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ARTICLE INFO ABSTRACT
Keywords: Hypothesis: Polyglycerol esters of fatty acids are generated via the esterification of a polydisperse mixture of
Water-soluble polyglycerol esters of fatty acids polyglycerol with naturally derived fatty acids. The polymerization process of polyglycerol results in the pro-

Static and dynamic interfacial properties
Bulk aggregation and micellization

Thin liquid films stability and stratification
foaming and Ostwald ripening

duction of various oligomers, ranging from di-, tri-, and higher-order forms, which contribute to the complexity
of final products. The combination of complementary experimental techniques and adequate theoretical in-
terpretations can reveal the wide variety of their physicochemical properties.

Experiments: The colloid and interface properties of polyglyceryl mono-laurate, mono-stearate, mono-oleate, and
a mixture of mono-caprylate and mono-caprate esters solutions were characterized by measurements of the
electrolytic conductivity, static and dynamic surface tension, aggregate and micelle sizes and distributions, thin
liquid film stability and stratification, and solubility in aqueous and in oil phases. The formation, stability, and
bubble size distribution of foams generated from polyglycerol esters aqueous solutions were systematically
investigated.

Findings: The low concentrations of double-tail molecules and fatty acids in polyglycerol esters affect consider-
ably their micellar, aggregation, and vesicle formations in aqueous solutions. The theoretical data interpretation
of polyglycerol esters isotherms and thin liquid films data provide information on the adsorption energies,
excluded areas per molecule, interaction parameters of molecules at interfaces, surface electrostatic potential,
and the size of micelles. Polyglyceryl mono-oleate exhibits spontaneous emulsification properties. Short chain
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length polyglycerol esters have excellent foaming ability but relatively low foam stability. The optimal weight
fractions of the short-chain polyglyceryl esters and polyglyceryl mono-stearate mixtures with respect to good
foaminess and foam stability upon Ostwald ripening are obtained. The reported physicochemical characteriza-
tion of the water-soluble polyglycerol esters could be of interest to increase the range of their applicability in

practice.

1. Introduction

Polyglycerol esters are nonionic surfactants composed of a mixture of
glycerol polymers esterified with fatty acids or interesterified with tri-
glycerides [1-7]. Short and long fatty acid polyglycerol esters have been
also enzymatically synthesized using Lippozime 435 as a catalyst in
solvent-free systems [8]. The esters of oligo-(glycerol carbonate-
glycerol) are new biobased oligomeric surfactants with an excellent
ability to stabilize inverse and multiple emulsions [9]. The sulfosuccinic
derivatives of fatty polyglycerol esters [10] are characterized by the
cosmetological compatibility of renewable raw materials. Depending on
the degree of glycerol polymerization and the fatty acid chain lengths,
their physicochemical properties may vary considerably: low and high
molecular weight; water or oil soluble; solid or liquid; mono-, di- or
polycarboxylic single or mixed acid esters; mono-, di- or polyesters of the
polyglycerol; HLB values in the range from 4 to 13.

Polyglycerol esters (PGE) are biodegradable, biocompatible, non-
carcinogenic and non-toxic. They do not cause adverse effects even at
a test concentration of 5 wt% and fulfill the requirements of safety, bio-
based economy, and sustainable development [4-6,11]. PGE are widely
used: in the food industry [1,3,12-16]; cosmetics, pharmacy, and
medicine [6,17-22]; in the oil industry [23]; as emulsifiers for mono-
disperse emulsions in the membrane emulsification processes [24,25];
etc. This type of nonionic surfactants is suitable for the production of:
water-in-oil-in-water double emulsions, which have applications as ve-
hicles for encapsulation and delivery of nutrients during food digestion
or for drug release [26-30]; nano-, mini-, and fast inverted emulsions
[31-35]; core-multishell nanocarriers, nanodispersions, and vesicles
[36-40]. The foamability and foam stability of polyglycerol esters so-
lutions are studied in the literature [41-44]. In Ref. [45], the authors
reported that diglyceryl mono-myristate dissolved in different
nonaqueous solvents can be used for producing super stable nonaqueous
foams. After the pioneering work of Curchellas et al. [43], the scanning
force microscope became a tool to investigate the skins of foam bubbles
and to get information on the aggregation adsorption of PGEs at air—
water interfaces.

Because of the challenges associated with the structural complexity
of polyglycerol esters, only few studies have addressed their colloid and
interface properties. The surface tension isotherms of polyglyceryl
mono-laurate and mono-caprylates show that the critical micelle con-
centration (CMC) increases and the adsorption at the CMC decreases
with an increase in the number of glycerol units in the molecules
[9,32,38,46-48]. The effects of additives on the adsorption of poly-
glycerol esters are examined in Ref. [49] and the impact of the number
of fatty acid residues on the phase behavior of decaglycerol fatty acid
esters is studied in Ref. [50]. One convenient way to characterize the
structure-interfacial properties relationship and to quantify the amphi-
philicity of polyglycerol esters is the Phase-Inversion-Temperature-slope
method [51].

Our goal in the present study is to characterize the colloid, interface,
and foam properties of commercially available polyglyceryl mono-
laurate, mono-stearate, mono-oleate, and a mixture of mono-caprylate
and mono-caprate esters solutions without additional purification. The
combination of complementary experimental techniques (electrolytic
conductivity, dynamic and static light scattering, surface and interfacial
tension isotherms and dilatational rheology measurements, thin liquid
films stability and stratification, dynamic surface tension, foamability,
foam stability, and bubble size distributions) provides adequate
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information on the physicochemical properties of the studied PGEs. The
materials and used experimental methods are presented in Section 2.
The colloid and interface properties, aggregation, adsorption and
interfacial characteristics are reported in Section 3. Section 4 includes
information on the thin liquid films and stratification of micellar poly-
glycerol esters solutions. The correlation between dynamic surface
tension and adsorption with the foamability, foam stability, and Ostwald
ripening is considered in Section 5. The general conclusions are sum-
marized in Section 6.

2. Materials and methods
2.1. Materials

We studied a range of water-soluble polyglycerol esters of fatty acids
characterized by diverse chain lengths provided by Arxada. They are
generated via the esterification of a polydisperse mixture of polyglycerol
with naturally derived fatty acids. The polymerization process of poly-
glycerol results in the production of various oligomers, ranging from di-,
tri-, and higher-order forms (Fig. 1 and Fig. S1), which contribute to the
complexity of the final products. The comparative analysis of the weight
fractions of linear versus branched oligomers is shown in Fig. 1a. The
molecular weight of the resulting polyglycerol esters is calculated
considering the polyglycerol oligomer distribution and the respective
fatty acid. The specific polyglycerol esters included in this study are as
follows. Geomulse™ C15 RSPO MB, termed below as P10-1-CC, is
roughly an equimolar mixture of polyglyceryl mono-caprylate and pol-
yglyceryl mono-caprate with average molecular weight M,, = 454.3 g/
mol. Geomulse™ L15 RSPO MB (P10-1-L) is polyglyceryl mono-laurate
ester (Fig. 1b), My = 496.9 g/mol; Geomulse™ S10 RSPO MB Pastille
(P10-1-S) is polyglyceryl mono-stearate ester, My, = 580.3 g/mol;
Geomulse™ 013 RSPO MB (P10-1-0) is polyglyceryl mono-oleate ester,
M,, = 578.6 g/mol.

