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ABSTRACT: Surfactants with amino-acid heads (AASs), namely
N-lauroyl-L-alanine (C12-ALA), N-lauroyl-L-leucine (C12-LEU), and
N-lauroyl-L phenylalanine (C12-PHE) were mixed with n-octanol
(C8OH) and thoroughly investigated via surface tension and
foamability experiments. Significant differences between the
selected AAS were observed. Moreover, the results obtained
under equilibrium and dynamic conditions were remarkably
different in terms of surface activity. The surface tension
measurements (equilibrium conditions) indicated that the C12-
ALA/C8OH mixture exhibits the highest synergistic effect. For the
C12-LEU/C8OH system, a moderate synergism was observed, while
for C12-PHE/C8OH, the effect was antagonistic. In contrast, in
foamability experiments (dynamic conditions), all of the studied AAS/C8OH mixtures exhibited a spectacular synergistic effect at a
wide concentration range. The observed effect was referred to as convection-activated surface activity of AAS/C8OH mixtures. The
obtained experimental results were interpreted on the molecular level via all-atom detail molecular dynamics simulations (MD). The
observed phenomenon was connected with the hydrogen bond-mediated aggregate formation in the bulk solution. Such aggregates
act as reservoirs of surfactant molecules for supplementation of the adsorption coverage at the freshly formed liquid/gas interface.
Additionally, the differences between the specific AAS were explained via the interplay of AAS−AAS and AAS-C8OH hydrogen bond
affinities. The presented results showed an interesting example of a foaming system in which the surface activity can be controlled in
situ via convection. This finding also significantly expands the range of potentially interesting molecules that can be used as efficient
foaming additives and impacts the current understanding of the role of hydrogen bonding in designing of tuneable surfactant
mixtures.

1. INTRODUCTION
Surfactants, also known as surface-active substances (SAS), are
a group of compounds with unique properties (e.g., the ability
to lower the surface tension) that make them incredibly
versatile and useful in a wide range of industrial, technological,
and everyday human life applications. Some of the common
applications of surfactants are emulsification, corrosion
inhibition, wetting, foaming, cleaning, dispersing, and so
on.1−7 However, traditional surfactants are often derived
from petroleum or other non-renewable sources and might
have a negative impact on the environment and human life.8

Therefore, there is a growing interest in the potential
replacement of toxic petroleum-based surfactants by develop-
ing more sustainable surfactant formulations that can meet the
needs of various industries while reducing the environmental
impact (i.e., green surfactants).6,8−12

One of the promising approaches to achieving more
sustainable surfactant formulations is the use of mixed
surfactants.13−19 Mixing of two or more different types of
surfactants often demonstrates improved surface activity.20−22

Such systems can exhibit synergistic effects that improve their

performance, reduce consumption, and thus minimize waste
generation.
However, despite the potential benefits of mixed surfactants,

there are also several challenges associated with their use. For
example, mixed surfactants can be difficult to synthesize,
stabilize, and use effectively in various processes as they can
form crystalline precipitates in aqueous solutions.23−25 In
addition, there are often trade-offs between the different
properties of mixed surfactants and blends compositions,
making it challenging to optimize their use for different
applications.26,27 Therefore, it is important to carefully
consider the potential benefits and challenges of mixed
surfactants when exploring their use in various applications.
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There is a large body of literature on the use of mixed
surfactants; however, to the best of the authors’ knowledge, no
studies have been reported in the literature on the foaming
properties of amino-acid surfactants (AASs) mixed with fatty
alcohols. AASs are derived from natural amino acids and have a
vast number of unique properties (e.g., mildness, biodegrad-
ability, low toxicity, good foaming, and stability over wide
range of pH) that make them competitive with typical surface-
active substances.2,28−30 One of the key advantages of fatty
alcohols is their biodegradability and low toxicity. They can be
derived from renewable resources, such as vegetable oils and
animal fats, which also makes them a more sustainable
alternative to synthetic chemicals.
In this paper, we investigated the foaming properties of three

AASs with different hydrophilic heads (amino acids), namely,
N-lauroyl-L-alanine (C12-ALA), N-lauroyl-L-leucine (C12-
LEU), and N-lauroyl-L phenylalanine (C12-PHE), mixed with
n-octanol (C8OH) which is a simple fatty alcohol. First, we
examined how the surfactants’ type and dose change the
surface tension and foamability of the mixed surfactants.
Second, we performed MD simulations of the corresponding
systems to analyze and understand the phenomenon on the
molecular level. Third, we assessed how surfactant dose
affected aggregate formation in the bulk of the mixed surfactant
systems. Finally, we explained the quite unexpected discrep-
ancy between equilibrium surface tension variations and
foamability of mixed AASs/fatty alcohol solutions, defining
the so-called convection-induced surface activity, directly
related to the bulk aggregation phenomenon.

