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ABSTRACT

The primary objective of this study is to determine the similarities and differences in the surface, film, and foam
properties of alkyl sucrose esters (SEs) with high monoester content (> 70 %) and polyoxyethylene alkyl ethers
(Brijs) with a high number of ethoxy groups (> 20) in their head group. Experiments were conducted using
surfactant molecules with alkyl chain lengths of 12, 16, and 18 carbon atoms at concentrations between 0.01 and
1 wt%, within a temperature range of 25 °C to 60 °C.

The lag time for surfactant adsorption increased with surfactant chain length, decreased with temperature, and
significantly decreased with surfactant concentration for both types of studied surfactants. However, increasing
the chain length from 12 to 18 carbon atoms led to a 10-fold increase in lag time for Brijs and more than a 600-
fold increase for SEs. This effect rendered longer-chain SEs incapable of forming voluminous foam in Bartsch test
and led to pronounced coalescence between the bubbles after their separation from the sparger in the foam rise
method, resulting in foams with very large bubbles, which exhibited lower stability. The utilization of a Kenwood
mixer for foam generation provided sufficient time for longer-chain SE molecules to adsorb on the bubble sur-
faces and to produce voluminous foams with small bubbles, which remained stable even at 60 °C. In contrast,
foams generated from Brijs solutions are very unstable at 60 °C. The long-standing stability of SEs foam was

attributed to the formation of mixed mono- and diesters adsorption layers on the bubble surfaces.

1. Introduction

Foams are widely studied in the literature due to their importance for
various technologies such as enhanced oil recovery [1-5], food industry
[6-8], pulp and paper production [9], and formation of polymeric and
inorganic solid foams for thermal isolation [10-15], etc.. Foams are
thermodynamically unstable and surfactants are usually added in the
solutions for their stabilization. Most of the currently used surfactants
are synthesized from fossil resources, which have a significant footprint.
There is currently a need to substitute these surfactants with more eco-
friendly ones. One class of these surfactants is sucrose alkyl esters,
synthesized from sucrose and fatty acids, both produced from non-fossil
ingredients.

Sucrose alkyl esters, recognized for their biodegradability and
biocompatibility, are widely utilized in the food industry [16-19]. They
contain a mixture of mono-, di-, and triesters, the ratios of which affect
the foam properties [20]. In a commercially available mixture of sucrose
laurate (L1695) enhanced foamability and stability was observed

compared to individual sucrose monolaurate or sucrose dilaurate [20].
This is attributed to the initial fast adsorption of sucrose monolaurate at
the surface followed by progressive adsorption of sucrose dilaurate and
formation of a mixed adsorption layer [21]. The alkyl chain length in
sucrose esters also impacts their foaming properties: Nelen et al. re-
ported decreasing foamability in the Ross-Miles method with increasing
the alkyl chain length in sucrose esters with HLB values of 15-16,
assuming equilibrium surface tension values were responsible for this
tendency [17]. Poorer foamability in a shaken cylinder was also re-
ported for pure palmitate sucrose ester compared to caprate and laurate
ones [18]. For fructose monoesters, foamability in Ross-Miles test was
shown to decrease with the increase of chain length from 14 to 18 [22].
Similar results were reported for sucrose esters with chains between C; 5
and C;g using the sparger method [23]. On the other hand, it was shown
that sucrose esters (SEs) with C1 and C;g chains in the presence of high
sucrose concentration are very efficient to produce voluminous foams
with very small bubbles (=~ 2 pm) when Kenwood mixer is utilized for
foam generation [24,25]. The produced foams remain stable for more
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than a year at 4 °C [25]. Therefore, depending on the method used for
foam generation, a different conclusion is drawn with respect to foam-
ability of long-chain SEs. One of the aims of the current study is to
analyze in detail what could be the reason for these differences and
under which conditions voluminous foams with small bubbles can be
formed from SEs solutions.

Brijs are polyoxyethylene alkyl ethers of structure C,EOp with
relatively broad distribution of EO-groups in their head group [26].
Their properties are widely studied in the literature and results in terms
of surface, aggregation, film, and bulk properties are very well docu-
mented [24,26-39]. They are known to be mild foaming agents: their
foamability depends on the number of EO groups [33,36], the alkyl
chain length [33,37], and foam stability is usually quite poor
[21,33,36,38,39]. It was shown the existence of a maximum in foam-
ability with the number of EO-groups [33,36], and wide distributions
exhibit similar foamability as narrow distributions, but enhanced sta-
bility [26]. The increase of surfactant chain length leads to significant
decrease in the amount of formed foam in fast foaming method (Bartsch
test), whereas the longer chain Brij 58 with 16C-atoms is the most
weight efficient surfactant to produce the stable foam in slow foaming
method (foam rise test) [40]. Decreasing the intensity of hitting in the
modified Bartsch test utilized in Ref. [41] led to better foamability of
this solution. However, those surfactants are very sensitive to temper-
ature and usually the foam stability decreases with temperature [34]
and they act as antifoam agents above their cloud point [35]. There are
numerous applications in which the stabilization of foams at high tem-
perature is necessary such as enhanced oil recovery [1-5], laundry
washing [42], food preparation [43,44], and the better understanding
the factors affecting the foam stabilization at high temperatures is
important for choosing the appropriate surfactants for these applica-
tions. One of the aims of the current study is to compare the foam
properties of sucrose esters and Brijs in the temperature range between
25 and 60 °C. This temperature range is important for laundry washing
[42] and food production [43,44].

This work is a continuation of our previous study [21], dedicated to
investigating the foaming properties of Brij L23 and sucrose ester L1695,
and focused on their respective response to temperature and the role of
H-bonds. It was shown that for L1695, the adsorption of diesters was
beneficial for foam stability, whereas foamability was enhanced by the
rapid adsorption of monoesters. In those two Cj2-chain surfactants, all
investigated solutions had Newtonian behavior. In the current study,
two additional sucrose esters with Cj and Cyg chains, namely P1675
and S1570, are investigated and compared to their homologous Brijs
(Brij 58 and Brij S20), to assess the impact of alkyl chain length on the
various physicochemical aspects of foam generation and foam stability.
A particular interest is set on the effect of temperature-induced phase
changes, and related rheological properties, in solutions of sucrose esters
for their foaming properties.

The methods implemented in this work rely on the investigation of
(i) the bulk rheological properties, (ii) surface properties at equilibrium
and under dynamic conditions, and (iii) thin liquid film behavior. Those
properties are the basis for rationalizing the foaming properties in three
foaming methods, namely the planetary mixer or Kenwood Mixer (KM),
the Bartsch Test (BT), and the foam-rise method (FRM). Foams are
discussed in terms of volume of air entrapped, bubble size, and desta-
bilization phenomena.

The main problems addressed in the current study are: (1) What is
the reason for the formation of foams with very big bubbles from long-
chain sucrose ester solutions in slow foaming method (foam rise
method); (2) What is the impact of non-Newtonian behavior of sucrose
ester solutions on their foamability. The main novelty of this work is the
observation of cyclic dimple in the foam films formed from a non-
volatile substance, due to different composition of adsorption layers
formed in film interior and in meniscus region.
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2. Materials and methods
2.1. Materials and procedure for solution preparation

Sucrose esters L1695, with predominantly 12C-atom in its tail
(denoted as C15SE in the text), and S1570 (denoted as C;SE in the text)
with predominantly 18C-atoms in its tail were obtained from Ryoto™,
whereas P1675 (denoted as C16SE in the text below) with predominantly
16C-atom in its tail was obtained from TCI (Tokyo Chemical Industry
Co., Ltd., Japan). They contain a mixture of mono-, di-, and tri-esters of
sucrose, and a mixture of alkyl chains [45]. The HLB values given by the
producer are 16 for C15SE and C14SE and 15 for C1gSE [45]. However,
these values have a different meaning compared to traditional HLB
values according to the classic definition of Griffin (HLB = 20 x Myy.
drophilic part/Miotal) because they represent the monoester content in the
compound HLB ~ 20 x [monoesters content, %]/100 [46,47]. Their
composition, determined by HPLC and GC analyses, is given in section
3.1 and based on this, the HLB values according to Griffin’s definition
are calculated and shown in Table 1 below.

Polyoxyethylene (23) lauryl ether (Brij L23) with 12C-atoms in its
tail and averaged number of 23 EO-groups in its head (denoted as
C12EO23 in the text), Polyoxyethylene (20) cetyl ether (Brij 58 — denoted
as C16EOq9 in the text) with 16C-atoms and averaged number of 20 EO-
groups, and Polyoxyethylene (20) stearyl ether (Brij S20 — denoted as
C18EO9 in the text) with 18C-atoms and averaged number of 20 EO-
groups were obtained from Sigma-Aldrich. The average molecular
masses of 1198.0 g/mol for Brij L23, 1122 g/mol for Brij 58, 1151.56
g/mol for Brij S20 are used for determining their molar concentrations.
The HLB values of studied Brijs according to their producer are 16.9
(C12E023); 16.0 (C16E020) and 15.0 (C18E020).

All chemicals were used as received without any further purification.
All solutions were prepared using deionized water obtained by an Elix 3
system (Merck-Millipore Inc., USA).