The electrolytic conductivity measurements reveal that the samples
might contain minuscule concentrations of indifferent electrolytes
(Fig. S2), which are insufficient to influence the interfacial and micellar
properties of the surfactant solutions. All examined products contain
traces of fatty acids and dual-hydrocarbon-tailed polyglycerol esters (cf.
Fig. 1c), which affect considerably the interfacial and colloid properties
of the studied surfactants (see Sec. 3). The natural pH of all polyglycerol
ester solutions is maintained consistently around 6.1 + 0.2, signifying
their chemical stability and broad application potential. All samples
have been used as received.

2.2. Solution preparation

The aqueous solutions were prepared using deionized water via Elix
3 water purification system (Millipore, USA) with a specific resistivity of
15 MQ-cm. All experiments were carried out at temperature of 25 °C.
P10-1-S and P10-1-O required one hour of stirring and heating at 60 °C
to achieve complete dissolution. P10-1-O is partially soluble in both
aqueous and oily phases and exhibits spontaneous emulsification
properties in the presence of oily phases (Fig. S3). P10-1-CC and P10-1-L
show good solubility at room temperature — the respective solutions are
transparent for concentrations lower than 0.3 wt% and turbid for higher
surfactant concentrations (see Sec. 3.1 and Fig. S4). To check the effect
of stirring and temperature on the aggregate size distribution, the
respective P10-1-CC and P10-1-L solutions were stirred for one hour at
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60 °C and cooled down to 25 °C.

We used specific additives to investigate the nature of the intermo-
lecular interactions and phase behavior: i) Urea (Sigma Aldrich, Cat. No.
U1250) inhibited the hydrogen bond formation among polyglycerol
headgroups; ii) ZnCl, (Sigma Aldrich, Cat. No. 793523) was used to
study the impact of trace fatty acids on the interfacial rheologys; iii) NaCl
(Sigma Aldrich, Cat. No. 7647145) was employed to control the elec-
trostatic interactions in the thin film experiments; iv) NaOH (Sigma
Aldrich, Cat. No. S5881) and HCI (Sigma Aldrich, Cat. No. 258148) — to
adjust the pH.

The interfacial tension measurements and the phase exchange
studies at oil/solution interfaces were conducted using sunflower oil
(SFO, commercial grade) and light mineral oil (LMO, Sigma Aldrich Cat.
No. M5904, a mixture of C15-C40 alkanes from mineral sources). The
SFO was purified by passing through a chromatography column filled
with Silica Gel and Florisil as adsorbents. The measured interfacial
tension against water was typical for pure SFO (31 mN/m) with less than
a 0.2 mN/m decreasing over 60 min.

2.3. Experimental methods and protocols

Static and dynamic surface tension. The static surface tension at air/
solution interface was measured by the Du Noiiy ring method on force
tensiometer K100 (Kriiss, Germany) equipped with a platinum-iridium
ring. In the case of oil/water interfaces, the interfacial tension was
studied using the pendant drop method on DSA 100R (Kriiss GmbH,
Germany). The implemented software fits the experimental pendant
drop profile with the Laplace equation of capillarity and calculates the
surface tension, drop volume and area.

For diffusion-controlled adsorption, the equilibrium surface tension,
Geq, is estimated from the well-known relationship:

a
0(t) = Oeq +—=

NG

where ¢(t) is the value of the surface tension at time t and a is a constant,

(€Y
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which depends on the experimental conditions. The surface tension re-
laxations of P10-1-CC and P10-1-L solutions show that the adsorption
processes are diffusion-controlled (Fig. 2a). In these cases, Eq. (1) was
applied to obtain the most probable values of ceq and to construct the
surface tension isotherms. In contrast, the surface tension relaxations of
P10-1-S solutions are very slow (Fig. 2b), the adsorption process is
barrier-controlled, and the formed adsorbed layers are viscoelastic and
insoluble. The solid lines in Fig. 2b correspond to the exponential decay
fits of 6(t) vs t. For example, the dependence of the surface tension of 3.0
x 10~* wt% P10-1-S solution on time is practically a linear function for t
< 1800 s. It decreases from 61 mN/m to 58 mN/m for 30 min (Fig. 2b),
so that oeq is not possible to be determined correctly. For the same
concentration of P10-1-CC, the equilibrium surface tension is well
measurable and ceq = 39.7 £+ 0.1 mN/m (Fig. 2a).

The dynamic surface tension of polyglycerol esters solutions was
measured using the maximum bubble pressure method on BP 100
automated bubble pressure tensiometer (Kriiss GmbH, Germany) [52].

Phase exchange experiments. Phase exchange experiments [53] were
carried out to determine the surface or interfacial tensions using
axisymmetric drop shape analysis on DSA100R instrument (Kriiss
GmbH, Germany), employing U-shaped capillaries (Fig. S5). The oscil-
lating bubble (drop) method was applied to calculate the surface dila-
tational storage, E', and loss, E’, moduli. The bubble (drop) surface area,
A(1), oscillates with a relatively low amplitude and period of oscillations
55, the respective oscillations of ¢(t) are measured to calculate E' and E".
The exchange of aqueous phase was realized by a cartridge pump, which
simultaneously supplies pure water and sucks out the old aqueous so-
lution from the working cuvette keeping the fluid volume constant.

The typical experimental protocol is the following [53]. A bubble
(drop) is formed in each polyglycerol ester solution and the relaxation of
the surface tension to a steady state value, close to oeg, is measured.
During the first experimental stage, one performs oscillatory surface
deformations to measure the surface dilatational moduli E' and E" cor-
responding to a given value of o(t). For example, three surface oscilla-
tory deformations (01, 02, and O3) are performed through the first
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time, t, for P10-1-S solutions.

stage in Fig. S6. In the second experimental stage, the surfactant solution
is exchanged with pure water (PhE1) to rinse the bubble’s (drop’s)
adsorption layer. As expected upon the removal/washing of poly-
glycerol esters, the surface tension increases and oscillatory experiments
(04 and O5 in Fig. S6) are performed to measure the interfacial rheology
and to quantify the effect of polyglycerol esters desorption and the po-
tential presence of less water-soluble adsorbed molecules (if any), which
were not washed from the respective interface. To ensure the complete
replacement of the surfactant solution with pure water and to maximize
the washing, the phase exchange procedure (PhE1l) and subsequent
surface oscillatory deformations are repeated two or three times (PhE2,
PhES in Fig. S6).

Dynamic (DLS) and static (SLS) light scattering. The size distributions
of the aggregates (micelles and/or vesicles) in polyglycerol esters solu-
tions were analyzed using Malvern 4700C light scattering system
(Malvern Instruments, UK). This apparatus combines the dynamic and
static light scattering capabilities, enabling a detailed assessment of the
aggregate sizes. Equipped with a goniometric arrangement, the system
allows angle-dependent measurements, essential for the Zimm plot
analysis. The SLS measurements were conducted at various of concen-
trations and angles, 6, and processed with the classical Zimm equation:
Kc/R(0) = 1/My, + 2Aac +..., where K is the optical constant, c is the
concentration, R(0) is the excess Rayleigh ratio at angle 0, M,, is the
weight-average molecular weight, and A, is the second virial coefficient.

