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Abstract:

The interfacial and foam properties of a model system based on the mixture between
myristic acid and choline hydroxide have been investigated as a function of the molar ratio
(R) between these two components and temperature. The aim of this study was to obtain
insight on the links between the self-assemblies in bulk and in the foam liquid channels, the
surfactants packing at the interface, the resulting foam properties and stability. A multi-scale
approach was used combining Small Angle Neutron Scattering, Specular Neutron
Reflectivity, surface tension measurements, and photography. We highlighted three regimes
of foam stability in this system by modifying R: high foam stability for R < 1, intermediate at
R ~ 1 and low for R > 1. The different regimes come from the pH variations in bulk linked to
R. The pH plays a crucial role at the molecular scale by setting the ionization state of the
myristic acid molecules adsorbed at the gas-liquid interface, which in turn controls both the
properties of the monolayer and the stability of the films separating the bubbles. The main
requirement to obtain stable foams is to set the pH close to the pKa in order to have a mixture
of protonated and ionized molecules giving rise to intermolecular hydrogen bonds. As a
result, a dense monolayer is formed at the interface with a low surface tension. R also
modifies the structure of self-assembly in bulk and therefore within the foam, but such a
morphological change has only a minor effect on the foam stability. This study confirms that
foam stability in surfactant systems having a carboxylic acid as polar head group is mainly

linked to the ionization state of the molecules at the interface.
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Introduction:

Fatty acid soaps have been known for over 2000 years as surfactants to produce foams
and emulsions, and are used since a long time in laundry and personal care products.' * Fatty
acids are anionic surfactants with a carboxylic acid as polar headgroup. There are plenty of
reports available on the foaming and emulsifying behavior of fatty acids as a function of the
pH and ionic strength.” ® The first one was published in 1944 by Miles and Ross, who studied
the stability of foams produced from fatty acids.” Then, various studies have shown that the
fatty acids’ bulk self-assemblies can affect the macroscopic properties such as emulsifying
and foaming properties.'®!” From these studies, lamellar phases or vesicles seem to be the
most efficient self-assembled structures to stabilize foams and emulsions in contrary to
spherical micelles.'* '® ' The foam stability for fatty acid soaps would be linked to the size of
the self-assembled structures as already highlighted in the case of protein aggregates.”” %!
Recently C. Stubenrauch et al. has pointed out that when surfactants have a polar headgroup
with a hydrogen bond donor and a proton acceptor, stable foams can only be generated when
hydrogen bonds can be formed between the head groups at the interface.”* ** Up to now, most
of the studies on fatty acid systems have been performed by only looking at the self-
assembled structure in bulk or at the interfacial properties to try to understand the mechanisms
that drive the destabilization of foam. A global multiscale study needs to be performed at all
relevant scales of the system from the molecular scale to the macroscopic scale to increase our
understanding on these destabilization phenomena. The question related to the main
parameters governing foam stability, not only concerns the fatty acid soap systems, but more
widely all the surfactant systems and remains an open question for the foam community.”” *>
% For instance, Ferreira et al., have studied recently these issues for a catanionic surfactant
system, and have shown that the self-assembled structure in bulk was not the relevant
parameter to predict the foam stability.29

In this study, our goal was to make a full characterization of a model fatty acid soap
system, respectively at the molecular scale, at the scale of the air/water interface, and finally
at the mesoscopic scale of the self-assembled structures inside the foam liquid channels, in
order to highlight the main parameters governing the foam stability at the macroscopic scale.
To achieve this goal, we first selected a model fatty acid soap system already described in a
previous work showing a broad polymorphism in bulk: the myristic acid dispersed in aqueous
solution by using choline hydroxide as counterion.’® Choline is a quaternary ammonium ion

of biological origin, which is physiologically and environmentally harmless, and is very
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efficient to disperse fatty acids.”'>* In this model system the self-assembly in bulk is widely
tuned by the molar ratio R, which modifies the pH of the aqueous solution. By tuning R, we
modify the quantity of hydroxide ions in bulk. Thus, an increase of R leads to a pH increase
due to the addition of hydroxide ions with the choline cation. R sets the pH of the aqueous
solution, which in turns governs the ionization state of the fatty acids and the headgroup
interactions leading to the broad polymorphism in bulk. In fatty acid systems, different studies
have clearly evidenced the effect of the molar ratio in bulk." ***!' For the myristic acid/choline
hydroxide system, facetted vesicles, unilamellar and multilamellar vesicles, lamellar phases
and spherical micelles have been observed as a function of R.