C12SE and C;2EQ,3 surfactant solutions were prepared by stirring the
surfactant/water mixture at 60 °C for 30 min using a magnetic stirrer.
Other surfactant solutions were prepared by stirring the surfactant/
water mixture at 75 °C for 30 min using a magnetic stirrer. All con-
centrations are given as weight percentages relative to the solution
weight. All solutions were used within 48 h after preparation.

2.2. HPLC and GC procedures for analysis of sucrose esters chemical
composition

The procedures used are described in detail in Ref. [21]. Briefly, the
fatty acid chain lengths were analyzed by GC after sucrose ester hy-
drolysis, whereas the ratio between monoesters and diesters was
determined using HPLC.

2.3. Viscosity measurements

The viscosity of the solutions was measured with a modular compact
rheometer MCR-302e (Anton Paar, Austria), using cone and plate ge-
ometry with a diameter of 40 mm (cone angle 1°, truncation gap 78
pm). Measurements were performed at 25.0, 40.0, 50.0, and 60.0 °C,
and samples were equilibrated for 3 min before each measurement. The
rheological test in a steady shear regime was performed by varying the
shear rate logarithmically and stepwise from 0.01 s~! to 500 s~!. The
viscosity was monitored as a function of shear rate. For reproducibility,
each measurement was repeated twice, and the average results are
presented.

2.4. Surface tension measurements
The surface tensions were measured using a Kriiss K100 tensiometer

(Kriiss GmbH, Hamburg, Germany). A Du Nouy ring was used for the
construction of surface tension isotherms. The temperature was kept
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Table 1
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Chemical composition of sucrose esters determined by HPLC (monoesters/ di- and triesters ratio) and GC after hydrolysis (alkyl chains length).

Denoted in the Commercial name of the Monoesters Di/triesters Fatty acid composition Calculated HLB value according to Griffin’s
text surfactant content content n-C12 n- n- definition
Cl6 C18
C12SE L1695 87 % 13 % >99 0 0 12.6
%
C16SE P1675 80 % 20 % 0 80% 20% 11.0
C1sSE $1570 69 % 31 % 0 32% 68% 10.3

within 0.2 °C during the experiment by thermostat (Julabo GmbH,
Germany) and thermostatic pump CORIO CD-200F to circulate the
thermostated water.

Dynamic surface tension was measured by the maximum bubble
pressure method (MBPM) with a processor-controlled bubble pressure
tensiometer Kriiss BP2 (Kriiss GmbH, Hamburg, Germany) at fixed
temperatures of 25.0 °C, 40.0 °C, 50.0 °C and 60.0 °C which were kept
by circulating water using a CORIO CD-200F thermostatic pump (Julabo
GmbH, Germany) with an accuracy of 0.2 °C. Hydrophobized glass
capillaries with a hydrophilic tip were used for all measurements, and
their diameter was measured before each set of experiments.

2.5. Film properties

A capillary cell was used to observe the behavior of thin foam films
[48]. The films were formed in a capillary with a radius R = 1.25 mm by
sucking out the solution through a side orifice, and were observed in
reflected light using a Leica DM RXE optical microscope (Leica Micro-
systems, GmbH; Wetzlar, Germany) equipped with long-distance
objective Nplan 20x/0.4, a CCD camera (Sony SSC-C370P), and a 5.1
M Video Biological Microscope Digital Camera 55FPS LCMOS. The
typical radius of the foam films formed in this capillary was R ~ 0.15
mm. The temperature was controlled by using a steel cell-holder with
inner water circulation using a CORIO CD-200F thermostatic pump
(Julabo GmbH, Germany). The top glass cover was heated to avoid
forming condensation droplets. The solution temperature was moni-
tored using a type K thermocouple probe and a UT325 thermometer
(Uni-Trend Technology co. Ltd., China). From the intensity of the re-
flected light, the foam film thickness was determined [48]. The film
thinning pattern and the stability of the foam films were studied in
closed cell in which the capillary pressure was 40-70 Pa. Each film was
observed for 10 min after its formation. At least three different films
were observed for a given concentration at a given temperature. The
temperature was controlled with an accuracy of 1 °C.

The film thickness, h, was determined from the obtained images,
which were converted to gray scale, and using the following expression

[48]:
I— Imin
Imax - Imin) ) (l)

he L o .

=5m X (5 + arcsm(

Where L is the wavelength of the incident light (for white light, the peak
is around 565-580 nm), n is the film refractive index, é is the phase lag, I
is the intensity of the reflected light from the film, I,,4y is the maximal
intensity of the reflected light of white film, I,;; is the minimal intensity
of the reflected light after film breakage. Intensities are determined
using the ImageJ software.

2.6. Foamability and foam stability

Foams were generated using three distinct methods: the Bartsch test
(BT), the foam rise method (FRM), and the planetary mixer method, also
known as Kenwood Mixer (KM).

2.6.1. Bartsch test
A glass cylinder of 120 mlL, filled with 10 mL surfactant solution,

was shaken using an automated Bartsch test for 100 cycles at shaking
period of 1.23 s (frequency = 0.813 s~ 1). The method is described in
details in Ref. [37]. It was shown in [37] that the characteristic time for
bubble expansion in this method is 10 ms. This characteristic time was
determined on the base of performed optical observations of the process
of bubble generation by high speed video camera [37]. To control the
temperature, a 3000 W blow heater regulated by PID thermocontroller
and AC phase regulator, connected to an in-chamber type K thermo-
couple probe, was used. Experiments were conducted at T = 25, 40, 50
and 60 + 1°C. At least three different cylinders were used to determine
the foamability under the given conditions.

2.6.2. Foam rise method

Foam was generated by blowing the air through a 1 cm diameter
filter paper with 8-12 pm pores into 20 mL of the surfactant solution,
contained in a glass column. Dimensions of the column are 2.8 cm in-
ternal diameter and 20 cm total height. The air flow rate of 0.38 & 0.02
L/min was maintained for 15 s. Experiments were conducted at T = 25,
40, 50 and 60 + 1°C and temperature was controlled by immerging the
glass column inside a thermoregulated water bath. Foam height was
visually monitored every minute for 10 min after air sparging was
stopped. Each experiment was repeated three times.

2.6.3. Planetary mixer

A planetary mixer Kenwood Chef Premier KMC 560 (1000 W) such
as described in Ref. [49] was used. 300 mL of the surfactant solution
was placed in a transparent vessel with total volume of 3250 mL. The
mixing tool was rotated with a speed of 2 rotations per second (rps),
generating a maximum shear rate of 62 s~ in the vessel, as explained in
Ref. [49]. The volume of the generated foam was monitored as a func-
tion of the shearing time. After the foam volume stopped increasing,
shearing was continued for an additional 10 min. The experiment was
stopped at a maximum duration of 60 min. This experiment was con-
ducted at 25 °C using 0.1 wt% and 1 wt% surfactant solutions.

2.6.4. Foam characteristics

To characterize the foamability in all three methods, the volume of
entrapped air, V4, was obtained by subtracting the solution volume from
the total volume (solution + foam). The foam stability was evaluated
after stopping the agitation in Bartsch test, after stopping the air supply
in FRM, and after sampling foam from KM and introducing it in a 120
mL cylinder (2.8 cm internal diameter and 20 cm total height). The
remaining volume of entrapped air was monitored by visual observation
every 2 min for 10 min after stopping the agitation, or every 10 min for
60 min in longer monitoring experiments. Foam stability was charac-
terized by the ratio between the remaining air in the foam at the end of
destabilization monitoring (either 10 minor 1 h) and the initial amount
of air entrapped during foam generation. In order to compare foaming
methods with one another, the relative foam volume was obtained by
comparison to that of a reference system, namely 50 mM SDS (sodium
dodecyl sulfate).

For each foaming method, the bubble average size for foams formed
at 25 °C and resulting of 1 wt% surfactant solution was determined using
the procedure developed by Garrett et al. [50]: a video camera, equipped
with a long-working distance magnifying lens, was focused on the foam
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sample in contact with a glass prism, and used to capture images of the
bubbles. The sample is illuminated using white LED lights placed on the
other side of the prism, so as to accentuate contrast between bubbles and
plateau regions. Images are analyzed using the ImageJ software,
yielding the projected bubble area, Agp. Bubble radius is calculated as
Rpp = /App/7, and the volume median radius Ry (50) is obtained from
the volume frequency distribution. At least 1000 bubbles were analyzed
for each sample. Lower and upper error bars correspond to Ry(16) and
Ry(84), respectively.

In the FRM, the bubble formation on the membrane was observed in
0.1 wt% solutions using a high-speed camera and a long-working dis-
tance magnifying lens.

3. Experimental results and discussion

Section 3.1 presents the chemical composition of the sucrose esters
used in this study, determined by GC and HPLC analysis, along with the
rheological properties of 0.1 wt% and 1 wt% aqueous solutions. In
Section 3.2, the measured surface tension isotherms and the determined
characteristics of the adsorption layers are presented. These results are
then used in section 3.3 to calculate the dynamic adsorption based on
the measured dynamic surface tensions. The behavior of foam films is
described in section 3.4. Finally, Sections 3.5 and 3.6 summarize the
results of the foaming experiments and their interpretation, including
the air entrapment capacity (foamability), average bubble size, and
foam stability.