The dynamic light scattering (DLS) was used to determine the hy-
drodynamic diameter of aggregates with measurements conducted at a
fixed angle of # = 90°. This angle was chosen to optimize the sensitivity
and accuracy of the hydrodynamic diameter calculations. All measure-
ments (both DLS and SLS) were performed at a controlled temperature of
25 °C.

Thin liquid films. The Scheludko-Exerowa (SE) capillary cell [54] was
utilized to study the drainage, stratification, equilibrium and critical
thicknesses of thin foam films stabilized with polyglycerol esters solu-
tions. The studied solution is loaded into a cylindrical capillary through
a small opening in the wall. Subsequently, the solution is drawn out from
the capillary resulting into a biconcave drop, the two menisci approach
each other until a liquid film is formed in the central part of the cell. The
size of the formed foam film is adjusted by injecting or sucking liquid
through the orifice. The radii of thin foam films illustrated in Fig. 7 and
Figs. S13-515 are in the range from 600 pm to 700 pm. The interfero-
metric method is used to measure the film thickness, h, vs time t. The
capillary cell is kept closed to eliminate evaporation — in this case, the
driving force for the film thinning is the capillary pressure. After
reaching of the steady-state equilibrium thickness for infinitely stable
films, the capillary cell is opened to the atmosphere, which leads to an
evaporation from the film surfaces, that causes a considerable increase
of the pressure difference, thus ending into the formation of a molecular
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bilayer film or eventually to a film rupture.

Foaming, foam stability, and bubble size distribution. The formation,
stability, and bubble size distribution of foams [55] were investigated by
using Dynamic Foam Analyzer DFA100 (Kriiss, Germany). This device
has a high-resolution camera, allowing for precise measurements of
bubble size distributions and detailed foam characterization. For the
comprehensive characterization of the foam properties, we applied two
working regimes (Fig. S7). For the illustration of the bubble size distri-
bution in Tables S4-S6, the micrographs of respective foams are taken in
the frame of 6 mm width by 5 mm height. In the sparging (bubbling)
regime, the foam is generated by bubbling of gas through a glass porous
frit in the surfactant solutions. The technical parameters for this process
are finely tuned to ensure reproducibility and accuracy: 0.4 dm®/min or
0.8 dm®/min flow rates; 50 ml surfactant solution; 100 mm height po-
sition of the camera to capture detailed foam structure images. In the
stirring regime, the foam is alternatively produced by mechanical
agitation using a standard propeller (SR4501, Kruss). The conditions for
this regime were carefully selected based on preliminary trials to opti-
mize the reproducibility of obtained results: 30 s duration for foam
formation; 6000 rpm stirring speed; 10 s oscillation period of propeller;
50 ml working surfactant solution; 55 mm height position of the camera
to capture the dynamics and structure the studied foam.

3. Solubility, turbidity, interfacial tension isotherms, and
interfacial rheology

3.1. Solubility and turbidity

Geomulse™ C15 RSPO MB exhibits excellent water solubility at
room temperature, with solutions remaining clear at concentrations
both below 0.3 wt% and above 2 wt% (Fig. S4a). To check the effect of
stirring temperature on the solution turbidity, the P10-1-CC solutions
were stirred at 60 °C for one hour and subsequently cooled down to
25 °C. The absorbance data vs concentration (Fig. S4b) suggest that the
temperature variations have minimal influence on the turbidity, with
the highest absorbance observed at a concentration of 0.8 wt%. The
results from DLS and SLS experiments with P10-1-CC solutions at
different surfactant concentrations, C, are summarized in Fig. 3a and
Fig. S8, respectively. We observed two concentration ranges with a
relatively low polydispersity (Fig. S8a): i) vesicles with an average
diameter of 45 nm for C<0.15 wt%; ii) for C>1.5 wt%, the predominant
structures are micelles with a mean size of 15 nm. The presence of
vesicles at lower concentrations is attributed to the double-tail poly-
glycerol esters molecules, which, upon increasing concentration, are
solubilized by the single-tail polyglycerol esters micelles, leading to the
predominance of smaller 15 nm micelles. For P10-1-CC concentrations
0.15 wt% < C<1.5 wt%, large aggregates with a well pronounced
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Microscopic images of 0.1 wt% P10-1-O stabilized emulsions when P10-1-O is dissolved in the different phases.

polydispersity are formed (Fig. S8a). Applying the Zimm plot approach
for the SLS measurements (Fig. S8b), one obtains an average mass of
96153 g/mol per aggregate, which corresponds to an assembly of
approximately 212 P10-1-CC molecules. The downward slope of the
Zimm plot line indicates an attractive interaction between the aggre-
gates. One possible explanation could be that all single-tail monomers
preferentially form micelles, while the available double-tail molecules
have the tendency to form vesicular structures. Once the number of
single-tail esters reaches a threshold concentration, the double-tail es-
ters are solubilized in the micelles.

In the case of P10-1-L, the mean aggregate sizes are approximately
independent on surfactant concentration C, and on the temperature of
solution preparation. The average aggregate diameter is around 80 nm
with low polydispersity and the solution turbidity increases mono-
tonically with concentration C, see Fig. S8c. The mole fraction of the
double-tail monomers in P10-1-L sample is more than 200 times lower
than that in P10-1-CC (see Section 3.2). As it is expected, the turbidities
of P10-1-S solutions are higher than those of P10-1-CC and P10-1-L
solutions due to their longer hydrocarbon tails and propensity for ag-
gregation (Fig. S8c).

As noted in Section 2, P10-1-O is soluble in both water and oily
phases. If one dissolves P10-1-O in water and subsequently layers SFO
on top without mixing, then one observes intensive mass transfer of the
P10-1-O molecules from the aqueous solution to the oil (Fig. S3). Due to
a significant drop in the interfacial tension as a result of the adsorption
of P10-1-0, a spontaneous emulsification takes place — water droplets
appear in the oily phase and oily droplets in the aqueous phase,
respectively. To highlight the P10-1-O unique emulsification properties,
we prepared emulsions by using a 50:50 blend of water and SFO phases.
The total P10-1-O surfactant concentration was 0.1 wt%. The surfactant
was dissolved either only in the aqueous phase, only in the oily phase, or
in the both phases 0.05 wt% in water and 0.05 wt% in oil. Fig. 3c shows
microscopic images of these emulsions. Surprisingly, in all cases we
observed stable oil in water emulsions. According to the classical Ban-
croft rule, P10-1-O should form water in oil emulsions because it is more
soluble in the oily phase (see Section 3.2).
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3.2. Interfacial tension isotherms

The used polyglycerol esters samples might contain a minute amount
of oil-soluble surface-active components. To evaluate their adsorption
capability at interfaces, we agitated 10 mL purified SFO+30 mL 0.1 wt%
polyglycerol esters aqueous solutions to prepare coarse emulsions. These
emulsions were then maintained at a constant temperature of 25 °C for
24 h in a thermostat to ensure complete saturation of the oil droplets.
The saturated SFO phases were separated by destroying the emulsions
by centrifugation. Subsequently, the interfacial tension of the saturated
oil/pure water interface vs time was measured (Fig. 4a). The measure-
ments revealed a notable reduction in the interfacial tensions for all
polyglycerol esters: 25 mN/m for P10-1-S; 20 mN/m for P10-1-L; 14
mN/m for P10-1-CC. This indicates that P10-1-CC contains the highest
concentration of oil-soluble admixtures, while P10-1-S has the lowest.

