipases) to act on fats by changing interfacial structure due to their interaction with the

hydrophilic part of amphipathic polar lipids in the fat surface (2).

The dynamic surface tension measurements for the four bile salts were carried out using maximum
bubble pressure tensiometry, and the data is presented in the next-subsection. As the time
dependent values of surface tension are discussed, they will be contrasted to the behavior observed
for typical surfactants (including CTAB measurements included in this thesis). Dynamic surface
tension curve of many surfactants shows into three different kinetics regimes: in the first regime
called the induction regime is characterized by a slow decrease in the value surface tension. Indeed,
the value of surface tension of the surfactant solution is nearly indistinguishable from the value for
pure solvent, indicating the amount of adsorbed surfactant is low. In the second regime, a fast and
rather abrupt decrease of surface tension is typically detected, and the surface coverage is >50 %
is established quickly. Finally, the last kinetic regime is reached when a meso-equilibrium or quasi-
equilibrium surface tension value is reached and the slow change in surface tension is attributed to

a rearrangement of adsorbed surfactant molecules (67).
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4.2.1.1 Sodium Glycodeoxycholate

The dynamic surface tension curves for different bulk concentrations of Glycodeoxycholate are
shown in Figure 30b and data for CTAB solutions is included as Figure 30a for comparison. At
low concentrations, induction regime is observed in the dynamic surface tension data that indicates
the existence of a kinetic barrier to adsorption. This can be contrasted with the dynamic surface
tension data for aqueous CTAB solutions that for all concentrations show only the second regime
of fast, abrupt decrease in the surface tension until arriving at a quasi-equilibrium (left-hand side
Figure 30). In the datasets shown for bile salt, dynamic surface tension curves show a nearly
concentration-independent value between 4-10 mM. However, further increase in concentration
results in a progressive increase in surface tension. Unlike CTAB solutions that show two distinct
concentration-dependent regimes, below and above a critical micelle concentration, for the bile
salt, the equilibrium surface tension seems to vary continuously. The behavior is consistent with
other studies that attribute it to micellization by step-wise aggregation for Sodium

Glycodeoxycholate (64).



64

a b
75 T T T T T T Y 75 T T T T T —e—0.10mM
%, 028 ——030mM
70 |30 i [ S e ——050mM
Ve .~ SariT
65 LN B (B 70 B TR S - —200mm
Ny e
& 07mM . .. -— —s—7.00 mM|
M) 60 %h = : " % O—ogsmm < 65 = ¥ \_\ e —_— _ J+100 :M
£ % % —o% o o052 E " S - —— S —a—200mM
Z 551 R 3 = 9 b 2mM -\ \ -
€ 9 - é o8 S e~
= N d——q s 1] O G _ 4
> 50k e o9 4 Sr 55 e E. %
A — S e TT———
. . 0mM ~ =
45 —3 ®—som 55 e RSl e e o =
50m e,
40 4 R 0 A
50 1 1 1 1 1
35 % é :'3 "1 é é 0 2 4 6 8 10 12

Figure 30. The plot of dynamic surface tension as a function of apparent surface age and
concentration for CTAB (a) and Sodium Glycodeoxycholate (b).

In the left-hand-side of the figure, the dynamic surface tension for CTAB at solution concentration
from 0.23mM to 50mM is plotted (a). In the right-hand side, dynamic surface tension NaGDC

at concentrations from 0.1mM to 20mM .

In Figure 30, the DST values are plotted against the apparent surface age obtained from the MBP
tensiometer. As the apparatus constant is supposed to be independent of the type of surfactant,

surfactant and surfactant bulk concentration, universal surface age was calculated for the different
bile salts. Figure 31 shows the dynamic surface tension versus universal surface age (t, =t,,, 1 2%)
for glycodeoxycholate. Adsorption times of around 9.5 ms are achieved. The maximum drop of

surface tension is around 20mM
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Figure 31. The plot of dynamic surface tension vs universal surface age for Sodium
Glycodeoxycholate solutions with a range of concentration from 0.1- 20mM.

