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HIGHLIGHTS GRAPHICAL ABSTRACT

e Hydrophobic surfactants (Span 60 and

Brij 72) form foams with small bubbles.
Foams after 10 days at 25 °C

o The stability of Span 60 foams is higher Surface tension difference
. between expanded and No Sugar +Sugar
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o The higher stability is related to higher
viscosity and high surface stress.

e Surface tensions of shrinking and
expanding bubbles are very different.

e This difference decreases the driving
force for Ostwald ripening.
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ARTICLE INFO ABSTRACT

Keywords: The surface and foam properties of two oil-soluble surfactants, Span 60 and Brij 72, and two water-soluble
Sugar surfactants, Tween 60 and Brij S20, are compared. Aqueous surfactant solutions containing sugar at high con-
Tween 60

centration (63 wt%) are also studied in the context of sweet food-related foams. The experimental results show

;I;?I;ZO that foams with very small bubbles of ca. 5 ym are formed and remain stable for more than 10 days at room
Bri; $20 temperature when oil-soluble surfactants are dispersed in the sugar-rich solutions. The excellent stability of these
Surface properties foams is related to (1) The multilamellar vesicles present in the respective surfactant dispersions which increase
Foam stability the viscosity and decrease the rate of water drainage from the foam; (2) The very slow exchange of surfactant
Foam rheology molecules between the interface and the adjacent aqueous solution that leads to very significant difference in the

surface tension of shrinking and expanding bubbles, which in turn decreases the rate of bubble Ostwald ripening.
The foams formed from Span 60 are more stable as compared to the foams formed from Brij 72, due to the higher
viscosity and the slower interface-solution exchange. The foams formed from Brij S20 solutions are least stable -
they are completely destroyed after 1 day at room temperature, even in the presence of sugar. The main
conclusion of this study is that oil soluble surfactants can form condense adsorption layers on the bubble surfaces
after adsorption from aqueous solutions with and without sugar in it. The formed layers, which present a better
molecular packing, reduce the gas permeability and decelerate the Ostwald ripening disproportionation of the
foam This is obtained by a relatively low interfacial tension imparted by continuous shrinkage and expansion of
bubbles during foam generation, ultimately ensuring long-term stabilization of formed foams.
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1. Introduction

Bulk, surface and foaming properties of nonionic surfactants are
widely studied in the literature due to their importance for various in-
dustries [1-6]. Water-soluble surfactants are usually used for foam sta-
bilization [7-11], whereas oil-soluble surfactants are used for
stabilization and destabilization of emulsions [6,12-13] or as
co-surfactants for foam stabilization [14,15]. It was shown that the
usage of oil-soluble Spans 20, 80 and 85 leads to lower foamability and
lower stability of formed foams as compared to foams formed from
water-soluble surfactants [9]. On the other hand, Chen et al. [7] showed
that stable foams can be formed from 10 wt% dispersion of oil soluble
surfactant C1,EQ3, but at lower concentration of 1 wt% there is almost
no foam at all. The stability of foams formed from 30 wt% C;2EO3 and
C12EOs5 was higher as compared to stability of foams formed from
C12EO7 and C12EQg solutions at the same surfactant concentration and
this effect was explained with adsorption of lamellar liquid crystalline
phases at air-water interface and their presence in the continuous phase,
which increases the viscosity of the dispersion and decelerate the rate of
water drainage [7].

In our previous studies [15-17] we showed that the rate of Ostwald
ripening can decrease significantly upon formation of condensed
adsorption layers on the bubble surfaces, due to high resistance to gas
transfer of these layers. It is known from the literature that oil soluble
surfactants such as Span 60, C14EO1, C16EO2 and C1gEO; are able to form
condense adsorption layers upon compression in Langmuir trough
[18-21], which means that these layers could decrease the rate of gas
transfer if used them as foam stabilizers. However, it is very difficult to
stabilize the bubbles by using oil soluble surfactants due to their low
solubility in water and slow adsorption on the air-water interface. One
possible way to overcome this problem is to use the knowledge from our
recent studies [10,11], where is shown that the foamability depends not
only on the rate of surfactant adsorption but also on the method that is
used for foam generation. In Ref. [11] is shown that long chain nonionic
surfactants such as Tween 60 and Brij58 are unable to stabilize the
voluminous foam using fast foaming method (Barstch test), but they are
very suitable to stabilize the foam formed in Kenwood mixer [11]. That
is why in the current study Kenwood mixer is used to prepare the foams
in presence of oil soluble surfactants alone and to compare their prop-
erties with foams stabilized by water soluble surfactants, Tween 60 and
Brij S20.