The interfacial tension isotherms of P10-1-O solutions are shown in
Fig. 4b in both cases of: P10-1-O dissolved in water (aqueous solution/
purified SFO interface); P10-1-O dissolved in SFO (pure water/SFO so-
lution interface). From the slopes of the interfacial tension vs InC close to
the kink points of the isotherms, one estimates approximately equal
values of the saturation adsorption, sy = 2.81 4+ 0.07 pmol/rnz, and the
area per adsorbed molecule of 0.59 + 0.01 nm?. As it should be in this
case, the established equilibrium adsorption layer is independent on the
phases in which P10-1-O is initially dissolved. However, the concen-
trations corresponding to equal values of the interfacial tensions differ
significantly, being two orders of magnitude lower for P10-1-O dissolved
in water. This underlines the P10-1-O higher solubility in the oily phase
and results in a notably reduced minimal interfacial tension (below 0.7
mN/m) when P10-1-O is initially dissolved in SFO.

The experimental surface tension isotherms of P10-1-CC and P10-1-L
aqueous solutions are summarized in Fig. 4c and Fig. 4d, respectively. It
is well illustrated that the kink points of isotherms are at 0.001 wt% for
P10-1-CC and at 0.003 wt% for P10-1-L. In the literature, the authors
reported higher value of 0.003 wt% for P10-1-CC [32]. For purified di-,
tri-, tetra-, and pentaglycerol monolaurates, the measured CMC values
are 0.105 mM, 0.187 mM, 0.283 mM, and 0.295 mM, respectively [47].
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These concentrations are considerably higher than 0.06 mM (0.003 wt
%) given in Fig. 4d. Thus, the obtained experimental kink point con-
centrations (Fig. 4c and Fig. 4d) correspond to the critical aggregate bulk
concentrations (CAC), see Section 3.1. The unexpected fact that the CAC
for P10-1-CC is lower than that for P10-1-L needs an additional expla-
nation because the length of the hydrocarbon tails of P10-1-CC is shorter
than that of P10-1-L.

The experimental surface tension isotherms of polyglycerol esters
aqueous solutions in Fig. 4c and Fig. 4d are processed using the van der
Waals type of adsorption model [56,57]:

Ta

KC = “Ta

exp( —pTla) (2)

0]
1 1-Ta
Here: kg is the Boltzmann constant; I is the adsorption; K is the equi-
librium adsorption constant; « is the minimal (or “excluded”) area per
molecule; 3 is the dimensionless interaction parameter, which is positive
for attraction between the adsorbed molecules in lateral direction. The
respective expression for the two-dimensional equation of state corre-
sponding to the van der Waals model reads:

r a
0 = 0y _kBT1_+kBTﬂ7

“Ta 3)

where 6¢ = 72.2 mN/m is the surface tension of pure water at 25 °C. The
adsorption constant K, is directly related to the free energy of adsorp-
tion, Eexp, and to the molar volume of the adsorbed species, v, by the
following relationship:

Eexp)

koT 4

K = vpexp(
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The solid lines in Fig. 4c and Fig. 4d show the best theoretical fit results
using Egs. (2) and (3) and three adjustable parameters: K; a; . The
excellent description of experimental data is achieved with: 1/K=2.34
UM, a = 0.29 nm?, g = 5.50 for P10-1-CC; 1/K=1.63 pM, a = 0.29 nm?, 8
= 1.52 for P10-1-L. The values of the saturation adsorptions are 4.76
pmol/m? for P10-1-CC and 4.42 pmol/m? for P10-1-L.

The obtained values of the excluded area per molecules are equal and
reasonable. From adsorption constants and Eq. (4), one calculates the
adsorption energies: 1/vy, = 2.42 M and Eeyp = 13.8 kT for P10-1-CC; 1/
Vm = 2.21 M and Eeyp, = 14.1 kgT for P10-1-L. From the well-accepted
Tanford rule [58], one estimates that the adsorption energy of P10-1-
CC should be E=9.43 kT < Eexp and that of P10-1-L — E=12.2
kpT<Eexp. These considerable differences confirm that the PGE samples
contain admixtures of double-tail molecules (Fig. 1c). The energy of
adsorption of double-tail molecules is expected to be 2E (one sees that
E<Eeyp < 2E) and their molar volume - to be 2vy,. Thus, the adsorption
constant, K, becomes equal to:

E 2E
K=(1- x)vmexp(kB—T) —+ 2xvmexp(kB—T)

(5)
where x is the mole fraction of the double-tail species. As a result, we
estimated that P10-1-CC sample contains 0.31 mol% double-tail mole-
cules and P10-1-L sample contains more than 200 times lower number of
double-tail molecules, 0.0014 mol%. This fact explains the vesicle for-
mation in the case of P10-1-CC and the absence of vesicles in the case of
P10-1-L, see Section 3.1.

The experimental interfacial tension isotherms (SFO/aqueous sur-
factant solution) for water soluble P10-1-CC, P10-1-L, and P10-1-S are
shown in Fig. S9. The isotherms have complex shapes, which are not
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typical for single-component surfactant solutions. The minimal experi-
mental interfacial tension, omi,, has the lowest value (below 1 mN/m) in
the case of P10-1-CC solutions and the highest one (about 9 mN/m) - for
P10-1-S solutions.

3.3. Phase exchange experiments and interfacial rheology

We conducted phase exchange experiments with bubbles and LMO
drops (see Section 2, Figs. 5, Figs. S6 and Figs. S10) to investigate the
effects of admixtures within polyglycerol esters samples on the interfa-
cial rheology. The essential outcomes of these experiments, in terms of
interfacial dilatational storage, E, and loss, E’, moduli, are collated in
Tables 1, Tables S1-S3.

To characterize the properties of the P10-1-L adsorption layers, we
formed a bubble in 0.05 wt% P10-1-L aqueous solution. The surface
tension relaxed to 30 mN/m and the oscillatory experiments gave rela-
tively low storage and loss moduli, 11.8 mN/m and 7.6 mN/m,
respectively (run 1 in Table 1). The subsequent solution exchanges with
water resulted in the increase of the surface tension to 49.6 mN/m and of
the storage moduli to 40.8 mN/m (runs 2-4 in Table 1). The first hy-
pothesis for this observation could be the formation of H-bonds between
polyglycerol headgroups of adsorbed molecules. To check this, we
repeated this kind of experiment using 0.05 wt% P10-1-L+1 M Urea
solution and exchanged phases with 1 M Urea aqueous solution (runs
5-8 in Table 1). Key highlights from the experimental data demonstrate
the significant role of urea in disrupting of the hydrogen bonding within
polyglycerol esters adsorption layers. For instance, the equilibrium
surface tension remains unchanged (30 mN/m) and the surface dilata-
tional moduli have low values both before and after urea addition (as
shown in runs 1 and 5 in Table 1). However, after the exchanges of the
surfactant solution with 1 M Urea solution, the storage moduli, E,
decrease from 40.8 mN/m to 26.9 mN/m and the loss moduli, E’, in-
crease from 9.6 mN/m to 32.9 mN/m (runs 4 and 8 in Table 1). The
lower values of the storage moduli and the higher values of the loss
moduli in the presence of 1 M Urea suggest that the change of the
interfacial rheology of the polyglycerol esters adsorption layers is
partially attributed to the disruption of hydrogen bonds.