2. MATERIALS AND METHODS
2.1. Materials. All experiments were carried out in an

aqueous solution of the AASs, whose synthesis pathways and
detailed adsorption characteristics at the air/solution interface
(including molecular dynamic simulations, DFT calculations,
and derivation of the adsorption isotherm equation) were
presented elsewhere.31 To study the effect of non-ionic
surfactant addition on the AASs solutions’ foamability (i.e.,
foam height and stability), the experiments involved pure AASs
solutions as well as blends of AASs with constant amounts of n-
octanol (simple fatty alcohol with eight carbon atoms in the
hydrophobic chain, C8OH, see Figure 1D). Three AASs with
different hydrophilic heads (amino acids), namely, N-lauroyl-L-
alanine (C12-ALA), N-lauroyl-L-leucine (C12-LEU), and N-
lauroyl-L phenylalanine (C12-PHE), whose structures are
shown in Figure 1, were chosen in this study. The AASs
were synthesized by the condensation of a proper amino acid
with dodecanoyl (lauroyl) chloride, obtained from the reaction
of lauric acid with thionyl chloride. The detailed description of
the AASs synthesis pathway, their purity analysis, and the
crystal structures can be found elsewhere.31,32 C8OH (purity >
98%) was purchased from Merck. In two-component solutions,
concentration of the chosen AAS, as the solution main
component, was changed in a quite broad range, while the
concentration of C8OH (non-ionic additive) was kept constant
and equal to either 1 × 10−4 or 5 × 10−4 mol/dm3.
All solutions used in this study were prepared in ultrapure

water (Direct-Q3 UV Water Purification System by Millipore,
conductivity < 0.7 μS/cm, surface tension equal to 72.6 mN/
m, and temperature equal to 22 ± 1 °C).
Before each experimental series, all glass parts of the

laboratory equipment used for solutions preparation and
physicochemical tests were washed with a diluted solution of

Mucasol−Schülke (commercially available laboratory cleaning
liquid) purchased from Sigma-Aldrich and then rinsed
thoroughly with a large amount of Milli-Q water.

2.2. Equilibrium Surface Tension Measurements. The
equilibrium values of the surface tension for all tested systems
(either pure or blended AASs/C8OH solutions) were
determined using a bubble shape method using a PAT-1
tensiometer (SINTERFACE Technologies, Berlin, Germany)
with an automatic bubble volume correction algorithm. In
these experiments, the surface tension values were determined
by analyzing the shape of a submerged bubble attached to a U-
shaped needle immersed in a quartz cuvette (25 mL) filled
with the studied solution. The estimation of the surface tension
was achieved by fitting the Young−Laplace equation to the
bubble outline (acquired by a CCD camera) as a function of
time. For all experiments, the surface tension was measured for
1 h, and the equilibrium surface tension values were calculated
accordingly from the period, where the surface tension values
started to be constant in time. All surface tension measure-
ments were carried out at room temperature (22 ± 1 °C).

2.3. Foamability. Foamability and foam stability of pure
AASs solutions of various concentrations, as well as their
blends with constant C8OH concentration, were assessed using
a Dynamic Foam Analyzer (DFA100, KRÜSS GmbH)
apparatus. The apparatus consisted of (i) a cylindrical column,
(ii) two parallel electrodes with seven sensors to measure the
foam liquid fraction at different heights, and (iii) two vertical
rows of photodiodes as light sources (blue�λ = 469 mm) and
light scanners for simultaneous automatic measurement of
foam (Hf) and solution (Hs) heights as a function of time. The
filter paper made of chemically pure cellulose with pore sizes
equal to 12−15 μm, mounted at the bottom of the column,
was used as an air disperser. In all foaming tests, after
mounting the filter paper at the column bottom, the column
was placed on the DFA100 stand and filled with 60 mL of the
studied solution. The air was pumped through the disperser at

Figure 1. Chemical structure of (A) N-lauroyl-L-alanine (C12-ALA),
(B) N-lauroyl-L-leucine (C12-LEU), (C) N-lauroyl-L phenylalanine
(C12-PHE), and (D) n-octanol (C8OH).
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a flow rate of 0.5 L/min for 60 s, and the Hf and Hs time
evolutions, as well as the foam liquid content, were recorded by
a PC, employing the ADVANCE software (KRÜSS GmbH).
The experiments were carried out at room temperature (22 ±
1 °C).