The rate of Ostwald ripening depends also on the rate of gas diffusion
through the continuous phase, which in turn depends on continuous
phase viscosity [16,17]. One way to increase the viscosity of the
continuous phase is to add sugar to it. Sugar is a main component in most
sweet foods, such as milkshakes, cakes, candies, ice cream, etc. and it is
added not only as a sweetener but also as ingredient which affects the
mouthfeel and the texture of the products and it affects also the surface
properties of oil-soluble surfactants such as monostearin and monop-
almitin [22-25]. It was shown also that the presence of sugar in the
protein solutions can affect their foamability [22-24] and the stability of
formed foams [26,27]. Dressaire et al. [28] showed that the mixture of
sucrose stearate and highly viscous glucose syrup (75 wt%) could pro-
duce aerated liquids with bubble size of 1.5 ym and air volume fraction
of 45% which remained stable at 4 °C for more than 1 year. The
extremely high stability of the produced aerated liquid was attributed to
the formation of an elastic, condensed surfactant phase on the bubble
surface which prevented the bubble disproportionation. Very good sta-
bility of foams upon storage is determined for foams stabilized by solid
particles [16-17, 29], hydrophobin [30,31], saponins [16,32], surfac-
tants forming lamellar phases in the bulk [33]. Oil-soluble surfactants
formed multilamellar vesicles in the solutions and can be considered as
soft particles, but they could be even more efficient as compared to solid
particles, because the amount of surfactant that is required to cover the
bubble surface will be much smaller as compared to particles if dense
adsorption layer could be formed on the bubble surface.
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In the current study we investigated: (1) Foamability; (2) Bubble
size; (3) Foam stability against drainage, coalescence and Ostwald
ripening and (4) Rheology of foams formed from dispersions of two oil-
soluble surfactants, Span 60 and Brij 72, and two water-soluble surfac-
tants, Tween 60 and Brij S20 without and with (63 wt%) sugar in the
solution. The surface properties of the surfactant solutions were char-
acterized by several experimental methods to determine the surface
elasticity and viscosity under slow and fast surface deformations. The
bulk solution properties were characterized with respect to their vis-
cosity, the presence of micelles or multi-lamellar vesicles, MLV, and the
phase transition temperature of the surfactant aggregates is measured by
DSC.

2. Materials and Methods
2.1. Materials

Two of the studied surfactants are oil-soluble: Span 60 (Sorbitan
stearate, product of Croda) and Brij 72 (Polyoxyethylene (2) stearyl
ether, product of Sigma Aldrich denoted as C;gEO; in the text). The
other two surfactants are water-soluble: Tween 60 (Polyethylene glycol
sorbitan stearate, product of Croda) and Brij S20 (Polyoxyethylene (20)
stearyl ether, product of Sigma Aldrich denoted as C1gEO3 in the text).
All surfactants were used without further purification. Sucrose, kindly
donated by Unilever, was used as received. The solutions for the ex-
periments were prepared with deionized water obtained by Elix 3 sys-
tem (Merck-Millipore Inc., USA).

The studied solutions were prepared using the following procedure:
(1) Deionized water or deionized water containing 64.3 wt% sugar was
heated up to 75 °C in water bath. (2) Surfactant was added to the pre-
heated solution and was homogenized with Ultra Turrax (Janke &
Kunkel GmbH & Co, IKA-Labortechnik) for 5 min at 8 000 rpm keeping
the temperature at 75 °C by water bath. (3) The prepared solution was
cooled down to 25 °C in a cold-water bath with temperature of 10 °C.
After reaching the temperature of 25 °C, the obtained surfactant solution
was used for further experiments. The final concentrations of the sub-
stances in all solutions were: 2 wt% surfactant, with or without 63 wt%
sucrose.

2.2. Methods

2.2.1. Optical observations in polarized light

Samples from the surfactant solutions were transferred onto micro-
scope glass slides and were observed by optical microscope Axio Imager
M2m (Zeiss, Germany) in transmitted, cross-polarized white light using
long-focus objectives x 20, x 50 or x 100. The polarizer and analyzer
were oriented at 90° with respect to each other. An additional A plate
(compensator plate) which was integrated in the analyzer was used to
increase the contrast; it gave the typical magenta color for the liquid
background.