3.1. Bulk properties of 0.1 wt% and 1 wt% solutions

3.1.1. Chemical composition of alkyl sucrose esters

The chemical composition of all three sucrose esters was analyzed by
HPLC to determine the monoester-to-diesters ratio, and through GC after
hydrolysis to establish the fatty acid chain length ratio. Analyses
revealed a monoester content of 87 %, 80 %, and 70 % for L1695, P1675,
and S1570, respectively. While alkyl chains in L1695 are > 99 % dodecyl
chains, P1675 and S1570 both contain a mixture of palmitic and stearic
chains: 80 % palmitic in P1675, and 68 % stearic in S1570. The obtained
results are summarized in Table 1 for all three sucrose esters, and are in
good agreement with the information provided by the manufacturers
[45,51]. The mean chain length was determined to be 12 for L1695, 16.4
for P1675 and 17.4 for S1570. The estimated average molecular masses
assuming random distribution of fatty acid chains in monoesters and
diesters are 548 g/mol for L1695, 635 g/mol for P1675 and 679 g/mol
for S1570. Note that the molecular masses of sucrose esters are ~ 2-times
smaller than those of used Brijs due to smaller head group in SEs.

1.3
Full symbols: 25°C 0.1 wt%
1.2 | Empty symbols: 60°C
(]
o 11
o
€ 10¢
=
‘2 0.9 + Blue: Brijs
3 Red: Sucrose Esters
S 08¢
07 %—/M
A
0.6 : : : : : : :
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Average chain length
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For calculation of HLB of SEs we again assume random distribution
of fatty acid chains in monoesters and diesters. It is seen from data
shown in Table 1 that HLB values for SEs are noticeably lower (between
10.3 and 12.6) compared to those given for Brijs (between 15 and 16.9).

3.1.2. Viscosity of studied solutions

The measured shear stress vs. shear rate dependencies revealed
Newtonian behavior for all 0.1 wt% surfactant solutions, across the
temperature range from 25 °C to 60 °C. The viscosity decreases as the
temperature increases, see Fig. S1. A slight deviation is observed only for
the 0.1 wt% C;gSE solution, for which the viscosity measured at 50 °C is
higher than that at 60 °C. At 25 °C the viscosities of Brijs solutions are
higher than those of SEs, as shown in Fig. 1A, whereas at 60 °C all so-
lutions have very similar viscosities. The impact of the aggregates’
presence on the viscosity can be assessed by calculating the relative
viscosity, defined as the ratio between the viscosity of the surfactant
solution and that of water. The relative viscosity follows the same ten-
dency for all surfactants, increasing from 1.1 to 1.3 to 1.5-1.6 as T in-
creases from 25 to 60 °C. This suggests that the presence of micelles has
the least impact on viscosity at T = 25 °C and the highest at 60 °C. An
exception to this rule is for C;gSE at 50 °C, where the relative viscosity
reaches 1.7 due to the formation of elongated micelles near the melting
point of surfactant’s tails [52-54].

Ten-fold increase of surfactant concentration for Brijs solutions (from
0.1 wt% to 1 wt%) does not significantly affect their behavior. A similar
small effect is observed for C15SE, see Fig. S1. However, the behavior of
the 1 wt% C16SE and C;gSE solutions differ significantly. These solutions
exhibit Newtonian behavior at 25 °C and non-Newtonian behavior at
50 °C and 60 °C. At 40 °C, 1 wt% C;6SE has non-Newtonian behavior,
whereas 1 wt% C;gSE remains Newtonian, see Fig. S2. Such peculiar
behavior has already been reported in the literature for sucrose stearate
[52,53] and was investigated in detail for C1¢SE in our recent study [54].
It was shown that the coexistence of mono- and di-esters in C1¢SE
resulted in the formation of discrete monodisperse diester particles
coexisting with a network of partially fused diester particles at low
temperature [54]. As the temperature approaches the diesters’ melting
point, wormlike mixed micelles form, causing a viscosity peak, although
some diester particles persist in the solution [54]. Further increase in
temperature causes fluidization of the surfactant tails and the formation
of branched micelles, while the excess diester molecules phase-separate
into distinct droplets [54]. The lower viscosity observed in C;gSE
compared to C16SE in the current study is probably related to the lower
concentration of monoesters in C18SE compared to C16SE (70 vs. 80 %),
which can incorporate into the wormlike micelles near the melting point
of the diesters. Note that the transition melting temperature is higher for

E 1 Wt‘% C1SSE
100 £
) E C,¢SE
« [
% L
> 10 E
£ F
4 L
o L
2 —
> 1 E i e
E C,,EO
[ C,.SE 125Y23
r 12 B
0.1 : : : :
20 30 40 50 60

Temperature, °C

Fig. 1. (A) Viscosity as a function of the average chain length for Brijs (blue symbols) and alkyl sucrose esters (red symbols) in 0.1 wt% solutions measured at 25 °C
(full symbols) and 60 °C (empty symbols); (B) Viscosity as a function of temperature for 1 wt% solutions of Brijs: C12EO23; C16EO2 and C1g8EO5q (empty symbols) and
SEs: C1,SE; C16SE and C;gSE (full symbols) with varying chain lengths. For non-Newtonian fluids (C16SE and C;gSE), the apparent viscosity at 1 s~ ! is shown, while
for Newtonian fluids, the averaged viscosity determined from the slope of shear stress vs. shear rate is plotted. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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sucrose stearate than that for sucrose palmitate (47 vs. 40 °C) [24],
which explains why a higher temperature required to observe the vis-
cosity increase in the former case.

3.2. Equilibrium surface properties

The surface tension isotherms for SEs (C14SE and C;gSE) and Brijs
(C16EO9p and C18EOqp) are presented in Fig. 2. For the surface tension
isotherms of C1,SE and C;2EO»3, the reader is referred to Ref. [21]. As
previously explained in the case of C;2SE, the presence of di- and
triesters causes a continuous decrease in surface tension during mea-
surements (not stabilized even after 1 h). This is due to the continuous
substitution of adsorbed monoesters by diesters, which adsorb and
desorb at a slower rate: on a short timescale, monoesters adsorb on the
surface, but on a longer timescale, diesters gradually replace them. The
same observation was made for C14SE and C;gSE in the current study.
Therefore, the diffusion-limited adsorption assumption is not verified,
and the equilibrium surface tension cannot be determined from the
intercept of ¢ vs. 12 [37,40,55], see Fig. S3 of the SI. That is why, in
the current study, surface tension isotherms are constructed using the
surface tension measured after 10 min, which is close to the equilibrium
surface tension that is expected to be reached in the presence of only
monoester molecules. Over longer time scales, diester molecules
continue to adsorb, further decreasing the surface tension. However,
these diester molecules do not contribute to the properties of adsorption
layers during the foam generation. While they significantly impact the
stability of the foam, the current study focuses on the characteristics of
the adsorption layers responsible for the foam generation, and all the
characteristics of adsorbed layers given below refer to the detailed study
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of the foam generation process.

A similar approach to use the surface tension measured at interme-
diate times for construction of surface tension isotherm, was proposed in
the foundational work of Mysels for determining the surface tension of
sodium dodecyl sulfate solutions in the presence of dodecanol impurities
[56]. It was shown that thermodynamically meaningful equilibrium
surface tension values are obtained at intermediate times: after the
adsorption of the primary surfactant component is nearly complete and
before significant adsorption of highly surface-active impurities begins
[56,57]. In our study, we aim to determine the adsorption of sucrose
monoesters, which are at higher bulk concentrations than sucrose di-
esters in the solution, although they are less surface active. For this
reason, we use the surface tension measured after 10 min, where the
monoester adsorption is complete but diester adsorption has not yet
started as discussed above. At this stage, the monoester molecules within
the adsorption layer are in equilibrium with those in the bulk, allowing
us to apply the Gibbs adsorption isotherm.

The determined isotherms are analyzed to extract the key charac-
teristics of the studied surfactants: (1) critical micellar concentration,
CMC; (2) surface tension at CMC, ocuc; (3) surfactant adsorption at
CMC, I'cmc; (4) excluded area per molecule, a, which is used for deter-
mining instantaneous adsorption from the measured dynamic surface
tension in the next section, and (5) surface pressure at CMC, mcvc,
defined as the difference between the surface tension of pure water at a
given temperature and the surface tension measured in the presence of a
surfactant at a concentration equal to the CMC at the same temperature.

The surface tension data below the CMC were used to calculate the
surfactant adsorption at CMC, cyc (pmol/m?), by using Gibbs® equa-
tion [55]:
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Fig. 2. Surface tension isotherms for SEs: (A) C;6SE and (B) C1sSE, and for Brijs: (C) C16EO20 and (D) C;gEO20, measured at temperatures, T, ranging from 25.0 °C to
60.0 °C. Surface tension values, o, are taken after 10 min using the du Nouy ring method. Before the plateau region, the points used for the regression are shown in

full symbols.
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In this equation, I'cyc is the surfactant adsorption at CMC, o is the
measured surface tension after 10 min, R is the gas constant, T is the
temperature, and Cs is the bulk surfactant concentration.