2.4. Dynamic Light Scattering. Aggregation dynamics
and aggregates’ hydrodynamic radii were monitored by the
dynamic light scattering (DLS) method in a Zetasizer ZS
Malvern ZEN 3500 apparatus (with a laser of wavelength 532
nm). The measurements were conducted with the use of
standard DLS quartz cuvettes. At least 10 independent runs for
the aggregate size distribution determination in all prepared
mixed AASs/C8OH solutions were performed (count rate) in
the time range of 36 min, with a time resolution equal to 4
min. Fresh solutions were used in these studies immediately
after their preparation (by mixing the proper amounts of pure
AASs and pure C8OH solutions at proper concentrations).
Blank tests, consisting of measurements of hydrodynamic radii
of aggregates, which could be potentially formed in the one-
component AASs and pure C8OH solutions of concentrations
corresponding to the concentrations used later in the mixtures,
were also carried out. As discussed later, the blank tests did not
reveal any aggregates’ presence in the pure solutions.

2.5. Molecular Dynamics Simulations. The Gromacs
2019.2 package,33,34 with the CHARMM35 force field, was
used for all-atom molecular dynamics (MD) simulations. The
system setup and parameters were adapted from Yazhgur et
al.36 The structure and topology of AASs were generated using

the CHARMM-GUI web server.37−39 For C8OH, the
compatible CHARMM general force field was used.40 For
water, the modified TIP3P model of CHARMM was
applied.35,41 To make the simulation systems charge neutral,
an adequate number of Br- ions was added. After 200 steps of
energy minimization, the systems were simulated for 70 ns,
while the first 20 ns were considered the initial equilibration
period and disregarded from the analysis.
All MD simulations were run under constant temperature

and volume (NVT ensemble) conditions. Temperature
coupling was controlled via a V-rescale thermostat42 at a
temperature of 298 K and a coupling constant of 0.5 ps. Van
der Waals interactions were described by the Lennard-Jones
potential, which smoothly shifted to zero between 1.0 and 1.2
nm. The electrostatic interactions were modeled by the PME
method,43 corrected for the slab geometry,44 with a 1.2 nm
cut-off, 0.12 nm grid spacing, and fourth-order splines.
Equations of motion were integrated using a leap-frog
integration scheme and a 2 fs time step. Bonds involving
hydrogen were constrained using the LINCS45 and SETTLE46

algorithms. All molecular visualizations employed the VMD
software package.47

For the simulations, a periodic rectangular simulation box, 8
× 8 × 24 nm3, consisting of an ∼8 nm thick water slab,
separated by a vacuum region, was used. Initial configurations
were generated using PACKMOL.48 Monolayers were
constructed by randomly placing surfactant molecules into
two monolayers at opposite orientations. Surfactant head-

Figure 2. Data on surface tension of AASs solutions, either pure (full red circles) or mixed (green full squares) with two chosen C8OH
concentrations (1 × 10−4�first row and 5 × 10−4 mol/dm3�second row, with σ marked as horizontal dashed lines). The third row shows the data
on Δσ, calculated according to eq 3.
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groups were oriented toward the water slab, while the angle
between the tail and the interface was chosen randomly.
Amounts of surfactants on the surface were calculated based on
their bulk concentration in pure one-component solutions,
according to ref 31. In the case of surfactant mixtures, where
their exact surface concentrations were not known exper-
imentally, a simple addition was used as the initial approach.

3. RESULTS
3.1. Equilibrium Surface Tension Results. The data on

equilibrium surface tension (σ) as a function of the AAS
solution concentrations with and without C8OH addition are
presented in Figure 2. The experimental data for pure AASs
solutions are given as full red circles. The corresponding
experimental data for the two-component systems (σmix) are
shown as full squares (first row of Figure 2, A1−A3, for AASs/
C8OH blends with a constant C8OH concentration equal to 1
× 10−4 mol/dm3; second row, B1−B3, for AASs/C8OH blends
with a constant C8OH concentration equal to 5 × 10−4 mol/
dm3). For each data set, the σ values of pure C8OH solutions
of two chosen concentrations ( ×

C OH
1 10 4

8
= 69.4 ± 0.3 and

×
C OH
5 10 4

8
= 60.2 ± 0.1 mN/m) are given in the corresponding

figures as horizontal dashed lines. The third dependence
presented in the first two rows of Figure 2 as blue hollow

circles illustrates the theoretical surface tension values (σ*),
which would result from the simple summation of the effect of
the decrease of surface tension of pure AASs solutions (σAASs)
caused only by the C8OH addition (with respect to water).
The values of σ* were calculated as

* = [ ] + [ ]×(c)H O H O AASs H O C OH
1 10 4

2 2 2 8 (1)

* = [ ] + [ ]×(c)H O H O AASs H O C OH
5 10 4

2 2 2 8 (2)

where H O2
was taken as 72.6 mN/m.