2.2.2. Differential scanning calorimetry (DSC) analysis

Samples from the solutions were analyzed using Perkin-Elmer DSC7
apparatus for determination of the phase transition temperature. All
sucrose containing solutions were heated from 20 °C to 80 °C and then
cooled down back to 20 °C. The solutions without sucrose were heated
from 20 °C to 68 °C (instead of 80 °C) due to the significant water
evaporation at temperatures above 70 °C and then cooled down to 20 °C.
The obtained thermograms upon cooling are presented and discussed
below. All experiments were performed at 5 °C/min rate of heating/
cooling.

2.2.3. Viscosity measurements

The viscosity of the solutions was measured on Discovery HR-3, TA
Instruments USA, equipped with cone and plate geometry with diameter
of 40 mm, cone angle of 1.007°, and truncation gap of 28 pm. The shear
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rate was varied logarithmically and stepwise from 0.1 s~* to 1000 s 1.
All samples were left for 2 min prior their measurement to equilibrate at
20 °C.

2.2.4. Surface tension measurements

Axisymmetric drop shape analysis (DSA) of a pendant drop was used
to determine the equilibrium surface tension. The experiments were
performed on instrument DSA100R and the profile of the drop was fitted
by software DSA1, Kriiss GmbH, Germany, to determine the surface
tension. These experiments were performed at 25 °C and at least three
measurements for each solution were made — the mean values with their
standard deviations are presented in the text.

2.2.5. Characterization of surface rheological properties of adsorption
layers

To characterize the rheological properties of the adsorption layers,
the experiments under slow and fast deformations are performed.
Oscillating drop method (ODM) on DSA 100 automated instrument to
apply fast sinusoidal deformation on a pendant drop deformed by
gravity is used for experiments under fast deformation. The oscillatory
deformation was applied 10 min after the drop formation with ampli-
tude of deformation between 6% and 10% and period of oscillations
between 2 and 10 s. For each solution, at least 3 measurements were
performed and the mean values and standard deviations are presented in
the text.

Langmuir trough (Nima Technology Ltd., U.K.) is used to measure
the change of surface tension due to adsorption of surfactant from so-
lution to the interface. It was used to apply slow and large deformations
on a planar surface. The area of the trough was varied with two parallel
barriers that moved symmetrically at defined linear speed. The surface
pressure was measured with Wilhelmy plate made of chromatographic
paper. The plate was positioned in the middle between the barriers and
was oriented parallel to them. Slow compressions reaching 107% (from
200 cm? to 68 cm?) of surface deformation and following expansions
were applied at barrier speed corresponding to area variation of 5 cm?/
min. In this experiment the time required to reach 10% deformation is
240 s, whereas in fast oscillation experiments it is 10 s, which shows that
in Langmuir trough the deformations are performed at 24-times slower
deformation rate as compared to the oscillations in ODM. After each
deformation, a period of surface relaxation was monitored at fixed
surface area for 30 min after compression and for 10 min after expan-
sion. All measurements were performed at 25 °C. The deformation given
in the text is the absolute value of deformation defined as a[%] =
100(InA(t) /Ao |, where A(t) is the surface area after time t and Ay is the
initial surface area [34].

2.2.6. Foam generation

Foams were generated by mixing 230 ml of the solution for 1 h in
Kenwood kMix food mixer equipped with whisk accessory at speed mark
5 (~ 425 rpm) and temperature of 25 °C, which was maintained by
jacketed bowl. The mixing tool rotates around two axes - the first one is
the axis of the mixing tool, whereas the second one is in the center of the
vessel which contains the foamed solution. Detailed information about
the hydrodynamic conditions in this device can be found in our previous
study [31]. In Ref. [11] it was shown that the characteristic time for
creation of new bubble surfaces is of around 15 s. In the current study,
much longer time for mixing was applied in order to ensure enough time
for oil-soluble surfactants to adsorb on bubble surface and to create
dense adsorption layer.

2.2.7. Bubble size measurements

The bubble size distribution in the foam prepared from surfactant
solutions without added sucrose was determined using the procedure
developed by Garrett et al. [15,36]. A video camera, equipped with
long-working-distance magnifying lens, was focused on a certain region
in the foam sample, which was in contact with a glass prism, and used to
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capture images of the bubbles. The bubble size distribution was deter-
mined from these images using the relation Rp = (ABp/n)l/ 2, where Agp
is the projected area of a given bubble in contact with the prism wall.
Image analysis software was used to determine the distribution of the
projected bubble areas on the prism wall after 1, 3, 5, 7, 10, 30 and
60 min of foaming.