In order to investigate the correlation between the bulk self-assembly, the variation of the
interfacial properties and of the foam properties as a function of R, we performed a multi-
scale study by combining experiments and techniques at different length scales to explain the
macroscopic foaming properties, and especially foam stability. The aggregated structures
confined inside the foam liquid channels were investigated using Small Angle Neutron
Scattering. The surface properties were determined by coupling surface tension and neutron

reflectivity measurements.

Materials and Methods

Sample preparation
The two main components were purchased from Sigma Aldrich and were used as received:
myristic acid (purity > 99 %) and choline hydroxide (46 % wt in water). To prepare the
myristic acid dispersion in the presence of the choline hydroxide, we first weighed the fatty
acid powder to which ultrapure water was added to reach the final concentration fixed at
4.4%¥107 mol.L"', which corresponds to 1 % weight in water. In the second step, we prepared
the choline hydroxide solution at 1 mol.L" in ultrapure water. Then, this counter-ion solution
was added to reach the desired molar ratio defined as R=ncnoline hydroxide/Nmyristic acia With 7 the
molar concentration in mol.L™. In this study, the concentration of myristic acid was kept at
4.4¥107 mol.L™" and only the concentration of counter-ion was modified to vary R. To fully
disperse the fatty acid powder in water in the presence of the counter-ion, the mixture was
heated to 75°C during 5 minutes and then cooled down to room temperature before being
frozen at -18°C. This cycle was repeated at least two times to ensure the complete dispersion

of the fatty acid powder. All the samples were stored at - 18°C. Before performing any
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experiment of characterization, all samples were heated again at 75°C during 5 minutes and

cooled to room temperature.

Foam production and determination of drainage Kinetics

The foams were produced by two techniques: hand-shaking and gas bubbling. Measurements
were performed at 15°C, 25°C and 35°C and were carried out three times for
reproducibility.

In the first method, the foams were produced by vigorous hand-shaking of cylindrical
graduated plastic containers of 15 mL (15 mm internal diameter, 118 mm height) filled with
4 mL of fatty acid dispersion. The mixture was agitated for 60 sec and all foam samples were
produced by the same operator. The evolution of the foam volume was evaluated by naked
eye and measured using the graduation of the containers. Secondly, we also produced foams
by bubbling gas into the fatty acid solution using a Foamscan (I.T.Concept, France). Foams
were generated in a glass column 21 mm in diameter by bubbling nitrogen gas through a
porous glass disc with a 10-16 um pore size and a diameter of 3 mm. The gas flow rate was
fixed at 45 mL.min"". The final foam volume was fixed at 45 mL. Once this foam volume was
reached, the gas flow stopped automatically. A camera recorded pictures of foams every
100 sec. The foam formation and stability was monitored by image analysis. To quantify the
volume of liquid drained out of the foam at the bottom of the column, conductivity
measurements were performed by using electrodes. Before measurements, solutions of
myristic acid and choline were introduced inside the glass column and left for 30 min to

equilibrate to the required temperature before producing the foam.

Small Angle Neutron Scattering (SANS)

We performed SANS experiments on the PACE spectrometer at the Laboratoire Léon
Brillouin (Saclay, France). We chose three configurations with a significant overlap between
them to get a Q-range spanning from 5.107 to 3.10" A™ (respectively 5 A at 1 m, 5 A at4.7 m
and 13 A at 4.7 m). The temperature was controlled within = 0.2°C. The neutron wavelength
was set to the desired value with a mechanical velocity selector (AA/A=0.1). Standard
procedures were applied by the PASINET software to correct the averaged spectra for empty
quartz cell, background noise, and detector efficiency contributions in order to obtain
scattering in cm™. The incoherent scattering from solvent was then subtracted afterwards.*”

In order to ensure a good contrast between the fatty acids and the solvent, as well as good

contrast between air and solvent in experiments with foams, the dispersions were made in
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deuterated water (D,0) as solvent.” To study foams by SANS, we produced the foam by
using two 10 mL syringes connected by a plastic tube junction.** The first syringe contained
5 mL of the initial fatty acid/choline hydroxide dispersion prepared with D,O and the second
was filled with 3 mL of air. Foams were produced by pushing alternatively the plungers of
both syringes several times.