As seen in Figure 2, addition of C8OH significantly reduced
the AAS solution surface tension, and obviously, this effect is
higher for higher concentrations of the non-ionic additive in all
studied cases. This surface tension drop, especially for small
AAS concentrations, is obvious and was expected as a
consequence of a C8OH molecule excess in the solution.
It can be noticed, however, that the course of the theoretical

surface tension values’ (σ*) variations for higher AASs
concentrations shows significant discrepancies in comparison
to values obtained experimentally for mixed solutions
(presented in Figure 2 as green squares). This phenomenon,
much smaller and almost negligible in the case of cC OH8

= 1 ×
10−4 mol/dm3, can be very well distinguished for higher C8OH
concentrations (5 × 10−4 mol/dm3). Although this effect is

Figure 3. Height of the foam (Hf) as function of time (1) measured for C8OH (5 × 10−4 mol/dm3) mixed AASs/C8OH solutions, and the
maximum foam height both for pure and mixed systems after 60 s of gas supply (2) for (A) C12-ALA, (B) C12-LEU, and (C) C12-PHE. In the case
of (1), the data for AASs/C8OH (5 × 10−4 mol/dm3) mixed solutions are presented. For (2), both pure (hollow squares) and mixed systems (red
triangles) are shown (data of figure are available in the open repository�https://doi.org/10.18150/CLCRGT).
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clearly visible, its magnitude and direction strictly depend on
the type of amino acid in the AASs headgroup. As was
previously proposed in ref 16, to visualize this effect, the value
of Δσ can be compared for both pure and mixed systems.
According to this concept, for all studied AASs, the values of
Δσ were calculated as

= * mix (3)

The values of Δσ are presented in the last row of Figure 2
(C1−C3) for both C8OH concentrations studied. The physical
meaning of the Δσ, after the discussion presented in ref 16, can
be interpreted as follows:

• if Δσ = 0, the non-ionic additive (C8OH) has no effect
in the observed variations of the AASs solution surface
tension,

• if Δσ > 0, the effect of the solution surface tension
decrease is higher than could be expected, indicating the
existence of the so-called synergistic effect,

• if Δσ < 0, the solution surface tension decrease is weaker
than could be expected, indicating the existence of the
so-called antagonistic effect.

The Δσ analysis performed for cationic/non-ionic binary
mixtures of classical surfactants can be used as a very
convenient tool for fast and simple estimation of synergistic
effect concentration ranges and values of the so-called critical
synergistic concentration (CSC), i.e., the maximum concen-
tration for which the synergistic effect is no longer visible
(when Δσ starts to be negative or equal zero). It was shown
that the CSC values calculated from Δσ analysis (CSCσ)
agreed perfectly with the CSC calculated from trends observed
in variations of the solutions foamability (CSCDFA) and can be
used as a predictor of this important quantity.
As seen in Figure 2C, for the studied system of mixed

surfactants, Δσ = 0 can be noticed only for small AASs
concentrations. For C12-ALA and C12-LEU in some specific
concentration ranges, Δσ starts to be greater than zero,
indicating the existence of a synergistic effect. As a result, the
mixed components interact in some specific manner at the air/
solution interface, and, as a consequence, the overall surface
concentration is higher compared to that of a pure AASs
mixture, and the surface tension decrease is strengthened. This
effect is much more pronounced for C12-ALA (Figure 2C1)
and a higher concentration of C8OH. For mixed C12-ALA and
C8OH (cC OH8

= 1 × 10−4 mol/dm3), the synergistic effect is
smaller, and its starting point is significantly shifted toward a
higher concentration. For C12-LEU, the synergistic effect is
similar for both studied cC OH8

with only a slight concentration
shift. It can be noticed that for both C12-ALA and C12-LEU,
when some specific AASs concentration is exceeded, the
synergistic effect disappears. As it was discussed elsewhere, this
concentration value corresponds to the so-called CSC.49 In the
case of the C12-PHE surfactant, the overall picture is quite
different. After the initial span within which Δσ = 0, the Δσ
value drops around cC12‑PHE = 1 × 10−6 mol/dm3 and starts to
be negative for both C8OH concentrations, which indicates
that the observed effect of C8OH addition is antagonistic,
instead of synergistic. Here, this effect does not depend on the
concentration of C8OH. It is worth highlighting here that both
effects assessed based on the analysis of equilibrium surface
tension values are rather small. For cC OH8

= 5 × 10−4 mol/dm3,
in the case of C12-ALA and C12-LEU the maximum Δσ value

was equal to ca. 5 and 2.5 mN/m, respectively, while for C12-
PHE, it was ca. −8 mN/m.