The maxima surface pressureis 20 mNm™. The shortest measured time of adsorption is 24 ms

for a solution concentration 20 mM.

Experimental data obtained in this study is contrasted with the dynamic surface tension data
reported by Valderrama et al. (2) in Figure 30. Though a reasonable agreement is observed at low
concentrations, the higher concentration data show substantial differences. The results reported by
Valderrama et al.(2) were acquired using pendant drop tensiometry and a commercially-available
MBP tensiometer represent the only other study of dynamic adsorption of sodium

glycodeoxycholate solutions, and datasets for only a handful of concentrations were reported in

their study.
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Figure 32. The plot of dynamic surface tension vs apparent surface age of Sodium
Glycodeoxycholate from reported data by Valderrama et al. (2) and experimental data
obtained in this report.

The attached points are the data reported by Valderrama et al.(2) and the points are our
experimental data.

4.2.1.2 Sodium Cholate

The surface tension values for sodium cholate (NaC) computed using maximum bubble pressure
as a function of universal surface age are plotted in Figure 33. Even for 40 mM NaC solutions,
the surface tension value is only 55mNm™. The progressive decrease in surface tension with
concentration is more rapid for c < 7mM. Like sodium glycodeoxycholate, sodium cholate shows

the concentration-dependent values of surface tension above apparent CMC.
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Figure 33. The plot of dynamic surface tension vs universal surface age for Sodium
Cholate solutions in a range of solution concentrations from 1- 40 mM.

The maxima surface pressure is  20mNm™. The shortest time of adsorption measured is 9.83
ms that is the one gotten for a solution concentration of 40mM . The dashed line represents the
dilatation rate for the same flow for different surfactant concentrations.

4.2.1.3 Sodium Deoxycholate

According to the results in Figure 34, in the case of sodium deoxycholate, the surfactant molecules
take longer to reach the interface than CTAB or NaC, but at low concentrations, they are more
effective than the other bile salts in reducing the equilibrium value of surface tension. The

concentration-dependent surface tension values seem to show less variation above 5mM Again,

the surface tension values measured are g >55mNm™. NaGDC shows more affinity for the
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interface than NaDC because of reach equilibrium surface tension values faster. The slope of the

red line for NaDC seems to be even shallower than that observed for CTAB and NaC solutions
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Figure 34. The plot of dynamic surface tension vs universal surface age for Sodium
Deoxycholate solutions with a range of concentration of 0.5- 30 mM.

The maxima surface pressure is 23mNm™. The shortest measured time of adsorption is
8.7ms for a solution concentration 30mM.

4.2.1.4 Sodium Taurocholate

Equilibrium surface tension values have been obtained for Sodium Taurocholate by many authors
(32, 68, 69), as it plays an important role in solubilization of cholesterol in the intestine and
together with other bile salts, can be applied in the development of new drugs. However, the

dynamic surface tension of taurocholate has been reported only in one paper an for few
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concentrations (2). The evolution of dynamic surface tension vs universal surface age is plotted in
Figure 35 is in striking contrast to the other surfactants. The surface tension of sodium taurocholate
achieves the equilibrium surface tension much faster than another bile salts or CTAB, implying
both a higher surface activity and higher mobility. Nevertheless, the effectiveness for reducing
surface tension is as that high as CTAB or other surfactants as SDS. Since NaTC is a conjugated
bile salt, it seems conjugation increase the affinity for the interface as also happen with NaGDC.
The conjugated acids also have other characteristics that are biologically relevant, for example, the
amidation with glycerin and taurine gives them greater acidity, which prevents these conjugated
bile acids from passing through membranes in the process of elimination of cholesterol, besides
that they are not hydrolyzed by enzymes like Pancreatic carboxypeptidases (70). These conjugated
bile acids are preferably absorbed by the ileum, and among them, taurocholate acid is preferably
adsorbed, the absorption of these acids is important for the digestion of lipids. This absorption
affinity of the taurocholate acid for the ileum could be related to the same affinity that NaTC has

with the interfaces (water-air or oil-water), but a deeper study would be needed.