The foams were left to drain during 5 min and the drained liquid was collected into a flat
quartz cells. The drained foams were put in a flat quartz cells with a 2 mm optical path length
by using a needle to introduce carefully the foam inside the cell. A first foam was produced
for the measurement at the two configurations corresponding to large and medium Q for
which the time acquisition is fast (45 min overall) and a second one similar to the first one
was used for measurement at small Q with a longer time of acquisition (60 min). We used this
procedure to ensure that the foam evolution was slow on the time-scale of the SANS

measurements.

Specular Neutron Reflectivity

Specular neutron reflectivity (SNR) experiments were performed on the horizontal time-of-
flight reflectometer EROS at the Laboratoire Léon Brillouin (Saclay, France). The horizontal
collimated neutron beam was deflected by a neutron super mirror by an angle of 0.75° on the
sample to collect data at a fixed incidence angle of 1.495°. By using a neutron white beam
covering wavelength from 3 to 25 A, it was possible to measure the reflectivity coefficient ®
in a Q-range lying between 5.107 and 3.10" A™'. The sample was placed in a sealed cell with
two quartz windows allowing the passage of neutrons and avoiding the exchange between
D,0 and H;O from the atmosphere. Measurements were performed at ambient pressure and
temperature. The acquisition of the data was recorded for 16 hours with slices of 2 hours.
Samples were prepared by mixing hydrogenated fatty acid and choline hydroxide in
deuterated water to ensure a good contrast between the fatty acids and the solvent, and the air-
water interfaces and the solvent. The reflectivity curves corresponding to the analytical
models presented within the text were calculated by the optical matrix method with a slicing
of the scattering length density profiles in slabs of 10 A. The experimental resolution of the
spectrometer was taken into account in the calculation. The respective calculations of the
scattering length density (SLD) of myristic acid molecules and D,0O give Ny=-0.5%10° A~
and Ny=6.39*10° A,
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Surface Tension Measurements
The measurements of the air-solution surface tension as a function of the molar ratio were
performed by using the automatized surface tension plate reader Kibron Delta-8 (Kibron,
Finland). A volume of 30 pL of dispersions was placed on the 96-hole platform.
Measurements were performed at 20°C after a waiting time of 20 minutes to ensure
equilibrium at the air-water interface for all the samples. A calibration was performed by

using ultrapure water at 20°C. Measurements were performed four times for each sample.

Results

1. Phase diagram of the myristic acid/choline hydroxide system in bulk as a

function of the molar ratio

We first recall the phase diagram of the myristic acid/choline hydroxide system as a
function of R and temperature determined in a previous study by coupling SANS and TEM
experiments (Figure 1).*° At low R below 27°C, facetted vesicles and disks are present. By
increasing R, the facetted objects transform into lamellar phases. All these self-assembled
structures transit into spherical vesicles above the phase transition close to 27°C. The
transition from facetted vesicles and lamellar phases into spherical vesicles comes from the
melting of the alkyl chain.® Above the phase transition, the bilayer inside the aggregated
structure transits from a gel rigid state to a fluid state. By increasing R, spherical micelles
appear in bulk in coexistence with lamellar phases or with vesicles. For R>0.9 at all
temperatures, only spherical micelles are present in bulk. In this system, by tuning R we
modify the pH of the aqueous solution. In bulk, at 20°C for 0.4 <R <1, the pH is around 9
close to the pKa of the myristic acid. For 1 <R < 1.2, the pH increases from 9 to 11.5, and
reaches 12 for R > 1.3 (Figure 3).*° The molar ratio R controls the pH solution, tuning the
ionization state of the myristic acid molecules and the interactions between them. It is the
modification of both R and temperature in this fatty acid soap system, which leads to these

various self-assembled structures in bulk.
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Figure 1: Schematic representation of the phase behavior of the choline hydroxide/myristic acid

system in bulk as a function of both R and temperature as determined in a previous study adapted from

reference. *°

2. Self-assembly inside the foam liquid channels as a function of the molar ratio

To produce the foams, we have chosen three molar ratios R at 15°C to be in the presence of
three different self-assembled structures in bulk: facetted vesicles (R=0.4), a mixture
between lamellar phases and micelles (R =0.8) and spherical micelles (R =1.0). We used
SANS experiments to probe the foam and to determine the self-assemblies present inside the
foam liquid channels.” The scattered intensities for the foams are shown in Figure 2. In order
to compare the self-assembly present in the foam with the one in bulk, we plotted also the
bulk scattering spectra from which the foams have been made.

First of all, we compared the respective intensities of bulk and foam samples to determine the
liquid fraction for the three foams as described recently in the review from Mikhailovskaya et
al® For R = 0.4, R=0.8 and R = 1.0, the liquid fraction were around 22, 24, and 18 %,
respectively.