3.2. Foamability and Foam Stability Analysis. Since
the magnitude of either synergistic or antagonistic effects
postulated based on the Δσ analysis presented above was
generally higher for the higher C8OH concentration used in
this study (see Figure 2), the foamability experiments were
performed only for mixed solutions with cC OH8

= 5 × 10−4

mol/dm3. Figure 3 shows the time evolution of the foam
height (Hf) in AASs/C8OH mixed surfactant solutions (Figure
3A1−C1), as well as the maximum foam height (Hfmax) taken
after 60 s (Figure 3A1−C2), as a function of the concentration
of amino acid surfactants. The maximum foam height was read
off from the moment when the air supply to the column was
stopped (it is marked with a vertical dashed line in Figure
3A1−C1). In Figure 3A2,B2,C2, the full red triangles represent
the data taken for mixed systems, while the hollow blue circles
represent pure AASs solution. For pure AASs, the foamability
was rather poor, and the Hfmax data for these systems (right
column of Figure 3, blue circles) correspond to the maximum
possible foam height registered during experiments. Further-
more, the mean liquid fraction (ϕ) measured (data not
presented) was much higher than the threshold value assumed
for the so-called wet (unstable) foams (ϕ > 10%).50,51
As seen for C12-ALA and C12-LEU solutions, a spectacular

increase in foamability in the presence of C8OH was revealed
in some specific AASs concentration ranges. Compared to pure
5 × 10−4 mol/dm3 C8OH, the Hfmax in mixed surfactant
systems could be even higher than twice. Keeping in mind that
the foamability of pure C12-ALA and C12-LEU solutions was
almost negligible (Hfmax ca. 20−30 mm), the observed effect is
quite spectacular and correlates qualitatively with changes in
the solution surface tension (see Figure 2). Surprisingly, for
C12-PHE solutions, where, according to the Δσ analysis, the
antagonistic effect for foamability was expected, the Hfmax was
even higher, and the evident synergistic effect could be
observed for the widest concentration range (between ca. 5 ×
10−7 and 2 × 10−5 mol/dm3). In other words, in this case, the
best foamability performance was revealed. It is worth adding
that, despite the significant synergistic effect related to the
C8OH presence in AASs solutions and foamability enhance-
ment (in specific concentration ranges determined in Figure
3), the foam stability was quite low. The so-called time of
deviation (tdev), allowing foam stability assessment, calculated
according to the procedure described in refs 49 and 50 was
smaller than 1 s for all AASs surfactants studied (which is a
characteristic feature of wet foams).
In contrast to the discussion presented in ref 16, in the case

of mixed AASs/C8OH systems, there is no general quantitative
agreement between CSCσ and CSCDFA, the values of which,
read from Figures 2 and 3, are gathered in Table 1. For C12-
ALA, the agreement seems to exist, but for C12-LEU, the CSCσ
is smaller than CSCDFA almost by an order of magnitude. For
C12-PHE, due to the fact that the Δσ analysis suggested the
existence of an antagonistic effect, the CSCσ value could not be
determined, but the CSCDFA was easily distinguished.
In order to understand the mechanism of such unexpected

behavior of the AASs/C8OH mixtures on the molecular level,
molecular dynamic (MD) simulations were performed to
provide additional insight into the interfacial properties and
adsorption layer architecture.

3.3. MD Simulations. The experiments revealed that the
C8OH addition significantly enhances the foamability of AASs
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solutions in certain AASs concentration ranges, despite quite
different adsorption performances of surfactants molecules at
the solution/gas interface, assessed from the surface tension
analysis. To analyze and understand this phenomenon on the
molecular level, MD simulations of the corresponding systems
were performed. The mixed surfactant systems, i.e., C12-ALA,
C12-LEU, and C12-PHE, with various C8OH concentrations,
were simulated at the liquid/gas interface. The changes in the
surface tension as a function of the number of surfactants at
the interface are presented in Figure 4. It should be mentioned
that the surface tension of pure water determined for the
TIP3P model is slightly different than the experimental value.
Therefore, to enable comparison with experiments, the surface
tensions for all systems were normalized by the value obtained

Table 1. Values of the Critical Synergistic Concentrations
Determined from Adsorption Isotherms (CSCσ) and
Foamability Tests (CSCDFA)

AASs

cC OH8

[M] CSCσ [M] CSCDFA [M]

C12-ALA 1 × 10−4 2.2 × 10−5

5 × 10−4 1.4 × 10−5 1.3 × 10−5

C12-LEU 1 × 10−4 3.8 × 10−6

5 × 10−4 1.6 × 10−6 9.3 × 10−6

C12-PHE 1 × 10−4 N/A
5 × 10−4 N/A 2.1 × 10−5

Figure 4. Normalized surface tensions for surfactants as a function of their concentration and C8OH addition, determined from MD simulations.
The snapshots correspond to the final configurations of the systems marked with arrows. In all snapshots, the C8OH and AASs molecules are
marked in red and blue, respectively.
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for TIP3P water. The snapshots presented in Figure 4
represent the final structures of the selected systems. For all
studied surfactants, at the highest C8OH concentration, the
normalized surface tension exhibits a minimum. A similar effect
was also observed experimentally, especially in foamability
experiments. However, when comparing the MD data with the
equilibrium surface tension measurements, the agreement is
only visible for C12-ALA. It should be noted here that the
amounts of specific surfactants at the interface used in the
simulations were calculated based on the molecule surface
concentration measured experimentally for pure one-compo-
nent solutions separately, at various bulk concentrations. In the
case of surfactant mixtures, the exact amounts were not known,
and simple addition was used. This can lead to some
discrepancies between the simulations and experimental
observations.
Nevertheless, MD simulation can provide a reasonable