As explained in our previous studies [21,38,41], the excluded area
per molecule o can be calculated from the determined surfactant
adsorption at CMC using the Gibbs adsorption isotherm and the
measured surface pressure at CMC, assuming that adsorption can be
described by Volmer’s equation [37]. The value of excluded area per
molecule, «, is used afterwards to determine the instantaneous adsorp-
tion from the measured dynamic surface pressure. For further details,
see explanations given in Ref. [37].

_ Teme — RTTeme

3)

Tteme leme Na

where Ny is the Avogadro number, and ngyc is the surface pressure
defined as nguc = 6o —0cmc, With 6 being the surface tension of pure
water, taken to be 72.0, 69.6, 67.9, or 66.2 mN.m ! at 25 °C, 40 °C,
50 °C or 60 °C, respectively. Before the plateau region, a well-defined
region, in which the surface tension decreases linearly with InCs, is
used to determine ['cyc using eq. (2). The cross point between the linear
dependence of ¢ vs. InCs and the minimal surface tension measured
under the given conditions is used to calculate the CMC. The extracted
characteristics as a function of temperature are shown in Fig. S4 of the
SI, and their evolution with the alkyl chain length is presented in Fig. 3.

For similar chain lengths, and regardless of the temperature, all three
sucrose esters exhibit higher CMC than Brijs. This indicates a higher
molecular solubility in the aqueous phase for sucrose esters, attributed
to the sucrose polar head higher solubility, since the alkyl chain solu-
bility for homologous molecules is expected to be lower for SEs due to
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the presence of diesters. Note that there is no direct correlation between
CMC and HLB values, as HLB values for SEs are lower than those of Brijs
while their CMC is higher. Therefore, HLB values cannot explain the
higher CMC for SEs.

For most of the surfactants investigated, the CMC value decreases
with T, which is a non-trivial behavior. The typical behavior reported for
both ionic and nonionic surfactants is a U-shaped evolution of CMC with
T [30,58-61]. Only C1gSE exhibits this type of behavior, the lowest CMC
value being reached at 50 °C, see Fig. S4. The non-detection of a minimal
CMC value over the T range for the other five surfactants can be due to a
lack of data at higher temperature. On the decreasing part of the CMC vs.
T curve, the hydrogen bonds between water and the surfactant polar
head get weakened and molecules appear more hydrophobic. At the
same time, increasing T also contributes to increasing the aqueous sol-
ubility of the alkyl chains. Once the CMC passes through its minimum,
the increased solubility effect counterbalances, and then overcomes, the
polar head dehydration effect. Both effects respectively prevent and
facilitate the micellization [60].

The chain length effect within each group — Brijs on one side, and SEs
on the other —differs significantly. Typically, the CMC decreases by 1
order of magnitude when increasing the alkyl chain length by 2 carbon
atoms for nonionic surfactants and by 3-carbon atoms for ionic surfac-
tants. This phenomenon is due to the increased hydrophobicity of the
alkyl chain [61-64]. This trend is verified for Brijs, but not for SEs as
CMC values for C;6SE and C;gSE are in the same order of magnitude at
25 °C, and very similar to those reported in [22]. The most probable
reason for this behavior is the presence of both diester and monoester
molecules with C;¢ and Cyg chains in varying ratios in these surfactants,
resulting in a similar number of free molecules for both surfactants.
More hydrophobic compounds (sucrose diesters) trigger the formation
of solid particles, as shown for C14SE [54].

It was previously shown that increasing T from 25 °C to 60 °C has
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Fig. 3. Surface characteristics at CMC as a function of alkyl chain length: (A) CMC obtained as the intersection of the plateau region and the linear decrease in surface
tension with concentration, (B) surface pressure at CMC, ncumc , (C) surface concentration, I'cyc, obtained by equation (2), and (D) excluded area per molecule, o,
calculated at CMC using equation (3). Data for C;,SE and C1,EO53 are taken from Ref. [21].
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opposite effect on C12SE and C15EO23 adsorption at CMC, I'gyc: while it
increases for C15SE, it decreases for Ci5EO23. For Ci2SE, this was
attributed to the higher adsorption of diesters and the formation of
denser layers at elevated temperature [21]. In accordance with this
explanation, a similar behavior is observed for C1¢SE and C;gSE, which
also contains diester molecules. Accordingly, the excluded area per
molecule, a slightly decreases with T for both C16SE and C;gSE as it was
the case for C15SE. In sucrose esters, the increase in alkyl chain entropy
with T is overcome by the additional adsorption of diesters, contributing
to the decrease in the area per molecule. Note that in C14SE, the a value
reaches a small value of approximately 11 A2 indicating the formation
of condensed layers at the air-water interface. However, this is smaller
than the cross-section area of frozen surfactant tails [65]. This discrep-
ancy can arise from our assumption that isotherms could be described by
Volmer’s equation, as C14SE and C;gSE present a substantial number of
non-soluble particles, and not only solubilized molecules. In that case,
Volmer’s equation does not fully apply since the equilibrium with the
surface is not the only one to be considered, given the presence of par-
ticles. Among Brijs, the evolution of I'qyc with T for C14EO2¢ and
C18EOy follows the same tendency as that of C12EO53, showing a slight
decrease. This is in line with the evolution of the excluded area per
molecule, o, as it slightly increases over T: as each molecule occupies
more surface, the adsorption is reduced. The experimental data obtained
with Brijs, showing a slight decrease in I'cuc with temperature, aligns
well with results reported in the literature for C15,EO2 [21,66], C1gEO1¢
[67], C18EO20 [68], and pure CgEOg [57]. Notably, this slight decrease
in adsorption with temperature is also observed for Tween 20, Tween
60, Tween 80, and their mixtures [68], as well as for the cationic sur-
factant CTAB [69]. In contrast, sucrose esters display an unusual
behavior, with increased adsorption at higher temperatures which is
probably related to higher adsorption of diester molecules at higher
temperature.

The surface pressure at the CMC, ncyc, plotted in Fig. 3B, evolves
differently among sucrose esters: while it increases with temperature for
C12SE, it decreases for longer alkyl chain sucrose esters. This is due to the
fact that the surface of C12SE undergoes more changes from 25 °C to
60 °C compared to those of C;6SE and C;gSE. At 25 °C, the adsorption of
diesters is not observed in C;,SE, while it is in C14SE and C;5SE, and
C12SE diesters adsorb on the surface at higher T. This greater surface
evolution is also visible in terms of I'cyic and o, with the surface of C15SE
being almost twice as dense at 60 °C, compared to 25 °C. The decrease of
ncme With T in C16SE and CigSE indicates that the T-induced layer
densification does not overcome the decrease in water surface tension
(from 72.0 down to 66.2 mN.m ™ 1).
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3.3. Dynamic properties of adsorption layers

Previous studies showed that foaming processes occur on a very short
timescale, and equilibrium is not necessarily reached under these con-
ditions [37,40]. Instead, it makes more sense to discuss the dynamic
surface tension at the characteristic adsorption time for the foaming
method. The previously developed method accounts for the foamability
in FRM, KM, and BT, based on their respective surfactant adsorption
characteristic times, which were found to be of 10 ms for BT, 400 ms for
KM as measured in MBPM and 50 s as measured in Wilhelmy plate
method for FRM [40]. This was verified in the case of C;2EO23 and C15SE
in the BT and FRM methods, for T ranging from 25 °C to 60 °C, and at
25°Cin 6 M urea solutions [21]. In the same approach, the dynamic
surface pressure, ns(t), was measured by the maximum bubble pressure
method for three surfactant concentrations (0.01 wt%; 0.1 wt% and 1 wt
%), and for T ranging from 25 °C to 60 °C. Experimental curves are
presented in Fig. 4 and Fig. S5.

It appears that T impacts the kinetics of adsorption by making it
faster, as all mg(t) curves are left-shifted when increasing T from 25 °C to
60 °C. Increasing the bulk concentration also accelerates the adsorption
kinetics for all 6 surfactants. For some solutions, there exists a plateau
region for which ng ~ 0 mN.m ™! before it increases, even though this
region shortens with Cg and T. The length of this plateau region was
evaluated as the time required to reach s = 2 mN.m ", see Fig. 5.

The time required to see an increase in 7g is the longest for sucrose
esters C16SE and C1gSE, even for a bulk concentration Cg = 1 wt%. The
presence of lag time is well established in the literature for proteins [70]
and polymers [71]. It was shown that the lag time for bovine serum
albumin decreases with protein concentration [72,73], in agreement
with the observed decrease for C14SE and C;gSE in the current study.
This phenomenon was already reported in Ref. [74] for 0.1 wt% solution
of sucrose stearate SP 70, with an induction period of t,ge ~ 6.2 s, very
close the one observed for C1gSE (tage = 7.1 s) in the current study. The
smaller molecular weight of C;¢ and Cyg sucrose esters compared to that
of homologous Brijs seems to be in contradiction with their slower
diffusion rate. It is also counter-intuitive given that CMC values for su-
crose esters are higher than those of Brijs, indicating higher molecular
solubility, that would lead to higher bulk availability. A main difference
of SEs with Brijs also lies in the distribution of EO groups for Brijs: for an
average number of 20 EO groups, Brijs also contain much smaller mol-
ecules with faster diffusion rates. This results in step-wise adsorption
[71], as shorter molecules diffuse and adsorb faster on the surface.