The second hypothesis could be the presence of traces of fatty acids
in the PGE samples. To check this, first, one increases the pH of 0.05 wt%
P10-1-L solutions to 8.6 and uses water at pH=8.6 for the phase ex-
changes (runs 9-12 in Table 1). It is seen that the storage moduli
decrease before the bubble washing to 7.6 mN/m and after the phase
exchanges to 14.5 mN/m compared to the respective values measured at
natural pH. It is known in the literature [59], that different types of acid
soups are formed in the fatty acid solutions with the rise of pH, which
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Fig. 5. Interfacial tension, o, vs time, t, in the case of a phase exchange
experiment with LMO drops. The initial concentration of P10-1-L is 0.005 wt%;
four times the solutions are replaced with water (PhE1 — PhE4); seven oscil-
latory experiments at different times are performed (01 — O7).
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Table 1

Interfacial dilatational storage, E, and loss, E’, moduli measured at solution/air
and solution/LMO interfaces by the oscillating bubble (drop) method in the case
of phase exchange experiments.

Run  Systems  Stages E,mN/m E,mN/m o, mN/m
Solution/air
1 0.05 wt% P10-1-L (Fig. S6) 11.8 7.6 30.0
2 1st PhE with water 39.3 19.3 44.1
3 2nd PhE with water 40.7 16.1 47.0
4 3rd PhE with water 40.8 9.6 49.6
5 0.05 wt% P10-1-L+1 M Urea ( 9.7 8.5 30.0
Fig. S10)
6 1st PhE with 1 M Urea 29.4 30.9 41.9
7 2nd PhE with 1 M Urea 30.2 329 45.4
8 3rd PhE with 1 M Urea 26.9 329 47.3
9 0.05 wt% P10-1-L, pH=8.6 7.6 9.8 31.7
10 1st PhE with water at pH=8.6 14.5 28.5 46.2
11 2nd PhE with water at pH=38.6 14.5 28.5 47.6
12 3rd PhE with water at pH=8.6 14.5 28.1 50.1
13 0.05 wt% P10-1-L+1 mM ZnCl,, 4.4 10.9 30.7
pH=8.3
14 1st PhE with water 2.1 32.4 42.1
15 2nd PhE with water 2.5 33.6 45.4
16 3rd PhE with water 2.6 34.3 47.2
17 0.01 wt% P10-1-CC 23.7 18.2 28.0
18 1st PhE with water 36.5 32 32.7
19 2nd PhE with water 42.0 27.7 35.9
Solution/LMO
20 0.005 wt% P10-1-L (Fig. 5) 20.2 6.6 17.4
21 1st PhE with water 25.9 1.1 23.4
22 2nd PhE with water 26.1 0.6 23.7
23 3rd PhE with water 26.6 0.5 23.5
24 4th PhE with water 25.3 0.7 24.4

affect the mixed adsorption layers. Second, we added 1 mM ZnCl, to
0.05 wt% P10-1-L in order to precipitate the fatty acids (runs 13-16 in
Table 1). As a result, the dilatational storage moduli drop considerably:
to 4.4 mN/m before the bubble washing; to 2.6 mN/m after the phase
exchanges with water. Thus, the polyglycerol esters samples contain
traces of fatty acids, which affect the interfacial rheology of solutions.
The high values of the loss moduli without ZnCl, and in the presence of
ZnCl, show that the hydrogen bonding effect is operative mainly for the
loss moduli, while the adsorbed fatty acid molecules — for the storage
moduli. The analogous experiments with 0.01 wt% P10-1-CC solutions
(runs 17-19 in Table 1) prove that P10-1-CC sample also contains traces
of fatty acids, which adsorb irreversibly at the air/solution interfaces.

A pivot finding is that even at very low concentrations (0.005 wt%
P10-1-L aqueous solution), a strong elastic adsorption layer is formed at
solution/LMO interface with dilatational storage and loss moduli equal
to 20.2 mN/m and 6.6 mN/m, respectively (Fig. 5, runs 20-24 in
Table 1). After four times of washing of the adsorption layer: the
interfacial tension does not change, 6 = 24 + 0.4 mN/m, at least for 80
min; the loss moduli have low values (below 1 mN/m); the storage
moduli are approximately constant 26 mN/m. Thus, the formed
adsorption layer at the water/LMO boundary has purely elastic behavior
(E' > E") which is typical for adsorbed double-tail molecules.

In summary, these experiments reveal that the studied PGEs form
adsorption layers with distinct rheological properties influenced by the
presence of double-tail molecules and admixtures of fatty acids. The
observed behavior reflects the complex interplay between the surfactant
concentration, admixture composition, and the resultant interfacial
properties.

4. Thin liquid films

To study the interactions between adsorbed layers, we performed
thin foam film experiments with polyglycerol esters solutions using the
SE capillary cell (Section 2). Fig. S12 summarizes the dependencies of
the film thickness, h, on time t for P10-1-CC and P10-1-L aqueous so-
lutions. The first equilibrium thicknesses correspond to the first
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conditionally stable gray films, which could be formed in the SE cell.
One sees that the films stabilized with 0.2 wt% P10-1-CC and P10-1-L
are thick with identical first equilibrium thicknesses of 95 nm. In the
case of 1.0 wt% P10-1-L, the respective equilibrium thickness drops to
58 nm. These thicknesses typically are explained with the electrostatic
repulsion between charged adsorption layers. Because of fluctuations,
the electrostatic barrier can be overcome, subsequently the foam film
drainages, and darker spots appear in the film with a thickness corre-
sponding to the second equilibrium thickness. The direct prove of the
electrostatic nature of the disjoining pressure is the behavior of the
analogous thin foam films when 100 mM NacCl is added to the respective
surfactant solutions. The electrostatic barrier disappears in the presence
of salt and as a result: i) the drainage rate considerably increases; ii) the
first equilibrium film thickness disappears; iii) the second equilibrium
film thicknesses with and without added salt practically coincide. When
one has turbid solutions, it is possible to observe aggregate caught in the
film which are visualized like dots or lumps in the film (see Fig. S14). In
the case of P10-1-CC and P10-1-L, there are no visible aggregates caught
in the film. All aggregates are expelled from the film region upon its
thinning.

The phase exchange experiments show that the polyglycerol esters
samples contain traces of fatty acids with pK, = 4.7 [59]. At the natural
pH (about 6) of the surfactant solutions, the fatty acids are ionized. If the
pH of P10-1-L solutions is adjusted to 3.7, the fatty acids molecules
become protonated, i.e. neutral, the electrostatic repulsion disappears
and the equilibrium film thicknesses decrease to approximately 10 nm
(see Fig. 6a and Fig. S13). At high ionic strengths and at pH=3.7, the
foam films drainage to the final equilibrium film thickness corre-
sponding to the surfactant bilayer formation.