The minimum evaluated adsorption time measured in this case is 11 ms. The dashed line shows

that the surface expansion rate does not change with concentration for this surfactant.
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Figure 35. The plot of dynamic surface tension vs universal surface age for sodium
taurocholate solutions with a range of concentration from 0.1mM to 20mM .

The maxima surface pressure amountsto  17mNm™. The shortest measured time of adsorption
is 11ms for a solution concentration 20mM.

The dataset for NaTC shows that the value of surface tension continues to decrease considerably
even when ¢ > CMC (see Table V). According to literature(64), the micelles formed by NaTC are
small in size and relatively unstable, and as the rate of demicellization is high, surfactant molecules
are added to the interface at relatively short times. The presented in Figure 35 is compared the

measurements by Valderrama et al.(2) are shown in Figure 36. The datasets overlap at low

concentrations only.
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Figure 36.The dynamic surface tension of sodium taurocholate, data is closed symbols show
values reported by Valderrama et al.(2) and the open symbols show valued of MBP
measurements obtained in this study.

4.2.2 Equilibrium surface tension

Figure 37 shows the plots of the quasi-equilibrium surface tension for four bile salts and CTAB.
The effectiveness of surfactants in modifying surface tension decreases as follows:
CTAB>NaDC>NaGDC>NaC>NaTC. In the case of bile salts, the maximum drop of surface
tension is obtained for sodium deoxycholate. The effectiveness could be linked to the shape of the

surfactants molecules. For bile salts, the equilibrium surface tension curve is smooth, that contrasts
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with the sharp change in slope for CTAB observed at CMC. The datasets appear to be consistent

with reports of stepwise aggregation in bile salts.(64).
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Figure 37. Equilibrium surface tension of Sodium taurocholate, Sodium Cholate, Sodium
Glycodeoxycholate, Sodium Deoxycholate, and CTAB.

The quasi-equilibrium data sets are replotted in Figure 38 using a semilog plot for the change
of slope is observed more clearly than in Figure 37. The value CMC follows the order:
NaTC>NaC>NaDC>NaGDC>CTAB. In the case of the Cholic and Deoxycholic salts, results
follow the trends expected from the relative hydrophobicity of the molecules. Cholic salts are
more hydrophobic than Deoxycholic salts. Though the self-assembly of bile salts surfactant is
driven by the reduction of the hydrophobic surfaces exposed to water as stated by Maldonado
(2), hydrogen bonding also affects the micellization process for bile salts. In the case of the

conjugates of bile salts, it is seen that their effect in the micellization process is minor



73

compared with the molecule structure (see Table 1V), although they should follow the same
behavior (higher hydrophobicity higher CMC), results are not clear in the case of Sodium
Taurocholate which should have lower CMC than a no conjugate molecule, because this

conjugate make bile salts less hydrophobic.
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Figure 38 Equilibrium Surface Tension Sodium Cholate (NaC), Sodium Deoxycholate,
Sodium Glycodeoxycholate, Sodium taurocholate and CTAB

The difficulty in determining the CMC for taurocholate (see Figure 38) is due the aggregates are
too small for being clearly detected by surface tension measurements (69). The value of CMC
obtained by the surface tension measurements for an aqueous solution of NaTC is around 12mM
(68, 69). The curve of equilibrium surface tension for sodium cholate has been reported by Natalini

et al. (65) which agree with the critical micelle concentration of 12.8 mM (see Table IV) but the
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minimum equilibrium surface tension is 50mN/m and in Figure 25 the minimum equilibrium

surface tension reached is 53mN/m .

Table 1V. Maximum surface concentration from the Gibbs equation and CMC values for
bile salts and CTAB.