The n5(t) results were used to calculate the dynamic adsorption as a
function of universal surface age, ty, for Brijs. It is calculated by dividing
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Fig. 4. Surface pressure evolution, ns, over surface age, tyge, for 0.1 wt% surfactant solutions: sucrose esters (A) and Brijs (B). Experiments are conducted at 25 °C,
40 °C, 50 °C, and 60 °C. For clarity, only the curves at 25 °C and 60 °C are represented, as the curves corresponding to experiments at 40 °C and 50 °C are positioned

in between.
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Note that t,g. values inferior to 10 ms are extrapolated.

the nominal surface age as provided by the apparatus, tage, by 37 [75].
The dynamic adsorption, I'(t), and the dynamic surface coverage, 6(t),
are calculated using the following expressions [37]:

1 7is (DN
't)=— x —R&___ 4
( ) (XNA 1 +1{5(E;NA ( )
I'(t
o(t) = 1 )
e%(e

where the dynamic surface pressure, mg(t), is related to the measured
dynamic surface tension by ng(t) = o¢ —o(t). Note that for determining
the dynamic adsorption, the value of the excluded area per molecule, o,
must be known. It is determined from the adsorption isotherms pre-
sented in section 3.2 above. It should be mentioned that this approach is
somewhat questionable for long chain sucrose esters C16SE and C;gSE
because of the presence of particles, making Volmer’s equation inap-
plicable directly, but in first approximation under the assumption that
there is an equilibrium between the monomers, micelles and particles,
this approach can be applied. The obtained results are shown in Fig. 6.

The dynamic adsorptionI'(t, = 10 ms) decreases with surfactant
chain length for both SEs and Brijs, see Fig. 6C and D at the three studied
concentrations. The decrease is much more pronounced for SEs than for
Brijs. On the other hand, the dynamic surface coverage remains almost
constant for Brijs at Cs > 0.1 wt%, because the equilibrium surfactant
adsorption ['gyc values for Ci2EO»3 is higher compared to those of
C16EO20 and C13EO4, and 0 values for all 3 Brijs are comprised in the
70-100 % interval.

Regarding sucrose esters, C12SE shows high ng(t, = 10 ms) values
above 25 mN.m ! except at the lowest concentration, while longer
chain sucrose esters remain with much lower ng(t, = 10 ms) values.
Only Ci6SE at the highest concentration and the highest T reaches a
value of 20 mN.m ™. This is mostly due to C14SE and C;gSE slow kinetics
of adsorption, t, = 10 ms being a short timescale. In accordance with
the tendency observed in Fig. 4, the temperature tends to increase ns(ty
= 10 ms) for C;6SE and C;15SE as both of them have the steepest 7s(t)
increase after the first plateau region. However, for both surfactants and
for Cs = 0.01 wt%, the plateau region is longer than t, = 10 ms
regardless of T, and mg(t, = 10 ms) remains ~ 0. The chain length in-
fluence on the dynamic characteristic of the surface differs significantly
between each group of surfactants: while differences in terms of ng(t, =
10 ms) are tremendous amongst SEs, they are of lesser importance
amongst Brijs.

3.4. Thin film properties

The behavior of foam films was investigated for 0.1 wt% solutions of
all 6 surfactants. In all cases, the observed film thinning behavior was
typical for low molecular mass surfactants films, without the formation
of condense adsorption layer, and without film rupture within 10 min.
The equilibrium film thickness was reached ~ 1 min after film forma-
tion, during which a fast ejection of the entrapped dimples had occurred.
Note that in presence of condense adsorption layer on the film surfaces,
the rate of dimple ejection would be over 10 min [75]. Illustrative
images from these experiments are shown in Fig. 7.

Overall, thinner films are formed in Brijs compared to SEs, with the
formation of thin black films of about 30 nm. The values of measured
film thickness, h, are given in Table S1, and the evolution with chain
length in each surfactant group is shown in Fig. 8A. Black films appear
only for T = 60 °C in C12EO»3, but appear for T > 40 °C in C14EO2p and
C18EO9. They remain stable over the whole experiment duration, ie.,
10 min. In our previous study, films formed with 1 wt% solution of
C12EO323 showed this behavior for T > 25 °C [21]. The difference
observed between both concentrations was attributed to a decrease in
repulsion upon increasing Cg, displacing HO™ ions from the interface
[21].

Thicker films are obtained with SEs, with no significant evolution
over T for C15SE and C;¢SE. Literature data showed that HO™ adsorbs on
the sugar-type polar heads, resulting in strong electrostatic repulsion in
thin films, and this was shown to be the case for C;,SE in our previous
work [21] and in [76] for alkyl polyglucosides. Here, the same phe-
nomenon is seen for C1¢SE and C;gSE. Those electrostatic charges are
screened when forming sucrose ester thin films in 10 mM NaCl solu-
tions, resulting in thinner and darker films, see Fig. S6. Note that the
measured conductivity of the SEs and Brij solutions is similar and very
low, as shown in Table S1. Therefore, the electrostatic repulsion does not
stem from anionic species in these compounds but rather from the
adsorption of hydroxyl ions. According to the literature, films formed
from alkyl polyglucosides, even at a concentration of 0.45 mM, exhibit a
thickness greater than 100 nm (see Ref. [76]). In the current study, the
SE concentration is 1.5 mM and is still insufficient to remove all hy-
droxyl ions from the interface, the films thus remaining thick.

The behavior of C;gSE films differ from those of C1,SE and C14SE as
the film thickness increases for T > 40 °C, and dimples of h ~ 275 nm
are formed at T = 50 °C. Those dimples are different from initially non-
ejected hydrodynamic dimples as they form and grow out of the thin
film area, and indicate that water is being sucked from the film
peripheric area. Such dimples were previously observed in emulsion
films, and were attributed to surfactant diffusion from the aqueous film
to the oil phase, leading to local depletion and Marangoni effect [77]. In
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Fig. 6. (A, B) Dynamic surface pressure, s, (C, D) dynamic surfactant adsorption, I, and (E, F) dynamic surface coverage, 0, determined after 10 ms universal
surface age (t, = 10 ms) as a function of average chain length for sucrose esters (A, C, E) and Brijs (B, D, F) solutions at 25 °C (full symbols) and 60 °C

(empty symbols).

silicone oil thin films, this effect was attributed to the evaporation of
volatile compound, leading to local concentration and surface tension
increase, and triggering Marangoni effect [78]. In our case, the vessel
being closed, no evaporation process is involved. The observed phe-
nomenon in our case is most probably related to the Marangoni effect
triggered by uneven distribution of diester molecules within the film and

meniscus region. The diester molecules are mainly incorporated in
particles that just start to melt at 50 °C. However, during the film for-
mation, those particles are expelled from the film and go to the
meniscus. During film thinning, those particles provide the diester
molecules which are able to adsorb on the meniscus region and are able
to decrease the surface tension there, whereas the surface tension on film
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Fig. 7. Thin liquid films formed from 0.1 wt% solutions of SEs (left) and Brijs (right) solutions, observed under polychromatic white light using an optical microscope
at 25 °C, 40 °C, 50 °C, and 60 °C. Pictures are taken 10 min after the film is created.
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(empty symbols) for films formed from 0.1 wt% surfactant solutions.

surfaces remain higher due to adsorption of monoester mainly. As a
consequence, the Marangoni effect starts and drags water molecules
from the meniscus to the film region.

To assess the strength of electrostatic repulsion and its effect on the
film behavior, the magnitudes of the electrostatic and van der Waals
interactions were estimated using [55]:

eWs \ 2

where I1 is the disjoining pressure acting between film surface, ng is the

6nh®

I1 = 64noks T (tanh 6)

10

electrolyte number concentration, kgT is the thermal energy, « is the
inverse Debye screening length, ¥ is the electrical surface potential, e is
the elementary charge, Ay is the Hamaker constant, and h is the film
thickness. The Hamaker constant varies between 3.73x1072° J at 25 °C
and 3.76x1072° J at 60 °C for all solutions, calculated using a dielectric
constant of 78.3, 73.2, 69.9, and 66.8 for water at 25 °C, 40 °C, 50 °C,
and 60 °C respectively [79] and a refractive index of 1.333 (negligible
variations over the T range [80]). The solutions’ conductivities were
measured and used to estimate the ionic strength of the background
electrolyte, considered to be NaCl (see Table S1). The characteristic
Debye length, k!, was then calculated using the previously stated
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dielectric constant values, and varies between 26.1 nm (C;2EO,3 at
60 °C) and 30.3 nm (C16EOyg at 25 °C). The detailed information for the
performed calculations is available in our previous paper [21] where the
same approach is used for C12EO23 and C12SE. It should be mentioned
that at such low electrolyte concentration, the electrolyte concentration
in the film and in the meniscus region can differ due to ion confinement
effects [81].