molecular origin of the observed synergistic effect. For pure
AASs, as well as at low C8OH concentrations, no minimum in
the surface tension was observed, which agrees with the
experimental data (see Figure 2). At higher C8OH
concentrations, the interface seems to be overpacked with
the surfactants. In contrast to the CTAB/C8OH mixed
surfactant systems, where the increase in the number of
surfactants leads to a more ordered monolayer, in the case of
AASs, the surfactants tend to aggregate in micelles (see
snapshots in Figure 4). For some systems, e.g., C12-ALA, the
micelles diffuse toward the bulk solution. The minimum in
surface tension is therefore observed for the highly packed
monolayers, obtained at high concentrations of C8OH and
moderate concentrations of the AASs. Further increase in the
AASs concentration can induce micelle formation, and the
monolayer itself becomes less organized.
To better understand the behavior of the AAS surfactants,

the number of hydrogen bonds between the AAS−AAS and
AAS-C8OH in the systems with a higher C8OH concentration
was calculated. For the sake of comparison, the number of
hydrogen bonds was normalized by the number of AAS
molecules in the systems and plotted as a function of their
surface concentration (ΓAAS) (see Figure 5). As can be seen,
the hydrogen bonds are present in all systems, in contrast to
the previously studied CTAB/C8OH systems. Therefore, the

first conclusion, which could be drawn, is that introducing
additional interactions in the system, i.e., hydrogen bonding,
might disturb the surfactant ordering in the monolayer in
comparison to systems without hydrogen bonds (e.g., CTAB/
C8OH). The number of hydrogen bonds formed between
surfactants can also explain the differences observed between
AASs with various amino acid headgroups. The AAS-C8OH
hydrogen bond formation affinity decrease is C12-ALA > C12-
LEU > C12-PHE. This reflects the interaction strength between
AAS and C8OH and therefore the stability of such mixtures at
the interface. C12-ALA, together with C8OH, due to their
strong hydrogen bonding interactions, can be expected to form
a relatively stable interfacial monolayer. This is reflected by the
equilibrium surface tension experiments via strong synergistic
effect observed for C12-ALA. Such effect is less pronounced in
the case of C12-LEU and almost disappears for C12-PHE.
Moreover, significant differences can be observed in AAS−

AAS hydrogen bonding (Figure 5). The hydrogen bond
formation affinity between the AAS molecules decreases as
follows: C12-PHE > C12-LEU > C12-ALA. This finding is in line
with the dimerization enthalpies, previously determined for
these surfactants.31 Also, only for C12-PHE, the number of
AAS−AAS hydrogen bonds is larger than that of AAS-C8OH
hydrogen bonds for moderate and high surface concentrations
(ΓAAS). This suggests that C12-PHE prefers to be surrounded
by other C12-PHE molecules rather than C8OH. Therefore, its
ability for micelle formation should be the strongest.
Considering the differences in hydrogen bonding as well as

the observed initial micelle formation (Figure 4), one can
conclude that if the micelles are present in the system, their
formation will be driven by hydrogen bond interaction.
Considering that C8OH molecules do not form hydrogen
bonds with themselves, one can expect that the micelles will be
rich in AAS surfactants. At the same time, the interfacial layer
would be AAS-depleted, where the degree of depletion would
be related to the amino acid headgroup type, i.e., less depleted
for C12-ALA and the most depleted for C12-PHE. This explains
well the experimental observations from the equilibrium
surface tension measurements, where the synergistic effect is
visible for C12-ALA but not for C12-PHE.
However, it is also interesting to understand what triggers

the synergistic effect during the foamability experiments.
Contrary to the measured equilibrium surface tensions, the
surface tensions calculated from MD simulations (Figure 4)
clearly indicate that if both AAS and C8OH molecules are
present in the interfacial layer, their surface tension should
decrease. Such discrepancy between the surface tensions
measured experimentally and via MD can be related to the
fact that the amounts of surfactants in MD simulations are
fixed, so the above-mentioned depletion effect of ASS in the
interfacial layer, suggested to occur in equilibrium experiments,
cannot be accurately accounted for in MD. Therefore, one can
expect that the foamability process itself, via constant mixing
and new interface formation, enriches the interfacial layer in
AAS surfactants.
Overall, based on the MD simulations results, one can

conclude that under these experimental conditions, the shift in
the CSC and the presence of micelles in the solution can be
expected for all AASs at moderate and high bulk concen-
trations.