At low Q, on the scattering curves for all the foams, a Q* decay was observed arising from
the air-water interfaces of the bubbles and is typical of Porod scattering. The intensity can be
described by using: 1(q) = 2m(ASLD)?S/Vq~*, where ASLD is the difference of scattering
length densities between air and the solvent D,O and S/V the specific surface corresponding
to the amount of gas divided by the water surface per unit volume.* By using such equation
to fit our data, we determined the average bubble radius (Figure SI.1).%

For R=0.4, R=0.8 and R=1.0, the average bubbles radii were 62, 56 and 72 um,
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respectively. For R = 0.4, from Q =0.01 to 0.08 A™, we observed the same Q* decay on the
SANS spectra of bulk and foams. This Q™ decay corresponds to the presence of bilayers
structure. For R=0.4, facetted vesicles made of bilayers are present in bulk. Thus, the Q~
decay on the SANS spectra of bulk and foams comes from the scattering of the bilayers of the
facetted vesicles. The oscillation at high Q corresponds to the thickness of the bilayers. We
observed that it was located at the same position showing that the thickness of the bilayers
was the same for the vesicles in bulk and inside the foam liquid channels. The two scattering
curves were similar showing no transformation of the facetted vesicles inside the foam. For
R = 0.8, the scattering curve for the bulk corresponds to the mixture of lamellar phases and
spherical micelles as described previously.”® On the scattering curve of the foam, in the
middle Q region, we observed three intense sharp peaks located at Q= 0.0255 Al, Q=
0.0504 A, and Q =0.0765 A™. Their positions were exactly in a ratio 1: 2: 3 (Qo, 2Qo, 3Qy),
which indicates the presence of lamellar phases inside the foam liquid channels. The intensity
of the peaks was higher than for the bulk dispersion showing that the quantity of lamellar
phases was higher inside the foam than for the bulk dispersion. Three hypotheses could
explain this difference: (i) during foam generation, the high shear rates could induce the
formation of lamellar phases from the micelles, (ii) during foam generation, the foam could be
enriched by lamellar phases, or (iii) during the drainage, only the micelles that have small size
and high mobility are drained contrary to the lamellar phases which can stay entrapped inside
the foam. In order to rule out the hypotheses, a SANS experiment was carried out on the
drained liquid. The scattering curve was very similar to the one obtained for the bulk
dispersion showing the coexistence of both spherical micelles and lamellar phases. Therefore,
we can conclude that most of the lamellar phases remained entrapped inside the foam, and the
spherical micelles were free to drain out of the foam with a small quantity of lamellar phases.
For R =1.0, the bulk dispersion contained only spherical micelles with a diameter around
18 +/- 1 A, For both the foam and the drained liquid, we observed that the scattering curves
were similar to the one obtained for the bulk, especially at high Q where the form factor is
probed showing that the micelle size remained the same. Since micelles were composed by
ionized fatty acid molecules, they bear an overall negative charge and repel themselves over
large distances due to electrostatic repulsions. This gives rise to a broad correlation peak in
the medium Q part. From the position of the peak we can estimate the average distance
between spherical micelles. In the bulk, the spherical micelles gave rise to a broad correlation
peak at Q= 0.0495 A, which corresponded to a distance (d) between micelles of around
125 A (d=2n/Q). For the drained solution, the peak position was slightly shifted to lower Q,

9
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showing that the mean distance between micelles increased and was around 135 A, i.e. the
number of micelles was lower in the drained solution in comparison to the bulk dispersion.
We suppose that this comes from the fact that a large quantity of fatty acids remains inside the
foam as monomers adsorbed at the interface, compared to the bulk under where they form
micelles.

In summary, these SANS results show that the morphology of the self-assembled
nanostructures remained the same during the passage from bulk to foam for the three samples

probed.

:o Drained liquid
] ® Foam
A Bulk

0.01 0.1

Q (A"
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Figure 2: SANS spectra of bulk solutions (red triangle), foams (blue circle) and drained liquid (black
empty circle) for (a) R=10.4, (b) R=0.8 and (¢) R = 1.0. The spectra were shifted in intensity by a

factor 100 from each other for clarity.

3. Effect of the molar ratio on the surface properties

As our goal was to understand how the foam was stabilized as a function of R, it was
mandatory to collect information on how these fatty acid molecules adsorb at the air-water
interface. We focused on the surface properties as a function of R by coupling surface tension
and Specular Neutron Reflectivity (SNR) measurements.