The capillary pressures, Pc, leading to film thinning were calculated
using the measured equilibrium surface tensions, and varied between
40 Pa and 67 Pa, see Table S1. The stability of thin films is a balance
between the capillary pressure on one side, attracting each surface to-
wards the other, and the disjoining pressure on the other side, expressing
the repulsive forces between surfaces. Different tendencies are observed
between Brijs and SEs: while SEs maintain relatively high surface po-
tential values with |¥s| ranging from 36 to 122 mV, films formed with
Brijs have much lower |¥s| values, decreasing from about 35 mV at
25 °C down to 15 mV at 60 °C, see Table S1. This leads to much higher
I[Myax in SEs, which contributes to preventing rupture. ITyzx dependance
on chain length for both series of surfactants is shown inFigure Fig. 8B.
The stability of all investigated films can be accounted for by the
maximum disjoining pressure values: IIyax remains higher than Pc,
meaning that electrostatic repulsion is sufficient to prevent a transition
from electrostatically stabilized films to sterically stabilized ones, and
eventually film rupture. In Brijs, ITyax values are lower than in SEs and
dramatically decreases with T, in accordance with h decrease, but
remain high enough to counterbalance the capillary pressure. In both
series, the evolution of ITyax with chain length is non-significant at
25 °C. At the highest T, non-significant difference is observed in Brijs,
while ITyax dramatically increases in CigSE, reaching up to 4100 Pa
against 1500 Pa at 25 °C. This is in line with the increase in film
thickness with T for this surfactant. Although the average chain length
only differs by 1 unit from C1SE to C;gSE, this film thickening and the
corresponding increase in ITyax is not observed in Ci6SE, suggesting a
strong role of stearate chains in the process.

3.5. Foamability and bubble size in formed foams

3.5.1. Foamability in BT
The volume of entrapped air as a function of the number of shaking
cycles in BT are presented in Fig. S7. The final volume of entrapped air
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Fig. 9. Volume of entrapped air at the end of the foam generation process,
Vamax, as a function of the average chain length for foams generated from 1 wt
% solutions of SEs (red circles) and Brijs (blue squares) at T = 25 °C (full
symbols) and T = 60 °C (empty symbols) in Bartsch Test after 100 shaking
cycles. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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after 100 cycles, denoted as Vamax, is presented in Fig. 9 for 1 wt%
solutions, whereas the results for lower concentrations are shown in
Fig. S8. It is seen that for both types of surfactants, the maximal foam
volume decreases with the increase in surfactant chain length. The
decrease in foamability with the increase of surfactant chain length from
12 to 14 carbon atoms is already reported in literature for alkyl benzene
sulfonates homologues [82]. However, as seen from data shown in
Fig. 9, the decrease also significantly depends on the surfactant head
group. The decrease is more pronounced for SE surfactants, for which
almost no foam is generated from both C;6SE and C;gSE sucrose esters
over the whole temperature range. Compared to results obtained at
lower concentrations, increasing the concentration in Brijs positively
impacts the foamability, as does it in C;5SE, but it has no impact on long-
chain sucrose esters (see Fig. S8). The inability of C;6SE and C1SE to
form voluminous foam is related to the very slow adsorption of these
molecules on the solution surface and lower surface coverage, as shown
in Fig. 6 above.

3.5.2. Foamability in FRM

The effect of surfactant chain length on foams formed in FRM from
0.01 wt% surfactant solutions is shown in Fig. 10. For Brijs, there is no
significant effect of the chain length on the amount of formed foam, but
increasing the temperature significantly enhances the ability of these
surfactants to retain the gas introduced into the system (see empty and
full blue points in Fig. 10). On the other hand, a significant decrease in
the amount of stabilized air with the increase in surfactant chain length
is observed for SE surfactants at all studied temperatures at this con-
centration. For the 0.01 wt% C;gSE solution at 25 °C, the entire amount
of introduced air in the solution coalesces with the atmosphere, resulting
in no foam remaining at the end of the gas blowing period.

Increasing the concentration to 0.1 wt% leads to the stabilization of
the entire amount of introduced gas in Brijs solutions at all tempera-
tures. A similar effect is observed for C15SE and C;¢SE sucrose esters, but
for 0.1 wt% C1gSE at T < 40 °C, the coalescence between bubbles and the
atmosphere remains significant, and the amount of remaining gas is
lower (see Fig. S9). Further increasing the concentration to 1 wt% leads
to the stabilization of gas in all studied solutions and temperatures.

3.5.3. Foamability in KM
In the KM method, the solutions are sheared with a rotational speed
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Fig. 10. Remaining air at the end of the foam generation process, Vamax, as a
function of average chain length for foams generated from 0.01 wt% solutions
of SEs (red circles) and Brijs (blue squares) at T = 25 °C (full symbols) and T =
60 °C (empty symbols) in the foam rise method after 15 s of air sparging. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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of 2 rps, corresponding to a maximal shear rate of 62 s~!, and leading to
bubble formation and air entrapment. Kinetics of foam formation for 0.1
wt% and 1 wt% solutions at 25 °C are shown in Fig. 11. In this method,
the typical behavior for surfactant solutions can be divided in three
steps: (i) during the induction time, tiyp, which is necessary to reach a
certain foam height corresponding to a liquid fraction of 0.33 [49], the
increase in foam volume is slow; (ii) a steeper increase in foam forma-
tion rate is observed until reaching its highest value; (iii) further
shearing of the foam does not lead to further air entrapment and the
volume remains constant. The induction time is shortened when
increasing the concentration to 1 wt%, due to faster adsorption, and the
final volume Vamax increases. Regardless of the concentration, all Brijs
have very similar behavior, with similar Vayax (= 1750 mL), and
similar kinetics with a slight decrease in tiyp for Cs = 1 wt%. In sucrose
esters, however, increasing the chain length has a huge impact on both
the kinetics and the Vayax value. As in the previous methods, C12SE
exhibits excellent foaming ability, with faster kinetics than Brijs and
slightly higher Vamax for both concentrations. Longer chain sucrose
esters present much slower kinetics, with induction times in 0.1 wt%
solutions reaching 21 + 2 min for C16SE and up to 50 + 13 min for
C18SE. For 1 wt% solutions, tyyp decreases to 9.3 & 0.2 min for C;SE,
and 11.6 £+ 0.6 min for C;gSE, but remain much higher than those of
homologous Brijs.

As the plateau region is not reached even after 1 h for some of the
solutions, the Vayax value is rather taken to be the calculated value Va,

evaluated by fitting V4 (t) data with the following expression [40]:

Vi

1+exp (—‘5‘1“1:")

where Vj, is the final foam volume in the plateau region, tsgs is the
time required to reach 50 % of V., and t4 is the rate of air entrapment
for t = tsoo.

Vup = 7)

3.5.4. Comparison between the different tests

Previous studies relate the foamability of surfactant solutions to the
dynamic properties of the adsorption layer [37,40]. In particular,
adsorbed layer of nonionic surfactants require a dynamic surface
coverage 6 > 80-95 % to yield high foam volume. In ionic surfactants,
electrostatic repulsion in the films additionally contribute to foam film
stabilization, and substantial foam volume can be obtained for 6 > 30 %
[37]. A recent extension of this approach was proven to predict the
foamability of polymeric solutions, also considering the respective long-
range steric repulsion [41]. Its applicability was verified in the case of
sucrose ester C12SE and C12EO-3, at temperatures ranging from 25 °C to
60 °C, and in high urea content solutions [21]. C;2SE yields high
foamability for 6 > 80 % while C15EO23, in comparison, requires 6 ~ 95
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%. This was attributed to higher electrostatic repulsion in C;,SE thin
liquid films as hydroxyl ions adsorb on sucrose polar heads. Greater
foam stability was also reported for C;,SE, in relation with the higher
density of the adsorbed layer [21].

To test the applicability of the proposed approach [37,40] for non-
Newtonian solutions of 1 wt% C;6SE and C;gSE at high temperature
and in presence of non-dissolved particles at room temperature, the
relative foamability of different studied solutions were determined at
different temperatures, and plotted as a function of dynamic surface
coverage, see Fig. 12. The relative foamability is calculated with respect
to a reference surfactant solution (50 mM sodium dodecyl sulfate, SDS),
as it yields high foam volume in all methods (110 mL in BT, 95 mL in
FRM, and 2070 mL in KM) [40]. The relative foamability is obtained as
Vamax/Vamax (50 mM SDS) in BT and FRM, and Vi o/Va, (50
mM SDS) in KM.

Results summarizing all experiments for Brij solutions are plotted in
Fig. 12A as a function of dynamic surface coverage 6. To determine the
surface coverage, the characteristic adsorption time values are used: tage
= 370 ms for BT [37], and tuee = 15 s for KM [37,40] measured by
MBPM, and ~ 50 s for FRM measured by Wilhelmy plate method [40].
The tendency observed in Fig. 12A for Brijs is in accordance with that
previously determined for nonionic surfactants (dashed line)
[21,37,40]. All data at different temperature and with different foaming
methods follow the same tendency.

The experimental results obtained with SEs are shown in Fig. 12B. It
is seen that depending on the method used for foam generation, the
experimental data for SEs followed different tendencies. The deviation
of experimental data for C;,SE (red symbols in Fig. 12B) from the master
curves for nonionic surfactants were explained in [21] by the action of
long-range electrostatic repulsion due to the adsorption of OH™ ions on
the hydrophilic head groups. Similar long-range electrostatic repulsion
acts between bubble surfaces created in solutions of longer-chain su-
crose esters (C16SE and C;gSE), but they are unable to ensure good
foamability in BT because of very slow surfactant adsorption, which
leads to surface coverage below the threshold value of 0.8, as can be seen
from the data presented in Fig. 12B (full blue and green symbols). The
non-Newtonian behavior of C;6SE and C;gSE solutions at high temper-
ature additionally prevents an effective air entrapment as the solution
deformation is hindered.