3.4. Examination of Aggregation Effect. The MD
simulations suggested that addition of C8OH can lead to
aggregate formation in the bulk of the tested mixed surfactant

Figure 5. Number of hydrogen bonds per single AAS molecule as a
function of its surface concentration (ΓAAS [mol/m2]). The C8OH
concentration equals 5 × 10−4 mol/dm3.
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systems, and this effect should increase with increasing AASs
concentration. To verify this assumption, dynamic light
scattering (DLS) measurements were performed for selected
AASs/C8OH mixtures. Before the main experiments, blank
tests were carried out using the pure solutions of C8OH (5 ×
10−4 mol/dm3) and C12-ALA (3 × 10−5 M, the highest AASs
concentration measured in this study). No aggregation was
observed in both cases. Next, similar experiments for mixed
AASs/C8OH solutions were performed�after mixture prep-
aration, the DLS cuvette was immediately filled and put into
the apparatus, and the hydrodynamic diameter was read at
equal time intervals (every 4 min) for 36 min (this was the

time corresponding to the equilibrium surface tension
establishment). The results of the DLS experiments for
solutions of C12-ALA and C12-PHE mixed with 5 × 10−4

mol/dm3 C8OH are presented in Figures 6 and 7, respectively.
For the C12-ALA/C8OH mixed surfactants (Figure 6), clear

aggregates’ presence in the bulk was revealed. As seen, for the
lowest C12-ALA concentration in the mixture, these aggregates
were unstable�their number and diameter were gradually
diminishing with time till practically complete dissolution. For
the cAASs equal to 1 × 10−6 and 5 × 10−6 mol/dm3, i.e., those
lying inside the range where synergistic effects were observed,
only slight variations in the aggregates size could be noticed.

Figure 6. Distributions of the hydrodynamic diameters of the aggregates in time for C12-ALA solutions of various concentrations in the presence of
5 × 10−4 mol/dm3 C8OH.

Figure 7. Distributions of the hydrodynamic diameters of the aggregates in time for C12-PHE solutions of various concentrations in the presence of
5 × 10−4 mol/dm3 C8OH.
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For the highest concentration, aggregates were stable with
time. Moreover, in the solutions with higher AASs concen-
tration, the aggregates’ mean hydrodynamic diameter increased
with the concentration from 90 ± 30 nm for 1 × 10−6 mol/
dm3 and 120 ± 40 nm for 5 × 10−6 mol/dm3 to 215 ± 25 nm
for 3 × 10−5 mol/dm3.
A similar situation can be observed for the C12-PHE/C8OH

blends (Figure 7). Here, however, the aggregates were much
more stable at the lowest concentration (5 × 10−7 mol/dm3),
and for cC12‑PHE = 1 × 10−6 and 5 × 10−6 mol/dm3, only slight
variations in their size could be noticed. Again, stability of the
aggregates with a mean diameter of 260 ± 30 nm is the largest
for cC12‑PHE = 3 × 10−5 mol/dm3.

4. DISCUSSION
The experiments and simulations confirmed that

• the addition of C8OH to the AASs solution, in the case
of all studied AASs, induces the synergistic effect, which
is quite small in the case of equilibrium surface tension
variations but spectacular in the case of solution foaming
performance,

• C8OH renders the bulk aggregates formation, which
does not exist in pure AASs solutions, and whose time
stability depends on AASs concentration (i.e., ratio
between AASs and C8OH amount in the blend), and

• the synergistic effect for all studied AASs can be related
to the formation of micelles (aggregates), which causes
small surface tension variations under equilibrium
conditions. Since the foam formation is highly dynamic,
the aggregates are transported by convection (via
constant mixing) to the freshly formed air/liquid
interface.

The aggregation phenomenon explains the small and
negative values of Δσ calculated based on the proposed
synergistic effect analysis. Excess of the AASs molecules in the
bulk, in the presence of C8OH, leads to mixed bulk micellar
structures formation�the molecules cannot enter the
adsorption layer because, as was shown by MD simulations,
the densely packed monolayer is already formed there. The
negative value of Δσ revealed for the C12-PHE surfactant
directly shows the highest tendency of aggregation and mixed
micelles formations in the case of this compound (which was
confirmed by the results of MD simulations). As was shown in
ref 31, the pure ASSs do not have the critical micelle
concentrations (CMC) due to their solubility limit. Never-
theless, they can form intermolecular hydrogen bonds.
Addition of C8OH allows for mixed micelle formation, which
results in a significant decrease in CMC.
The reason for the significant discrepancy between the

synergistic effect determined based on equilibrium surface
tension and solution foamability, in comparison to the results
shown in our earlier studies, should be directly associated with
the aggregation effect. Aggregates can act as reservoirs of AASs
and n-octanol molecules, which, after release to the bulk and
re-adsorption, cause a significantly higher (than expected)
decrease in the solution surface tension due to specific
interactions at the solution/air interface. In the case of solution
foaming performance, the aggregates dissolution is triggered by
the constant formation of new interfaces (constant and fast
increase of the interfacial area)�due to the increase of the
surface concentration, the surfactant bulk concentration is
depleted, which disturbs the system equilibrium and shifts the