Maximum surface concentration evaluated with the slope of equilibrium surface tension. (a)
Sigma-Aldrich, (b) (71), (c) (68).

Our Results Literature values
| R [m_c;l} cmc[mM ] cmc[mM ]
m

NaC 8.67 %107’ 12.8 9-15a
NaDC 7.38x1077 471 2-6 a
NaGDC 7.78x107' 4.43 2.12Db
NaTC 1.03x10° 15.40 8.12 ¢

CTAB 3.09x10°° 1.12 0.92-10b

The values of maximum surface concentration evaluated from Gibbs equation on Table IV has the
trend NaDC<NaGDC< NaC<NaTC<CTAB, so CTAB has the smallest area per molecule. This
sequence differs from the one obtained by Jana (72) using du Nouy Ring. However, the value of
maximum surface concentration reported for CTAB from Jana (72) differs from Szymczyk (47);
the data by the latter agrees with our results. The conjugated bile salts seem to occupy less surface

area than the simpler analogues, although they reach interfaces faster in the dynamic surface

tension measurements.

Critical micelle concentration for bile salts has been evaluated by different authors (47, 64, 72, 73)
using surface tension measurements for example Najar et al.(73) results show that for NaC the

cme =8.61mM and for NaDC thecmc =3.23mM , this solutions were prepared in pH =6.5 a

phosphate buffer solution; O'Connor (64) measurements show that for NaC the CMC=10.2 mM

and for NaDC the cmc=1.26mM, in a solution buffer at pH =7 with a phosphate buffer
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solution, while for an aqueous solution of NaTC at pH =4.09 the cmc =33mM. The wide
difference between reported values could be due to sensitivity to pH or presence of impurities that

can affect the aggregation as well as adsorption processes. Additional effects arise due to the fact
that the self-assembly of surfactant molecules in the case of bile salts is not driven only by the

hydrophobic effect but also its driven by hydrogen bonding that is affected by the pH of the

solution (2).

Dynamic surface tension data for all four bile salts were analyzed using the procedure described
earlier in theory section and implement for CTAB solutions. Table V shows the values of
parameters obtained by utilizing Frumkin isotherm in the fit. Comparing results of the maximum
surface concentration between reported values and the ones obtained in this study shows a good
agreement of the order of magnitude of the results. The slight difference between reported ones
and the calculated values of the maximum surface concentration could be due to the difference in
assumptions made in the respective analysis. For example, Chang and Franses (35) do not take
into account the electrical double layer for NaC and NaDC results and assume a Kinetic relation
for the adsorption process. Szymczyk and Janczuk (47) used only the slope of the equilibrium
surface tension for evaluating the maximum surface concentration. The approach used here
accounts for the electrical double layer, counterion binding and also involves a detailed analysis

of the dynamic surface tension datasets.
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Table V. The adsorption parameters obtained using Frumkin isotherm and quasi-
equilibrium surface tension data for aqueous dispersions of CTAB and for bile salts.
Parameters were evaluated from fits to equilibrium surface tension with the equation of state for
bile salts and CTAB and by using Frumkin isotherm. Literature values are included for
comparison. The values for NaDC and NaC (a) are taken from Chang and Franses (35) and the
value for CTAB (b) is from Szymczyk and Janczuk (47).

Frumkin Literature
Values
kgm* o , mol mol
'B{szmol} K[mM™] | K,[mM L L
NaDC 3.7x107% 1.32x10° 0.13 1.8x10°° 2.20x 10°%a
NaGDC 2.8x107%® 9.73x10? 0.09 1.5x10°° --
NaC 7.0x107Y 3.18x10? 0.57 1.5x107° 1.80x 10%a
NaTC 2.1x107%® 1.41x10° 2.7 x 10 2.4x10°° --
CTAB 1.0x107Y 1.65x10° 5.69 6.3x10° 3.10x10%b

L2
The area per molecule reported for NaDC is 93 A for the air-water interface, measured by

L2
Wilhelmy technique (29), is close to the value obtained here ( 92.25 A per molecule) using the