We measured the evolution of the surface tension as a function of R at room temperature
to determine the effect on the surface activity of the myristic acid (Figure 3). For 0.4 <R <1,
the surface tension was around 26 +/- 2 mN/m. For 1 <R < 1.2, the surface tension drastically
increased from 26 to 45 mN/m. For R > 1.2, the surface tension remained constant around
45 +/- 1 mN/m. As a function of R, three regimes of surface tension were determined: low,
intermediate and high surface tension. By comparing with the pH evolution as a function of R
determined in a previous study, we observed that the three surface tension regimes followed

exactly the evolution of the pH in bulk (Figure 3).30
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Figure 3: Evolution of the surface tension (black circle) and the pH (blue square) in the choline

hydroxide/myristic acid dispersions as a function of the molar ratio R at 25°C.
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Beyond surface tension measurements, various interfacial structures have been described
in literature for surfactant systems and neutron reflectivity is a powerful technique to
determine them at the air/water interface (surfactant monolayers, lamellar phases,
multilamellar vesicles and tubes).” ™" We performed SNR experiments at 20°C for two molar
ratios R containing self-assembled bilayer structures in bulk: R = 0.4 (facetted vesicles) and
R =0.5 (lamellar phases). On the SNR curves, we observed a Q™ scattering decay coming
from the pure air/water interface and regular interference fringes showing the presence of a
thick layer of myristic acid at the interface (Figure SI1.2-3). To fit the SNR data, we used the
multilayer model (see SI for the description of data fitting) .*> *® From these results, we can
conclude that the facetted vesicles and the lamellar phases form a lamellar phase structure at

the air/water interface adsorbed below a fatty acid monolayer.

4. Effect of the molar ratio on the foam properties

We studied the foam properties (foamability and foam stability) as a function of both
R and temperature. The molar ratio was varied from 0.4 to 2.0 and the temperature was fixed
at 15°C or 35°C in order to have different self-assemblies in bulk (Figure 4).
First, we produced foams by bubbling nitrogen gas into each fatty acid dispersions allowing a
quantitative description in terms of foamability (how much foam is produced) and foam
stability (how the foam evolves). At all temperatures, the foams were formed quickly in
around 60 +/- 5 s and were made of small homogeneous bubbles (in the range of 50 to 100
um) (Table SI.1 and Figure SI.4). Only for R > 1.5, we observed a slight increase of the time
needed to reach the fixed foam volume. Therefore, the foamability was high whatever R since
all the gas was encapsulated in the foam at the end of bubbling, with no influence of the self-
assembly structure.
To obtain information on the foam stability, we recorded the evolution of the foam volume as
a function of time (Figure 4). First, at 15°C, for 0.4 <R < 1.2, the foam volume was constant
during 3600 sec around 40 cm’ (Figure 4.a). These foams can be denoted as stable foams. For
R = 1.3, the foam volume decreased slowly to reach 30 cm® after 3600 sec. This foam had an
intermediate stability. For R > 1.5, the foam volume decreased quickly with time. At the end

of the experiment, only few bubbles remained inside the foam column. These foams are
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classified as unstable foams. We observed three regimes as a function of R (Figure 4.a). At
25°C, the self-assemblies are the same as at 15°C in bulk and the same evolution of foam
stability was observed (Figure SL.5). At 35°C, three regimes were also obtained (Figure 4.b).
For 0.4 <R < 1.1, stable foams were observed with a constant foam volume around 40 cm®
during 3600 sec. For R =1.2, the foam had an intermediate stability with a foam volume
which decreased slowly with time. For R > 1.3, the foams were unstable with a fast foam
volume decrease with time. At all temperatures, three regimes of foam stability were observed
and we classified them as: stable foam, intermediate stability and unstable foams. Only the
limits between the regimes were slightly shifted to lower R by increasing the temperature.
Moreover, the foams were a little less stable at 35°C since the foams started to break up at the
top after 2400 s, while nothing happened for the foams at 15°C and 25°C.