The threshold surface coverage of 0.8 is reached for foams formed in
FRM from C;6SE and C1gSE, as can be seen from the empty green and
blue symbols in Fig. 12B, but the foamability increases when the surface
coverage becomes close to 1, as in the case of typical non-ionic surfac-
tants without electrostatic repulsions. However, as shown in Fig. 8, the
film thickness is even higher than that measured for C;2SE, indicating
that hydroxyl ions are attached to the sucrose surface of C;¢SE and
C18SE, but this electrostatic repulsion is not sufficient to prevent the
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Fig. 11. Foamability at 25 °C (A) 0.1 wt% and (B) 1 wt% solutions in the Kenwood mixer method plotted as the volume of trapped air within the foam, V,, as a

function of shearing time.
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Fig. 12. Relative foamability compared to that of 50 mM sodium dodecyl sulfate (SDS), V4 /Va, ¢(50 mM SDS), as a function of dynamic surface coverage, 6, for
(A) Brijs and (B) sucrose esters foams, formed in Bartsch test (BT), Kenwood Mixer (KM), and Foam Rise Method (FRM) at different temperatures. The master curves
representing the dependence of the relative foamability for foams formed at 25 °C in different methods are taken from Ref. [83] for ionic surfactants (continuous
curve), and for nonionic surfactants (dashed curve). 0 values are determined after t,ge = 370 ms for BT, and after t,ge = 15 s for KM from the MBPM, and after t,ge =

50 s from the Wilhelmy plate method for foams generated in FRM.

coalescence of these foams. To understand the reason for the observed
discrepancy, optical observations were performed using a high-speed
camera to determine the stages in foam evolution in these three su-
crose ester solutions.

Massive coalescence occurs while the foam is being generated in
C16SE and C;gSE solutions using the FRM. This coalescence is related to
the fact that during bubble formation, these surfactants are unable to
adsorb on the bubble surface and prevent coalescence between two
consecutive bubbles formed from the sparger. These bubbles coalesce
with each other and form very large bubbles. This coalescence phe-
nomenon causes the surface to expand as bubbles coalesce with each
other, and the surface cannot be considered static as in the case of all
other surfactants. No such coalescence is observed in C;,2SE solutions.
The most probable reason for coalescence inside the liquid between
bubbles formed in longer-chain SEs (C1¢SE and C1SE) is their very slow
adsorption on the bubble surfaces in the initial stage of bubble genera-
tion (see Fig. 4 above). Note that for Brij solutions, the lag time for
surfactant adsorption at 0.01 wt% is around 100 times shorter than the
lag time for C14SE and C;gSE, showing that the surface coverage of the
bubbles traveling in long-chain Brijs is sufficient to prevent bub-
ble-bubble coalescence inside the liquid, whereas it is not for SEs.

On the other hand, the experimental data for foams generated in KM
after a prolonged period of mixing of long-chain SEs lay on the master
curve of ionic surfactants (see crossed symbols in Fig. 12B). This
particular effect can be explained by the very long mixing time required
to produce foams from those solutions (see Fig. 11A). During this mix-
ing, significant accumulation of diester molecules on the bubble surfaces
occurs, and as a consequence, the electrostatic repulsion becomes more
pronounced and the required surface coverage decreases. It should be
mentioned that the surface coverage is calculated based on surface
tension isotherms measured after 10 min, whereas, with this prolonged
mixing, the composition of the adsorption layer is changed and the
characteristics of adsorption layers are different, as shown in Fig. S3D in
the supporting information. The fact that SEs align with the master curve
for nonionic surfactants when foams are prepared in FRM, but follow the
master curve for ionic surfactants when foams are prepared using the
KM method, can be explained by the differences in the composition of
the adsorption layers formed on bubble surfaces in each foaming
method. In FRM, the hydrodynamic conditions are milder and particles
containing diester molecules cannot adsorb on the bubble surface,
whereas in KM the mixing is sufficient to allow the adsorption of diester
molecules after prolonged mixing. However, for determining the surface
coverage in both methods, the considered characteristics referred to
layers in which monoesters prevail on the surface. Therefore, the fact
that data for SE foams formed in KM followed the trend for ionic
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surfactant could be related to the inaccurate determination of the bubble
surface coverage due to the accumulation of diester molecules, or/and to
the adsorption of hydroxyl ions giving rise to higher electrostatic
repulsion between the bubble surfaces in the presence of adsorbed
diester molecules.

As a summary of the foaming data, it can be concluded that the
approach developed in [37] and applied in [21,40] can be used for
foams formed from Brij surfactants in different tests and temperatures.
For all of them, the short-range steric repulsion is required for foam
stabilization, and the threshold surface coverage is approximately 95 %.
For sucrose ester surfactants that have very slow adsorption (C16SE and
C18SE), coalescence starts during bubble generation in all tests. For FRM
and BT, where the mixing time is short and no accumulation of diesters
is possible on the bubble surfaces during their formation, the threshold
surface coverage for foam stabilization becomes very close to that
determined for non-ionic surfactants with short-range steric repulsion.
For foams formed in KM, where prolonged mixing is applied, diester
accumulation is possible, and the threshold surface coverage becomes
even lower compared to that determined for C;,SE, in agreement with
thicker films observed in the capillary cell, see Fig. 7.

3.5.5. Bubble size

The three investigated methods differ significantly in the way bub-
bles are formed: while the bubble size is mostly governed by the mem-
brane type and the flow rate in FRM, bubbles are formed by shearing in
BT and in KM. Macroscopic pictures of foams formed at 25 °C are shown
in Fig. 13A (FRM) and Fig. S10 (KM and BT), and Ry (50) values in the
three methods for 1 wt% solutions are compared in Fig. 13B. One can
notice the foams generated in KM have smaller bubbles, with little
variations from one surfactant to another.

In FRM foams, the evolution tendency with the alkyl chain length is
identical among SEs and Brijs: Ry(50) increases with the alkyl chain
length. Although Ry(50) values are similar for Cjy surfactants, they
differ significantly among C;¢ and C;g surfactants of both groups, with
larger Ry(50) in sucrose esters. Differences are so striking that they can
be macroscopically observed, see Fig. 13A. As the surface is slowly
stabilized, bubbles can easily coalesce with each other before reaching
the surface, or within the foam column. From Fig. S11, it is seen that the
initially formed bubbles on the FRM membrane are about the size of
100 um or below for all three sucrose esters, which hardly corresponds
to the size of the finally obtained bubbles in the foam column, reaching
over 1 cm in the case of 0.1 wt% C;gSE (see Fig. 13A). The experiments
in Fig. S11 were conducted to understand whether large bubbles were
formed directly on the membrane in the case of C14SE and C;gSE, or
whether if small bubbles coalesced to yield the very large final size. This
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Fig. 13. (A) Macroscopic pictures of foams generated at 25 °C using the FRM, and (B) volume median bubble radius, Ry (50), for foams prepared at 25 °C by KM, BT,
and FRM, using 1 wt% solutions of sucrose esters or Brijs of varying alkyl chain length. Lower and upper error bars correspond to Ry(16) and Ry(84), respectively.

last explanation was confirmed, and high-speed observation of the foam
column during FRM air sparging showed coalescence of bubbles be-
tween them within the liquid which afterwards facilitate their coales-
cence with atmosphere.

3.6. Foam stability after stopping the foam generation

The rate of foam destruction after stopping the agitation depends on
three main processes: (1) water drainage, (2) Ostwald ripening, and (3)
bubble-bubble and bubble-atmosphere coalescence. The Ostwald
ripening and bubble-bubble coalescence result in an increase of mean
bubble size within the foam, whereas the water drainage increases the
local air volume fraction and, in such way, increases the film area

between two bubbles or between bubble and surrounding atmosphere at
a given bubble size [84] and decreases the film thickness. Both the in-
crease of bubble size and the increase of film area lead to higher prob-
ability for coalescence events. The processes of water drainage and
Ostwald ripening depend on both bulk and surface properties: the in-
crease of solution viscosity decreases the water drainage and the gas
transfer from smaller to bigger bubbles, and the formation of condense
adsorption layers on the bubble surfaces also diminishes the rate of these
two processes [85-89]. In order to decouple the effect of the surfactant
type and that of the bubble size on the destabilization kinetics, experi-
ments were conducted with a fixed type of surfactant (C;5SE), and the
size of formed bubbles was varied (section 3.6.1). The stability of formed
foams was then evaluated. In a second series of experiments the bubble
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Fig. 14. Relative foam stability over 1 h, defined as the ratio between the instantaneous volume of trapped air and the initial volume of trapped air immediately
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size was fixed, and the type of surfactant used for their stabilization was
varied (section 3.6.2).

3.6.1. Impact of the bubble size on C;2SE foam stability

In our previous study, C;2SE foams were investigated in BT and FRM.
In this study, further interest was set on 1 wt% C;2SE foams as no
destabilization was observed within 10 min when prepared by FRM or
BT. Additional destabilization monitoring was then continued for 1 h,
and compared to the foam prepared by KM under the same conditions.
The corresponding kinetics of destabilization are shown in Fig. 14.