aggregation constant toward release of the free surfactant
molecules. In the case of low cAASs, where unstable aggregates
were revealed, this phenomenon exists, but most probably, the
aggregates dissolution is quite fast and occurs just at the
beginning of foam formation. For higher AASs concentrations,
where stable aggregate formation was observed (see Figures 6
and 7), gradual depletion of the surfactant bulk concentration
can be constantly re-supplied by molecules coming out from
the dissolving micelle-like structures. On the other hand, due
to the highly dynamic nature of the foam formation process,
the aggregates can be transported to the foam layer and then
adsorbed at the freshly formed air/solution interface directly
from the liquid film, separating the air bubbles. The aggregates,
therefore, can be considered as internal reservoirs of the mixed
foaming agents, whose interactions at the interface (causing
the formation of dense monolayers�see Figure 4) significantly
increase the mixed solutions foamability. This effect, however,
depends on the conditions rendering the aggregates stable.
When the concentration of AASs/C8OH molecules is large
enough compared to the growing interfacial area (increasing
interfacial area does not render significant bulk concentration
depletion), the aggregates are very stable, and the foaming
process does not change their stability. Furthermore, this effect
can explain significantly higher CSCDFA values compared to the
CSCσ�the latter (if determined based on equilibrium surface
tension values) is sensitive only to the free surfactant
molecules, which, in the case of proper AASs/C8OH blends,
are trapped inside the micelles.
To verify this mechanism, an additional experiment was

performed. A mixed C12-ALA/C8OH solution of concen-
trations 1 × 10−6/5 × 10−4 mol/dm3, respectively, was put into
the column of the DFA apparatus, and the foamability test was
performed. Next, the liquid sample was taken (i) during the
foam formation process (just before the Hfmax was reached) and
(ii) after the complete foam column collapse. Next, the
hydrodynamic aggregates diameter was measured in both
samples (10 independent runs for each sample). It was
revealed that the aggregates were bigger by ca. 30 nm in the
sample taken after the foaming procedure and the foam
column disappearance (see Figure 8). This experiment
confirms that indeed, the aggregates can act as reservoirs of
free molecules for supplementation of the adsorption coverage
at the freshly formed liquid/gas interface.

Figure 8. Aggregates diameter (d) distributions in the sample of
solution taken from underneath the foam column (red) and after
foam column (blue) collapse in C12-ALA solution of concentration 1
× 10−6, mixed with 5 × 10−4 mol/dm3 C8OH (Δd ≈ 30 nm).
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5. CONCLUSIONS
The foaming properties of C12-ALA, C12-LEU, and C12-PHE
surfactants mixed with C8OH were thoroughly investigated via
surface tension and foamability experiments and comple-
mented by all-atom detail MD simulations. The surface tension
measurements revealed significant differences between the
used AAS at equilibrium conditions, i.e., the highest synergistic
effect was observed for the C12-ALA/C8OH system, while for
C12-PHE/C8OH, the effect was antagonistic. In contrast, under
dynamic conditions (foamability experiments), all studied
AAS/C8OH mixtures exhibited a spectacular synergistic effect
at a wide concentration range, in comparison to the one-
component systems. We connected the observed phenomenon
with the hydrogen bond-mediated aggregate formation in the
bulk solution. Moreover, we explained the differences between
the specific AAS via the interplay of AAS−AAS and AAS-
C8OH hydrogen bond affinities.
The presented results point toward more general con-

clusions, which might be potentially applied to a much broader
range of surfactant mixtures: (i) the molecule’s hydrogen
bonding affinity can be used to control the foaming properties,
(ii) bulk aggregates can act as surfactant reservoirs, activated
by the strong convection (mixing or flotation, and this effect
can be generally described as convection-activated surface
activity), (iii) surfactants with low solubility (lack of CMC) or
relatively weak surface activity at the equilibrium conditions
can still be considered as potentially efficient foaming
additives, and (iv) molecules with considerable affinity to
form hydrogen bonds, such as AAS presented here, can
possibly strengthen the interactions with hydrophilic surfaces
(e.g., oxide minerals) via hydrogen bonding.
The revealed discrepancy between CSCσ and CSCDFA is an

additional confirmation of the crucial importance of the
convection-activated surface activity in the magnitude of the
synergistic effect for the studied mixed AASs and n-octanol
solutions. Moreover, it shows that the CSC value is not
universal, and in specific systems, it cannot be simply predicted
from the equilibrium surface tension data. Convection-
activated surface activity causes the CSCDFA value to depend
strongly on the foam formation dynamics (gas flow rate,
foaming time, foam column height), i.e., on the parameters
directly determining the rate of depletion in the AASs bulk
concentration and the kinetics of the aggregates decom-
position.
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