If the capillary pressure, p., in the SE capillary cell (p. = 50 mN/m)
becomes equal to the disjoining pressure, I1, then the foam film reaches
its equilibrium thickness. At h > 15 nm, the main contributions in IT
come from both the van der Waals attraction component, [Tyqw, and
from the electrostatic repulsion component, Il;. That is

DPc = Myqw + g (6)
Here:

_ An _ 2 (Ps
Maw = —¢ 15, Tla = 64ksTTtanh ( 4>exp( xh) %)

Ap=4 x 1072° J is the Hamaker constant; I is the ionic strength; « is the
inverse Debye screening length; ®; is the dimensionless surface elec-
trostatic potential. The expression for Il in Eq. (7) corresponds to the
approximation valid for 1:1 electrolyte at kh > 1 [60]. The electrolytic
conductivity experiments (see Fig. S2) showed that the slopes of the
conductivity vs concentration are equal to 5.17 + 0.01 S cm?*mol ! for
P10-1-CC and 4.91 £ 0.01 S cm®mol ! for P10-1-L aqueous solutions. If
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one assumes that these slopes correspond to the ionized fatty acids in the
samples, then one obtains that the mole fraction of fatty acids in P10-1-
CC is equal to 6.7 % and that in P10-1-L is 6.5 %. Thus, the only un-
known parameter in Egs. (6) and (7) is the value of the electrostatic
potential at the film surfaces. The solid lines in Fig. 6 show the best
theoretical fits with surface potentials of — 60.2 + 0.4 mV for foam films
stabilized with P10-1-CC solutions at a natural pH and — 51.3 + 0.2 mV
in the case of P10-1-L solutions. This is an independent proof that the
traces of fatty acids affect not only the interfacial rheology (Section 3.3)
but also the stability and drainage of foam films.

Fig. 7 shows photographs of the thinning process of a foam film
formed in the SE capillary cell from 20 wt% P10-1-L solution at a natural
pH. The stepwise decrease of the film thickness (stratification) occurs
through formation and expansion of spots of smaller thickness in the
film [54]. Each metastable state of a given uniform thickness, denoted as
hy, hy, and hg, corresponds to a given number of micellar layers within
the film. In reflected light, the films appear grey; the thinner films look
darker. In our case, the final stable state, h;, corresponds to one layer of
micelles. The thicknesses of the respective metastable states, as deter-
mined, are: hy = 30.6 nm; hy = 45.7 nm; hg = 61.1 nm. Usually, the
second equilibrium thicknesses (10 + 0.2 nm in Fig. 6) are very close to
the thicknesses of surfactant bilayers. The mean heights of the stratifi-
cation steps (15.2 £+ 0.1 nm) represent the hydrodynamic diameter of
the surfactant micelles because the stepwise thinning corresponds to the
expelling of one layer of micelles from the film region. Thus, the P10-1-L
micelles are ellipsoidal and slightly elongated.

The foam films stabilized with 1 wt% P10-1-S solution at a natural
pH are stable in a closed SE capillary cell (at low applied p.), see
Fig. S14. They contain aggregates which are due to the limited solubility
of the contained components. Upon water evaporation in an open cell at
high pressure differences, these films are unstable and break — the ag-
gregates exhibit an antifoaming action. In contrast, the films stabilized
with 1 wt% P10-1-O aqueous solutions at a natural pH are thick and
stable both in closed and open cells (Fig. S15), which correlates with the
foam stability in a sparging regime, see Section 5.2. There are no visible
aggregates caught between the film surfaces. In foaming under a stirring
regime, no foam is generated from the P10-1-O solutions. This could be
explained with solidified and fragile adsorption layers, which break (and
do not regenerate) upon stirring and delayed surface adsorption (see
Section 5).

5. Dynamic surface tension and foam properties
5.1. Dynamic surface tensions of polyglycerol esters solutions
The measured by MBPM dependencies of the dynamic surface ten-

sions, o, on the experimental bubbling time, t,ge, are summarized in
Fig. 8a, Fig. 8b, and Fig. S16 for different concentrations of PGE

o P10-41-CC
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(b) P10-1-CC concentration, C (wt%)

Fig. 6. Equilibrium foam film thickness, h, vs surfactant concentration, C: a) P10-1-L; b) P10-1-CC. The solid line corresponds to the theoretical calculations using the

electrostatic and van der Waals components of the disjoining pressure.
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Fig. 7. Consequent stages of thinning of stratifying foam film stabilized with 20 wt% P10-1-L solution at a natural pH. The thicknesses of the metastable films are h;,
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solutions. As one can expect, the relaxation of o(tag) and the dynamic
adsorption processes are faster for the higher surfactant concentrations.
For a fixed surfactant concentration, the characteristic adsorption time
increases in the order P10-1-CC<P10-1-L<P10-1-O<P10-1-S, which
correlates with the relaxation of surface tension measured under static
conditions, see Fig. 2. For example, if one plots the dynamic surface
tension measured at tage = 1 sec vs surfactant concentration (Fig. 8c),
then one sees that this trend is more pronounced for surfactant con-
centrations higher than 0.03 wt%, while for lower concentrations, the
moment values of the dynamic adsorptions are low and one expects a
low foaming ability of polyglycerol esters solutions.

It has been shown in the literature, that the bubble surfaces are
continuously expanded in the case of MBPM and the nominal surface age
at the moment of maximum pressure, tag, is equivalent by adsorption to
initially clean immobile surface of age, t,, known as a universal surface
age [52]. Note, that t,ge depends on the used MBPM apparatus, while t,,
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is an independent characteristic of the adsorption processes (in our case
ty = tage/37). Moreover, based on the long-time asymptotic behavior of
the surface tension, the authors [52] obtained the following
relationship:

a+ Geqt'/?
o(ty) ~ ST

(8)
a2+

Here: o¢q is the equilibrium surface tension; a is a constant, which de-
pends on the experimental conditions; t, is the characteristic adsorption
time, which is a physicochemical parameter of the respective solution at
a given concentration and temperature. Fig. 8d shows the experimental
data and the best theoretical fits according to Eq. (8). In all illustrated
cases, the regression coefficients are larger than 0.9998 and the relative
errors of the most probable values of t, are lower than 0.01. Note that for
low surfactant concentrations and for all studied concentrations of P10-
1-S, the longest experimental time realized by BP 100, tage, is not enough
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to apply the long-time asymptotic formula, Eq. (8).

Table 2 summarizes the obtained results for the initial foam heights,
Hg, and the characteristic adsorption times, t,, for polyglycerol esters
solutions at concentrations 0.1 wt% and 1.0 wt%. It is well illustrated
that Hy increases with the decrease of t, in both stirring and sparging
regimes of a foam formation. The only exception is the foaming ability of
P10-1-O aqueous solutions. In the sparging regime, P10-1-O aqueous
solutions produce foams, which correlates with the thin liquid films
stability (see Section 4). In the stirring regime, there is no foam forma-
tion from P10-1-O solutions most probably due to the solidified and
fragile adsorption layers.