We also measured the evolution of the amount of liquid inside the foam with time to
follow the drainage (Figure SI.6). After foam formation for all R and temperatures, the liquid
fraction was high around 20 +/- 5 %. No trend for the liquid fraction was observed as a
function of R. The liquid fraction quickly decreased with time for all samples, showing that
drainage occured whatever R. However, we observed that the drainage rate was faster at 35°C

than at 15°C at R < 1. The liquid fraction decreased faster for R > 1 for all temperatures.
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Figure 4: Evolution of the foam volume as a function of time for foams produced by bubbling gas for

various molar ratios (R) at two temperatures: (a) 15°C and (b) 35°C. The schematic drawings
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represent the self-assemblies present in bulk as a function of both R and temperature as determined in

a previous study.*

It is known in the literature that the foam production method influences the foaming
properties.** For comparison, we also produced foams by hand-shaking (Figure 5. a-b).The
advantage of shaking is that it can be performed in closed bottles, which permit us to follow
the evolution of the foam volume over longer times, 24 hours in our case. Moreover, the use
of two different foaming techniques leads to different bubble sizes as well as liquid fractions
at the end of the foam production. Hand-shaking was used to confirm the observations made
from the bubbling techniques i.e. the three foam stability regimes. After foam formation for
all R and temperatures, the liquid fraction was high around 30 +/- 5 %, for all R and
temperatures. The bubble diameters generated with the handshaking method were larger than
with the bubbling method (around 50-100 pm for bubbling and around 150 pm for
handshaking).

At 15°C, we obtained again three regimes of foam stability (Figure 5.a). For
0.4 <R < 1.1, the foam volume slightly decreased after 24 hours of conservation of the foam
at 15°C. For R =1.1, after 24 hours, the foam volume decreased from around 12 cm? to 3 cm’,
and the bubble size increased as seen by naked eye. For R > 1.3, there was almost no more
foam after only one hour. At 35°C, whatever R, there was no more foam after 24 hours
(Figure 5.b). After 5 hours, three regimes of foam stability were again observed. For
0.4 <R <1, the foams were stable with a foam volume decrease of only few cm® after 5 hours
of conservation of the foam. For R =1.1, after 5 hours, the foam had an intermediate stability
since the foam volume decreased from around 12 cm’ to 3 cm® accompanied by an increase of
the bubbles size. For R > 1.2, the foams were unstable with no more foam after only one hour;
only few very big bubbles remained present inside the plastic tube. The same trend was
observed at 25°C, stable foams for 0.4 <R <1, intermediate stability for 1 <R < 1.1, and
unstable foams for R > 1.2 (Figure S1.7).

Between the two foaming methods, we observed that the results were quite close and three
main regimes were distinguished for the evolution of the foam volume over time as a function
of R. However, the onset of the transition between stable foams and intermediate stability was
shifted to lower R values in the case of foams produced by handshaking in comparison to

foams produced by bubbling, a trend that was observed for all temperatures. This shows that
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Figure 5: Evolution of the foam volume as a function of time for foams produced by hand-shaking for

44 various molar ratios (R) at two temperatures: (a) 15°C and (b) 35°C. The schematics represent the

self-assemblies present in bulk as a function of both R and the temperature.

5. Discussion: links between self-assembly in bulk, interfacial and foam properties

52 as a function of R
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The results we have gathered at all the different scales from the molecular to the
macroscopic scale show that : (i) Three different regimes of surface tension were observed,
which are strongly linked to R and therefore to pH; (ii) the foamability does not depend on R;
(iii) the foam stability is tuned by R and three regimes of foam stability are obtained,
respectively high, medium and low; (iv) Inside the foam liquid channels, the structure of the
self-assembled nanostructures are identical to those in bulk and are tuned by R. This
combination of results should allow us to depict the mechanisms that lead to the three foam
stability regimes observed by addressing the following questions: Does it come from changes
of the bulk or interfacial properties, or both? Is the foam stability driven by the bulk or the
interfacial properties? What sets the transitions between high, medium and low foam stability

regimes?

It 1s well known that the destabilization of foams occurs due to three main mechanisms:

25,49, 50 .
7”7 Here, we observed that the foam drainage was

coalescence, coarsening and drainage.
slightly slower in the presence of self-assembled bilayer structures than in the presence of
spherical micelles. This difference in drainage rate comes from a much higher bulk viscosity
for the dispersions containing vesicles, lamellar phases, etc. than for spherical micelles
(Figure SI.8).>"** However, even in the case of foams produced at low R containing micron-
size aggregates, the foam drainage occurred leading to relatively dry foams after less than one
hour for foams produced by bubbling (liquid fraction below 5 %), even if such foams show a
very good stability. Therefore, the foam stability was mainly linked to coalescence and
coarsening phenomena in our model system, and not to the drainage.