L2
Frumkin isotherm. For NaC the area per molecule estimated from MBP data is 110A is close to

the values reported by Jana (72). The occupancy of the Stern layer vs surfactant concentration is
plotted in Figure 39. The occupancy in the Stern layer shows how much counter ion is binding.
Almost all of the bile salts seems to do not have counter ion on the Stern layer except Sodium
Cholate, which presents an increase in counter ion concentration on the Stern layer with the

increase of the bulk concentration. The occupancy reached by NaC at a concentration of 12 mM

is 0.5. It seems that sodium deoxycholate and sodium glycodeoxycholate present the same
behavior in the occupancy of the counter ion on the Stern layer. In contrast, sodium taurocholate

does not present counterion binding that all, which agrees with the result obtained on Table V,
where the K, value is almost zero. This last constant is related to the energy of adsorption of the

counter ion.
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The dynamic adsorption studies provide critical insights into the physicochemical parameters that
determine surface tension, surface elasticity, self-assembly and rheology of the amphiphilic
molecules. The contrast between the four bile salts, for example, needs to be further investigated
to draw clinical and medically-relevant conclusions about their respective role in digestion, drug-
delivery, and diseases like gall stones. Formation of gallstones, for example, is sometimes related
to the selective solubilization of phospholipids by bile micelles, which leaves cell membranes or

vesicles richer in cholesterol (microcrystals) to form gallstones (70) .
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Figure 39. Occupancy of the Stern layer of counterion (GZ/G1 ) vs concentration of

surfactant in the bulk solution.
The data was obtained from the fitting of equilibrium surface tension, using Frumkin isotherm as
a model of adsorption.
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The dimensionless adsorption shows how the maximum surface concentration changes with an
increase in concentration. In Figure 40, dimensionless adsorption of the studied bile salts has been
plotted vs the bulk solution concentration. Sodium deoxycholate values are close to 1 in the whole
range of plotted concentrations. The curves in Figure 40 mimic the behavior seen in Figure 37,
follow from higher to lower: NaDC>NaGDC>NaC> NaTC. Even though sodium taurocholate (see
Figure 35) reached its equilibrium surface tension values faster than the other bile salts, the overall
interfacial concentration of surfactant and ability to reduce surface tension are distinctly lower than

other bile salts and CTAB.
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Figure 40. Dimensionless adsorption (r%oo ) for Bile salts vs concentration in the bulk

solution.
The data was obtained from the fitting of equilibrium surface tension, using Frumkin isotherm as
a model of adsorption.
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Finally, the surface potential of bile salts vs surfactant solution concentration is shown in Figure
41. The surface potential for NaC, NaDC, and NaGC have values of around 100 mV for the
evaluated concentration range and follow similar dependence of surface potential with
concentration. On the other hand, NaTC values are much higher. It is not obvious as to why the
values are so different for NaTC, and independent measurements of zeta potential (57) could help
in deciphering the origin of such high charge. The surface potential generated by the adsorption of
the bile salts generates a barrier to the mass transport of other amphiphiles present in the solution,

thus influencing lipid digestion and drug solubilization.

The dynamic adsorption of bile salts analyzed in this study represents an important and crucial
step in establishing the difference between kinetic and hydrodynamic effects that affect the
interfacial properties and self-assembly of these physiologically significant compounds. In spite
of a large number of studies on the equilibrium surface tension of bile salts, relatively little was
known about the dynamic adsorption of these bile salts. The data and the analysis are presented
here with a certain hope that the experimental and analysis framework outlined here will find
further use in the characterization of bile salts, bile salt derivatives and other biologically relevant
amphiphilic molecules that display faster adsorption kinetics than can be resolved by pendant drop

tensiometry or Wilhelmy plate techniques.
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Figure 41. The surface potential of biles salts as a function of concentration.
The data was obtained from the fitting of equilibrium surface tension, using Frumkin isotherm as
a model of adsorption.
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5 CONCLUSIONS