5.2. Stability of foams produced from polyglycerol esters solutions

Stirring regime. One of the quantitative characteristics of the foam
stability is the so-called bubble count diagram. It represents the time
dependence of the numbers of bubbles, having projection areas in given
ranges, per unit area. In the case of stirring regime, Fig. 9a and 9b show
these experimental dependencies for foams stabilized with 0.1 wt% and
1.0 wt% P10-1-L solutions and Figs. S17a and S17b for P10-1-CC solu-
tions, respectively. Pictures of these foams taken close to the solution/
foam boundary after 30 min from the foam formation are summarized in
Table S4. It is well illustrated, that the area occupied by all bubbles of
area smaller than 0.1 mm? begins to continuously diminish soon after
the foam formation. Thus, the foam disproportionation because of the
Ostwald ripening takes place [61]. At 1 wt% P10-1-L, the slope of the
curve with bubble areas smaller than 0.1 mm? (Fig, 9b) is lower than
that for 0.1 wt% (Fig. 9a) and the Ostwald ripening is slower. The
fractions of bigger bubbles (in the ranges 0.1 — 0.2 mm?; 0.2 — 0.3 mm?;
> 0.3 mm?) continuously increase and level off due to the bubble coa-
lescence. Note that the fraction of bubbles with areas greater than 0.3
mm? does not appear even after 30 min for the foam stabilized with 1.0
wt% P10-1-L (Fig. 9b) — this foam is more stable than that produced from
0.1 wt% P10-1-L. The bubble count diagrams for the foams stabilized
with both P10-1-CC concentrations (Fig. S17) are quite similar to that
shown in Fig. 9a. Thus, these foams are unstable and the Ostwald
ripening and bubble coalescence are observed for both P10-1-CC solu-
tions. In contrast, the foams stabilized with 0.1 wt% and 1.0 wt% P10-1-
S are stable — the mean bubble size does not change up to 30 min. Note
that the foaminess of polyglycerol esters solutions is different and de-
pends on the surfactant concentration, the length of the hydrocarbon
tail, and the characteristic adsorption time (see Table 2).

The dependencies of the average bubble radius, Ryye (calculated from
the bubble count diagrams), on the polyglycerol esters concentrations
and time t are summarized in Fig. 9c and 9d. The initial values of Ry, are
about 0.1 mm for the foams stabilized both with P10-1-CC and P10-1-L
at 0.1 wt% and 1.0 wt%, while in the case of P10-1-S, it is larger (0.14
mm) and increases insignificantly for the period of observation. The
foam coarsening for the lower surfactant concentration (0.1 wt%) of
P10-1-CC and P10-1-L (see Fig. 9c) is practically identical: i) Raye does
not change for the first 5 min; ii) the linear increase of Ryye with time is

Table 2
The initial foam heights, Hy, and the characteristic adsorption times, t,, of pol-
yglycerol esters solutions at concentrations 0.1 wt% and 1.0 wt%.

Hg (stirring) Hs (sparging) t, (MBPM)
0.1 wt% 1.0 wt% 0.1 wt% 1.0 wt% 0.1 wt 1.0 wt%
%
P10-1- 22 56 67 170 25 (ms) 0.53
CC (mm) (mm) (mm) (mm) (ms)
P10-1-L 17 44 54 140 30 (ms) 3.1 (ms)
(mm) (mm) (mm) (mm)
P10-1-0 — 2 (mm) 51 120 - 187 (ms)
(mm) (mm)
P10-1-S 5 (mm) 36 53 140 - -
(mm) (mm) (mm)
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measured for t > 5 min. For 1 wt% (Fig. 9d), the initial lag time extends
to 7 min for P10-1-CC and to 9 min for P10-1-L. The respective slope of
Ryye for the longer times with P10-1-L is smaller and the foam is more
stable than that stabilized with P10-1-CC.

To show the possibility to combine the good foaminess of P10-1-CC
and the foam stability properties of P10-1-S, we studied the effect of
mixed P10-1-CC and P10-1-S surfactant solutions with total concentra-
tion 1 wt% on the foamability and foam stability using a stirring regime.
Fig. 10a and 10b show that the foam height, Hf, and the mean bubble
radii, R, of foam produced from 1 wt% P10-1-S aqueous solution do
not change at least for 30 min, but the foam height is relatively low. The
addition of even small amount of P10-1-CC, e.g. 10:1 (w/w) P10-1-S:
P10-1-CC, increases Hf more than 25 % (Fig. 10a), decreases the
initial bubble radius from 70 pm to 50 pm (Fig. 10b), but the Ostwald
ripening effect arises — the mean bubble radius rises to 80 pm for 30 min.
It is important to note that the increase of the P10-1-CC weight fraction
up to 7:4 (w/w) practically does not change the initial foam volume but
it affects the foam coarsening — Rg; increases faster for higher P10-1-CC
weight fractions. Pictures of respective foams taken after 30 min are
summarized in Table S5. Thus, the fine balance between P10-1-CC and
P10-1-S can be used to produce foams with a preferred properties for
different practical applications.

It is also possible to combine P10-1-O (which does not produce foams
in a stirring regime) and P10-1-CC to obtain relatively stable foams, see
Table S6 and Fig. S18. In the case of 1 wt% total surfactant concentra-
tion, the smallest value of the mean bubble radius, R3z = 180 pm, is
observed for 7:4 (w/w) P10-1-O:P10-1-CC. The measured foam volumes
after 30 min monotonically increase with the rise of the P10-1-CC
weight fraction. In contrast to P10-1-S, the usage of P10-1-O and P10-
1-CC mixtures has no definite advantages with respect to the foam
production in a stirring regime.

Sparging regime. For our study of the foamability in sparging regime,
we used low flow rate of 0.4 dm®/min (Section 2) and times of bubbling
until reaching 220 mm foam height in all cases reported below. The
mixed surfactant solutions properties are illustrated in Figs. S19 and
520: 1) the solubility of P10-1-S and P10-1-O in P10-1-CC and P10-1-L
decreases with the rise of weight fractions of P10-1-S and P10-1-0; ii)
there is no visible difference between P10-1-CC and P10-1-L in the
respective mixed surfactant solutions; iii) the turbidity of P10-1-O
containing solutions is lower than that of P10-1-S mixed solutions at a
fixed weight fraction of P10-1-O or P10-1-S.

The stability of foams produced from P10-1-S containing mixed
surfactant solutions is summarized in Figs. S21-523, Fig. 1la, and
Fig. 11b. For a fixed total surfactant concentration, Cr=1 wt%: i) the
initial bubble radii, Rs, for P10-1-S alone are the largest (280 pm) and
only slightly increase in time up to 15 min storage time; ii) for all weight
fractions of P10-1-CC or P10-1-L larger than 0.1, the initial bubble radii,
R3y, are considerably lower and approximately equal (~ 80 pm); iii) the
slopes, Ry Vs t, increase with the rise of P10-1-CC or P10-1-L weight
fractions. Thus, from the viewpoint of the slowest change of the bubble
radii in the foams, the optimal choice is the foams produced in a
sparging regime from 9:1 (w/w) P10-1-S with P10-1-CC or P10-1-L
mixed surfactant solutions.