To limit the coalescence and coarsening phenomena, the mechanical properties of the
interfacial layers such as the resistance to the compression and the elasticity are important. In
the literature, it is described that the surface properties are linked to the ionization state of the
fatty acid molecules in bulk, which is controlled by the pH.*>*° For fatty acid monolayers, the
difference in pKa between the surface and the bulk is small. When the pH is close to the pKa,
the fatty acids are present both under protonated and deprotonated states in 1:1 proportion in
bulk.>

In our system, for 0.4 <R <1, low surface tensions were obtained. The pH in bulk was
around 9 corresponding to the pKa of the myristic acid. Based on the results obtained in
similar systems in the literature, we can suppose that at the air/water interface, protonated and
deprotonated molecules under ionized state are both present. *>**> We suppose that there is a

synergistic adsorption of both molecular species and they interact by hydrogen bonding,
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causing a reduction of the intermolecular distance leading to a dense monolayer at the
interface. In the literature, it is known that the presence of carboxylic group at the interface
decreases the electrostatic repulsive forces leading to a tighter monolayer packing. ”>*>> This
dense monolayer formed by both species at the interface gives rise to an elastic surfactant
layer as highlighted in similar systems.”*?* When the pH in bulk increases by increasing R,
the protonated myristic acid molecules progressively become deprotonated. At the interface,
the ratio of deprotonated molecules to protonated in the monolayer increases, which increases
the electrostatic repulsions between the charged carboxylate headgoups. This reduces the
density of fatty acids that can be adsorbed compared to what happens at lower R.
Consequently, for 1 <R < 1.2 the surface tension increases progressively in accordance to the
decrease of fatty acids surface density. For R > 1.3 corresponding to high pH, only
deprotonated molecules are present both in bulk and at the interface. The strong repulsive
forces between the carboxylate headgroups are maximal and the adsorption density is minimal
and lower than at pH close to the pKa (Figure 6).°® In such range of R, the surface tension
reaches its highest values due to low density of fatty acid molecules at the interface. Similar
results have been described in the literature for sodium salt of myristic acid by coupling
surface tension and Infrared Absorption Spectroscopy.”® Thus, three different ranges of
surface tension exist as a function of R: low for R < 1, intermediate for R = 1 and high for
R >>1 (Figure 6). The intermediate regime corresponds to the transition between the low
surface tension regime to the high surface tension regime due to the progressive deprotonation
of the fatty acid molecules. The transition between these two extremes is smooth.

It has recently been suggested that the ability of surfactants to form hydrogen bonds at the
interface tunes the stability of foam films and therefore to the overall stability of the foam at
the macroscopic scale.”* Since we have identified on our model system three ranges of R for
the surface tension, we can discuss their respective influences on three different regimes of
foam stability identified as a function of R: high for R < 1, intermediate for R = 1 and low for

R >>1 (Figure 6).

High foam stability regime for R below equimolarity

For this high foam stability regime, all the dispersions contained large self-assembled bilayer
structures (facetted vesicles, spherical vesicles and lamellar phases) both in bulk and in the
foam liquid channels. This high foam stability regime corresponds to the low surface tension
regime where a dense monolayer is formed at the interface, which ensures a good protection

for the bubbles against coarsening and coalescence. Moreover, we have shown by SNR that
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below this fatty acid monolayer, the facetted vesicles and lamellar phases were adsorbed and
formed multilamellar phases at the interface. These structures form thick interface layers, and
are known to reinforce the protection of the bubbles since the coarsening is linked to the

permeability of the interfacial layer .’

Low foam stability regime for R above equimolarity

The foams obtained from dispersions containing spherical micelles for R >> 1 were destroyed
quickly with time. We showed that only spherical micelles were present inside the foam liquid
channels, which does not reduce drainage due to the low bulk viscosity. This low foam
stability regime corresponds also to the high surface tension regime with a monolayer that
contains only a low density of fatty acid molecules and cannot protect the bubbles against
coalescence and coarsening. The mechanisms of foam destabilization are not blocked
resulting in unstable foams.

In this high regime of R, large excess of counter-ions in the foam can affect also its
foamability. In this regime, the thin film stability is due to electrostatic repulsion between the
ionic double layers associated with the adsorbed ionic surfactants on the two sides of the
liquid film. A large addition of choline hydroxide as counter-ion screens these interactions
and in turn causes the shortening of the electrical double layers, decreasing the stability of the
foam. This fast foam destabilization could also explain why the foamability is lower than for
the other R regimes; as destabilization already took place during the foam formation.® This
phenomenon has been already described for mixtures between cationic surfactants and

: : 61, 62
organic counter-ions. ’

Intermediate foam stability regime for R close to the equimolarity

Our results show that in the vicinity of equimolarity, foams were relatively stable even though
only micelles were detected in the bulk foam channels as for the low foam stability regime.
This is a proof that the conditions required to obtain stable foams are not only driven by the
presence of large self-assembled structures in bulk (vesicles, lamellar phases, etc.), but also to
the strong influence of the packing of fatty acids at the surface. This intermediate regime is a
smooth crossover between the two extreme regimes (high and low foam stability). For this

intermediate foam stability regime, the surface tension regime also corresponds to the
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crossover range of surface packing and surface tension between high and low surface tension.