5.1 Summary

An extensive set of measurements of dynamic surface tension were carried out using maximum
bubble pressure tensiometry and the dynamic adsorption was analyzed for five ionic surfactants:
cetyltrimethylammonium bromide (CTAB) and four bile salts. The interfacial adsorption of CTAB
and bile salts is a relatively fast process, and surface tension variation occurs over short timescales
(<50 ms) inaccessible in measurements with Du nouy ring, Wilhelmy plate, and pendant drop
methods, but accessible with MBP tensiometer. The time evolution of surface tension is analyzed
using a full transient model for mass transfer of ionic surfactants that accounts for non-stationary
interface, charge, and diffusion, and the quasi-equilibrium surface tension data are analyzed by
using Frumkin and van der Waals isotherms. Surface concentration, surface potential, Gibbs
elasticity, critical micelle concentration are obtained for CTAB and four bile salts. The values
obtained using Frumkin isotherm for maximum surface concentration seems to have an agreement

with literature than those obtained with van der Waals isotherm.

In addition, the CTAB data are analyzed to determine an apparatus constant value (2.46+0.06) that
allows the computation of dynamic surface tension variation with the universal surface age. The
calculation of apparatus constant and universal age is necessary for correcting for the influence of
non-stationary interface. The value of apparatus constant indicates that the bubble surface is
younger than nominal surface age obtained from MBP method by almost a factor of six. The
adsorption time of 8 ms was accessible using the apparatus built in the laboratory, and the

bubbling-to-jetting transition limits the shortest times reachable for the MBP tensiometry.
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The dynamic adsorption data for bile surfactants shows a more rapid adsorption to the interface,
and the quasi-equilibrium datasets indicate that even though bile micelles are highly surface active,
the effectiveness as surfactants for reducing surface tension values is quite limited. The DST data
for low concentration of bile salt NaGDC shows the existence of a kinetic barrier for the transport
of surfactant to the interface. Sodium Cholate and its conjugate have higher affinity to the interface

than Sodium Deoxycholate and its conjugated bile salt.

5.2 Recommendations for future work

Here is a short list of tasks that can be accomplished by a future student or researcher:

Determine the value of apparatus constant by finding the rate of expansion of the interface by
recording the growth of the bubble in the capillary submerged in an aqueous solution for different

solution concentration. Then, compare results with those obtained Figure 19.

Determine dilatation visco-elasticity of the interface for these surfactant solutions by producing

perturbation over a certain frequency and quantifying the response to pressure pulses.
Determining surface potential data for bile salts in order to corroborate data with the fitted models.

Analyzing the transition of the bubbling to jetting, using flow rates higher in order to corroborate
theories from Fainerman, and check if shorter time scales can be accessed using say a different

nozzle size or modified analysis protocols.
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8 APPENDICES

8.1 Appendix A

For reproducing the data obtained by Kralchevsky and et al (25), it has been followed the steps

proposed by them and these have been the results got:

If we compare the values calculated and reported, the disagreement in the values is due to the

experimental data that has been taken directly from the graph that they show in their paper. Also,

the tolerance could affect the results markedly.

kgm* o , mol

'B[szmol} K,[mM™] K,[mM L

Calculated 4.409E-16 979.358 0.279 3.55E-6
Literature Value 3.72E-16 156 0.128 4.42E-6

35

30k

25

=]
=

o
o
T

Surface pressure

10
CM)

Figure 42. Surface pressure vs Concentration
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The potential vs time graph is higher than the reported (180-190), this could be done because the

simulation was made putting a solver into another so the error could be propagated.

potential

Figure 43. Potential vs Concentration
The dimensionless adsorption agrees with the reported.
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Figure 44. Dimensionless Adsorption
And the occupancy in the stern layer agrees with the reported, even though there is a small offset

in the y-axis of 0.1 higher than the reported.
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Figure 45. Occupancy in the Stern Layer
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