The optimization of this composition, 9:1 (w/w) P10-1-S with P10-1-
CC or P10-1-L, with respect to the total surfactant concentration is
summarized in Figs. S23, Fig. 11a, and Fig. 11b. In the case of 9:1 (w/w)
P10-1-S:P10-1-CC: i) the foams are unstable for low concentrations,
C1<0.08 wt%j; ii) they are also unstable for high concentrations, C1>2.5
wt% — the precipitates have an antifoaming effect; iii) for 0.8 wt% <
Cr<2.5 wt%, dR3y/dt has a minimum at a given total surfactant con-
centration. The main difference in the case of 9:1 (w/w) P10-1-S:P10-1-L
is that the foams are stable up to the highest studied concentration,
Cr=>5 wt%. The minimal initial values of the mean bubble radii, R32 in,
and the total surfactant concentrations at which Rss ; are measured, Cr,
in, are summarized in Table 3. It well illustrates that R3, is approxi-
mately constant, but Cr, is considerably larger for P10-1-L containing
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Fig. 10. Foam height (a) and mean bubble radii (b) vs time of foams stabilized with 1.0 wt% total concentration of mixed P10-1-S and P10-1-CC surfactant solutions.

All foams are produced in a stirring regime.

solutions compared to P10-1-CC. The respective parameters measured
after 15 min, R33fin and Cr fip, listed in Table 3 show that the foams
stabilized with P10-1-S+P10-1-L solutions in a sparging regime are
again more stable as it was in a stirring regime.

The foam properties of P10-1-O and P10-1-CC or P10-1-L mixed
surfactant solutions in a sparging regime are analogous to those for P10-
1-S. The main difference is that these mixed solutions produced foams
even at larger concentrations, Ct=5 wt%, because of their lower
turbidity compared to P10-1-S. Nevertheless, the mean bubble radii, R3,
in and Rsa fin, are more than two times larger compared to those in the
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case of P10-1-S, see Fig. 11 and Table 3. This fact correlates with the
respective observations in a stirring regime.

6. Conclusions

In spite of the wide application of the polyglycerol esters of fatty
acids (PGE) in the diverse industries, cosmetics, and medicine
[1,3,12-23], their colloid and interface properties are not well revealed
[9,32,38,46-48]. The complexity of PGE and their wide range of colloid
and interface properties arise from the polymerization process of
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Table 3

The positions and values of the minimal mean bubble radii, R3,, for foams sta-
bilized with 9:1 (w/w) P10-1-S or P10-1-O and P10-1-CC or P10-1-L surfactant
solutions in a sparging regime, see Fig. 11.

Crin (Wt%)  Rapin (mm)  Crgin (Wt%)  Rapfn (mm)
P10-1-S+P10-1-CC 0.756 0.106 0.491 0.261
P10-1-S+P10-1-L 2.84 0.118 2.63 0.227
P10-1-0+P10-1-CC 1.84 0.231 0.994 0.532
P10-1-0+P10-1-L 4.25 0.230 2.16 0.515

polyglycerol, which results in the production of various oligomers [1-7].
For the physicochemical characterization of PGEs solutions, one can
combine complementary experimental techniques and adequate theo-
retical interpretation of the obtained results.

Polyglycerol mono-laurate (P10-1-L), mono-stearate (P10-1-S),
mono-oleate (P10-1-0), and an equimolar mixture of mono-caprylate
and mono-caprate (P10-1-CC) esters samples are well-soluble in water.
They contain minuscule concentration of indifferent electrolyte, low
molar fractions of fatty acid and dual-hydrocarbon-tailed polyglycerol
esters molecules (Secs. 2,3,4). The combination of DLS, SLS, turbidity,
and interfacial tension measurements characterize their self-aggregation
and adsorption properties. P10-1-CC aqueous solutions are turbid for
concentration between 0.3 wt% and 2.0 wt% because of the effect of
0.31 mol% of double-tail esters on the formation of vesicular structures.
With the increase of the single-tail esters concentration, the double-tail
esters are solubilized in the micelles and the solutions become trans-
parent (Sec. 3). The kink point in the P10-1-CC surface tension isotherm
at 0.001 wt% is lower than that measured in the literature [32] and
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corresponds to the critical aggregate bulk concentration (CAC). The
relatively high saturation adsorption (4.76 pmol/m?) and interfacial
interaction parameter (5.5), as well as the effect of added 1 M Urea or 1
mM ZnCly, clarify the importance of the H-bonds between polyglycerol
head groups of adsorbed molecules on the interfacial dilatational loss
moduli and that of the fatty acid admixture on the storage moduli. In
contrast, the considerably lower number of double-tail esters in P10-1-L,
P10-1-S, and P10-1-O prevents the vesicle formation and the turbidity of
aqueous solutions monotonically increase with concentration. As a
result, the saturation adsorption of P10-1-L is 4.42 pmol/m?, the inter-
action parameter is four times lower than that of P10-1-CC, and the CAC
if five times lower compared to the purified polyglyceryl mono-laurate
[47]. The saturation adsorption of longer chain length PGE (2.81
pmol/m?) is closed to the literature data. The solubility of P10-1-O in
both water and oily phases leads to its spontaneous emulsification
ability, low interfacial tension (below 0.7 mN/m), and good emulsifi-
cation properties.

The measurements of the dynamics, stability and stratification of
thin liquid film stabilized with PGE complement the information on the
interaction of the adsorbed layers (Sec. 4). The dependence of the first
equilibrium thickness of films stabilized with P10-1-CC and P10-1-L on
the surfactant concentration demonstrates the effect of the electrostatic
interactions because of the fatty acid admixtures (Fig. 6). The calculated
surface electrostatic potentials are varied from — 50 mV to — 60 mV. The
presence of 100 mM NaCl or the decrease of the pH to 3.7 lead to stable
films with equilibrium thickness of 10 nm. The size of the stratification
steps of 15 nm at larger PGE concentrations (Fig. 7) suggests the pres-
ence of elongated ellipsoidal micelles in P10-1-CC and P10-1-L aqueous
solutions. The P10-1-S stabilized films contain aggregates due to the
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limited solubility of the components, which break the foam films at a
high applied capillary pressure. In contrast, P10-1-O solutions form
relatively thick and stable films without aggregates caught between film
surfaces.

The correlation between the characteristic adsorption time obtained
in the dynamic surface tension experiments and the foamability of PGE
solutions in stirring and sparging regimes (Table 2) explains the good
foaming properties of the short chain length PGEs. The bubble count
diagrams (Fig. 9) quantitatively explain the effect of Ostwald ripening
and bubble coalescence on the increase of initial bubble size (100 pm)
with time in a time scale of 30 min. P10-1-S foams are characterized
with larger bubble sizes (140 pm), lower foam volumes, and the absence
of the Ostwald ripening and bubble coalescence. The combination of the
liquid and interface properties of C10-1-CC (C10-1-L) with those of C10-
1-S leads to optimization of foam from mixed surfactant solutions upon
foamability and foam stability with respect to concentration and weight
fraction of components (Figs. 10 and 11).

The proposed experimental and theoretical approach is applicable
for the characterization of liquid and interface properties of commer-
cially available water-soluble surfactants with complex structures. The
reported physicochemical characterization of studied water-soluble
polyglycerol esters could be of interest to increase the range of their
applicability in practice.
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