Foams formed in BT and in KM from 1 wt% C;5SE remain stable over
1 hat 25 °C and the entire foam volume is maintained. In FRM, a slight
volume decrease is seen, but the kinetics is very slow and ~ 90 % of the
initial volume is maintained after 1 h.

It is known that increasing the temperature has a significant effect on
the foam properties, and that stability decreases with temperature for all
types of surfactants (anionic, cationic, nonionic, and amphoteric)
[21,34,90,91]. That is why the effect of temperature on foams prepared
using C;2SE solutions was investigated in three different methods. It is
observed that foam stability decreases with increasing temperature for
foams formed in all different methods. This effect is most pronounced for
foams formed in FRM, and least for those formed in KM. This difference
is related to two effects: (1) Bigger bubbles and (2) Higher polydispersity
of foams formed in FRM compared to KM. As a result, both coalescence
and Ostwald ripening are more prominent in foams formed in FRM at
elevated temperatures. Larger bubbles are less stable against coales-
cence, while higher polydispersity accelerates the Ostwald ripening
process, which becomes very pronounced at higher temperature as the
viscosity decreases. The better stability of foams formed in the KM
compared to those formed in FRM is at least partially due to the milder
conditions during foam generation in FRM, preventing diester molecules
from adsorbing onto the bubble surfaces. In contrast, the more thorough
mixing during foam generation in KM promotes the adsorption of diester
molecules on the bubble surface, slowing down Ostwald ripening, and
enhancing foam stability even at higher temperatures.

It is known from the literature that foams with larger bubbles
destabilize faster and are more prompt to coalesce than foams with
smaller ones [92-94]. Drainage is slower in foams with smaller bubbles
[95], and larger bubbles are most likely to cause avalanche phenomena
when bursting: the bursting of one large bubble triggers a larger varia-
tion in liquid fraction, that in turn destabilizes plateau regions of bub-
bles underneath [95-97]. Also, the probability of film rupture is
proportional to its area, since the failure of a single point on the film is
sufficient to cause rupture [98]. Consequently, foams with larger bub-
bles are more subject to faster destabilization. However, as it was shown
in [99], the destabilization of foams containing small bubbles occurs
during reorganization events (so called T1 events) induced by bubble
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coarsening, which is particularly rapid in the case of small bubbles.
Therefore, sucrose ester surfactants are also able to impact T1 events in
the foams, efficiently stabilizing foams with small bubbles as well.

3.6.2. Stability of foams with similar initial bubble size

The experimental results shown in Fig. 15 are obtained with foams
generated in KM under equivalent conditions for all surfactants. These
foams have an initial bubble size between 100 and 150 pm. The rate of
foam destruction is very fast in Brij stabilized foams, especially at
elevated temperatures, whereas the foams formed from SEs surfactants
remain very stable even after 1 h of storage at 60 °C. In order to
determine the effect of surfactant chain length on the foam stability, the
foam half time was determined for foams obtained from 1 wt% Brijs
solutions and stored at 40 °C, see Fig. 15B. The increase of chain length
for Brij surfactants increases the time required for their destabilization.
The similar effect is expected for SEs foams, but the monitoring time was
not sufficient to observe the destruction of the formed foams even at the
highest temperature.

The viscous effect contributes to slowing down drainage and film
thinning. This phenomenon is illustrated by the comparative evolution
of C16EO9¢ and C16SE foams formed in KM with 0.1 wt% and 1 wt%
solutions and stored at 50 °C, see Figure S12. While the low-viscous
solutions are almost totally drained within 10 min, the shear-thinning
solutions in 1 wt% C;6SE is not totally drained after 60 min, reaching
only ~ 70 % of the total solution volume. Note that the drainage is very
fast in 0.1 wt% C;6SE which exhibits Newtonian behavior. This means
that C16SE films remain thicker for longer. Besides impacting the foam
film thickness, bulk viscosity also slows down the rate of Ostwald
ripening [85-87]. It is seen from the evolution of the foam column that
bubble evolution is slow: the column remains opaque, indicating little
bubble size evolution, and the overall foam volume remains constant
over 60 min. Interestingly, 1 wt% C;¢SE foams prepared in KM show a
slightly better stability than those from 1 wt% C;gSE. This is explained
by the higher low-shear viscosity of C1¢SE solutions at 40 °C, 50 °C, and
60 °C compared to those of 1 wt% C;gSE solutions in similar conditions.
This phenomenon is well-known for surfactant solutions forming worm-
like micelles and other high-viscosity solutions [24,88].

3.6.3. Stability of foams formed in FRM and in BT having different bubble
sizes

For all samples, the foam decay was monitored over 10 min for BT
and FRM, see Figures S13-S18. Values of the relative amount of air
remaining in the foams after the decay for 1 wt% solutions are presented
in Fig. 16.

The foams formed from C16SE and C;gSE remain stable over the T
range when they are formed in BT, and significant decrease in foam
stability is observed for foams formed from these solutions in FRM, see

35
Kenwood Mixer B
30 1 wt% Brijs
c T=40°C
E 25|
Q
E
« 20
©
K=
E 15
©
o
'S
10 -
5 L L 1 L L L L
11 12 13 14 15 16 17 18 19

Average chain length

Fig. 15. (A) Relative remaining volume of air entrapped in the foam after 1 h of storage as a function of temperature, T, for foams generated with 1 wt% solutions in
Kenwood Mixer, KM. (B) Foam half-time as a function of average chain length for foams formed from 1 wt% Brijs solutions in KM.
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Fig. 16. Relative remaining volume of air entrapped in the foam at the end of decay monitoring as a function of temperature, T, for foams generated with 1 wt%
solutions in (A) FRM, and (B) BT. The final time is taken to be 10 min in both methods.

Fig. 16. This is related to different bubble size on one side, and different
adsorption layers on the other side. The bubbles in foams formed in FRM
are much bigger than those in foams formed in BT, see Fig. 13B above.

This also partially accounts for the difference in Brijs foams stability
at 25 °C in FRM: 1 wt% C16EO4 and C1gEO5 foams are less stable than
the C12EO,3 ones, in accordance with the tendency in Ry (50) differences
for this surfactant series, see Fig. 13B. The differences in stability among
the Brij series fade with increasing T as films get thinner and rupture
much more easily. For both surfactant series, the foams generated with
1 wt% solutions in FRM are more stable with C;5 surfactants, and the
decreasing stability over increasing the chain length is accounted for by
differences in bubble size. When bubble sizes are similar, as it is the case
in KM foams, chain length has positive impact on foam stability as can be
seen from Fig. 15B above.

4. Conclusions

Systematic series of experiments aimed at determining the effect of
surfactant chain length on the solution, surface, film and foam proper-
ties of alkyl sucrose esters, SEs, and alkyl polyoxyethylene ethers, Brijs,
were performed at different temperatures between 25 °C and 60 °C, and
concentrations between 0.01 wt% and 1 wt%. The viscosity of Brijs
solutions does not depend on the surfactant chain length and decreases
with the temperature increase, whereas the temperature increase trig-
gers the formation of worm-like micelles in 1 wt% solutions of long
chain sucrose esters, namely C;6SE and C1gSE. The increase of chain
length increases the temperature at which the worm-like micelles are
formed.

Critical micellar concentration (CMC) for Brijs decreases with the
increase of alkyl chain length and temperature. Similar decrease is
determined for C15SE and C;1¢SE, whereas further increase of surfactant
chain length for C;gSE has almost no effect on CMC at 25 °C due to the
presence of particles that incorporated insoluble molecules. Higher
temperatures lead to a significant decrease in the CMC for C;gSE, and
almost linear dependence between In(CMC) and the number of carbon
atoms in surfactant tails, due to the melting of solid particles and
incorporation of diesters in surfactant micelles.

The surfactant adsorption increases with temperature for SEs and
decreases for Brijs. The increase of surfactant chain length at a given
temperature increases the adsorption for SEs and slightly decreases the
adsorption for Brijs. In the case of SEs, this is explained by the incor-
poration of a higher amount of diesters on the air-water interface at
higher temperatures and with longer tails. The thickness of foam films
increases with temperature and chain length for SEs and the opposite
trends are determined for Brijs. The decreased thickness is related to
lower adsorption of hydroxyl ions at higher temperature for Brijs sur-
factants, whereas the adsorption of diesters provoke a further increase in
hydroxyl ions presence, and larger film thickness for SEs. For the first
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time, the cyclic dimple formation was observed in foam films formed
with non-volatile surfactants, in relation with different compositions of
adsorption layers on film surfaces and on meniscus surfaces due to a
different re-distribution of diester molecules.

The foaming properties of SEs solutions are highly sensitive to the
method used for foam generation: the foams formed in foam rise method
from 0.1 wt% solutions of long chain SEs lead to the formation of very
big bubbles due to the tremendous coalescence between the bubbles as
they travel through the liquid. This effect is not observed for the shorter
chain sucrose ester nor for all the studied Brijs, and is explained by the
very long lag time determined from the dynamic surface tension mea-
surements. On the other hand, voluminous foams with small bubbles are
formed in Kenwood mixer when prolonged mixing is applied. When
foams with similar bubble sizes are investigated, much better stability is
achieved with SEs compared to Brijs, especially at higher temperatures,
and increasing the chain length further improves foam stability.
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