The result at the macroscopic scale is an intermediate foam stability.

oNOYTULT D WN =

14 Effect of the alkvl chain melting on the phase behavior and foam stability

16 In this system, the alkyl chain melting occurs around 27°C, which has been shown to induce a
change in the rigidity of the self-assemblies in bulk from facetted vesicles and lamellar phases
19 to spherical vesicles.”® The melting has rather a low influence on the foam stability, as shown
2 by the results obtained below (15 and 25 °C), and above the alkyl chain melting temperature
(35 °C). Indeed, the general foam stability trend was not influenced by the state of the chains
24 and for all temperatures, three regimes of foam stability were always observed. However,
above 27 °C, the foam stability was lower than below. This transition at the molecular scale
27 mainly modifies the properties of the interfacial layer, where the molten chains are more
29 mobile, less well packed, and have lower resistance to deformation. Therefore, they are less

able to resist against coalescence and coarsening and lead to a decrease in the foam stability.
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Figure 6: Schematic illustrating the links between the molar ratio (R), the foam stability, the bulk self-

assembly, and the surface properties.

Conclusion

In this study, we demonstrated that it is possible to adjust the foam stability of a system
of fatty acids at the macroscopic scale by tuning a simple parameter, the molar ratio R
between the myristic acid and its organic counter-ion the choline hydroxide. Indeed, the
tuning of R induces changes at the molecular scale, which impact at the same time the surface
properties, and the self-assembly in the foam liquid channels at the microscopic scale. R is a
simple trigger to tune the foam stability from low to high (Figure 6). By using a multiscale
approach, we highlighted that the foam stability could not be explained only by looking at the
size and nature of the self-assembly present in bulk, contrary to results described in previous
studies in similar fatty acid/organic counter-ion systems.lé’ " Indeed, we observed either
relatively stable foam (close to equimolarity) or unstable foam (above equimolarity) in the

presence of the same self-assembly: spherical micelles. Our results confirm recent
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conclusions obtained by Ferreira et al., for catanionic systems, showing that the self-assembly
structure is not the only appropriate parameter to predict foam stability.*

The difference of foam stability in our system is mainly linked to the properties of the
fatty acid monolayer at the interface, which depends on the ionization state of the myristic
acid. By controlling the molar ratio R, we can set the pH of the bulk, which is linked to the
quantity of hydroxide ions introduced by the choline hydroxide counter-ion. The pH governs
the ratio between the deprotonated and protonated molecules both in bulk and at the interface,
and also the interactions between them: hydrogen bonding and/ or repulsive electrostatic
interactions. The surface tension and the density of fatty acids at the interface are directly
linked to R. Therefore, we can suppose that the foam stability follows mainly the variation of
the interfacial properties governed by R, which plays a crucial role at the molecular scale.
This result can be explained by the fact that we are dealing with coalescence and coarsening
issues in this system. These foam destabilization mechanisms are happening at the scale of the
thin films separating bubbles, which are made of two interfaces in interaction. For fatty acid
soap systems, the main requirement to obtain stable foam is to stabilize the bubbles by having
a mixture of protonated and deprotonated molecules at the interface interacting by hydrogen
bonds giving rise to a dense and elastic surfactant layer counteracting coalescence and
coarsening.

Our results seem to be confirming the role of intermolecular hydrogen bonds between
surfactant head groups on the foam stability, as demonstrated recently with other types of
surfactants.”> ** One of the next steps of our study is to confirm the results obtained with
myristic acid by using other counter-ions as already described in the literature in the bulk and
with other surfactants enable to form hydrogen bonding.“' 65

This study based on a fatty acid soap system provides new insights to understand the
relationships existing between foam stability and self-assembly, which is of interest to all the
scientists working on formulation, foam and self-assembly, and will stimulate further works
on the subject. From an applied point of view, this study could help to improve the foaming

formulations based on fatty acid soaps for various applications in detergency, cosmetics, etc.
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