The bubble sizes of the foams containing 63 wt% of sucrose after 1, 3,
5, 7, 10, 30 and 60 min of foaming were measured by direct optical
observations of the produced foams. For this purpose, samples were
transferred onto microscope glass slides in a foam layer of 0.17 mm
thickness and observed by optical microscope Axio Imager M2m (Zeiss,
Germany) in transmitted light using long-focus objectives x 20 or x 50.
The diameters of the recorded bubbles were measured by experienced
operator, with custom-made image analysis software. Each bubble was
measured individually. For each sample, the diameters of at least 1000
bubbles were measured. The mean volume-surface diameter, ds,, was
determined:

dsy = (ZN,»d?) / (ZN,d?) 1)

where N; is the number of bubbles with diameter d;. As a characteristic of
foam polydispersity, the ratio dz»/d1o, viz. the ratio between the mean
volume-surface diameter and the mean arithmetic diameter of the
bubbles was used.

2.2.8. Rheological properties of the foams

The rheological properties of the prepared foams after 60 min of
foaming were characterized by rotational rheometer (Bohlin Geminin,
Malvern UK). All measurements were made using two parallel plates
with radius of 40 mm and gap between them set at 1 mm for sucrose
containing foams and 2 mm for those without sucrose. Sandpaper of
type P2000 or P150 was glued on both plates to eliminate the possible
foam-wall slip. Tests in oscillatory and steady deformations were per-
formed using the following protocols: (1) Strain-controlled frequency
sweep — the frequency was logarithmically varied from 0.01 to 20 Hz.
The strain was fixed at 1%. The elastic and viscous moduli of the samples
were determined. (2) Frequency-controlled amplitude sweep - the strain
was logarithmically varied from 0.01% to 100%. The frequency was
fixed at 1 Hz. The elastic and viscous moduli of the samples were
determined. (3) Shear ramp - the shear rate was varied logarithmically
and stepwise from 0.1 to 200 s~L. The shear stress, 7, was monitored as a
function of the shear rate. All measurements were made at 25 °C.

The most of the experiments are performed in triplicate and mean
value and standard deviation are reported in the manuscript.

3. Results and Discussions
3.1. Bulk properties

The surfactant solutions were transparent when water-soluble sur-
factants (Tween 60 and C;3EO5() were dispersed in deionized water or
in sugar solution. In contrast, the dispersions of oil-soluble surfactants
(Span 60 and C;3EO2) were turbid with and without sucrose in the
aqueous phase. However, the addition of sucrose strongly affected the
stability to sedimentation of the dispersions obtained with oil-soluble
surfactants. These dispersions were unstable in deionized water while
they remained stable in sucrose solutions. The instability of Span 60
solution in deionized water led to the formation of sediment at the
bottom of the container, whereas a cream was formed for C;gEO5 on top
of the solution.

To determine the type of surfactant aggregates formed in these so-
lutions the optical observations in polarized light were performed. No
any entities were visible in Tween 60 and C;3EO3( solutions with and
without sugar, see Fig. Slin Supporting information, which indicated
that these were micellar solutions with nanometer sized aggregates,
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which is in good agreement with results available in the literature
[37-40]. In contrast, micrometer sized spheroidal multi-lamellar vesi-
cles, MLV were observed in Span 60 and C1gEO- dispersions, see Fig. 1.
They are formed upon increase of temperature up to 75 °C and shearing
of the dispersion [41-43]. The aggregates observed in Span 60 disper-
sion in deionized water were no clear colors in polarized light. In
presence of sucrose, round aggregates of Span 60 with the characteristic
Maltese crosses were observed which indicated the formation of
multi-lamellar vesicles of onion structure [41-43]. Interestingly, such
multi-lamellar onion mesophases were observed in C;gEO2 dispersions
in water with and without sugar added.

To determine the temperature at which the transition from L,
(melted chains) to Lg (frozen chains) [44,45] occurs in the aggregates of
oil-soluble surfactants DSC measurements are performed, see Fig. 2. For
water-soluble surfactants there are not detectable peaks in the thermo-
gram, because the surfactants in the micelles did not undergo any phase
transition in the temperature range studied. For oil-soluble surfactants
the transition temperatures were ~ 50.1 + 0.5 °C for C;gEO; in water
and = 48.3 + 0.3 °C in sucrose solution, whereas for Span 60 the tran-
sition temperature was 52.9 °C in water and 53.5 °C in sucrose solution,
see Table S1 in Supporting information. The latter temperature is in a
reasonable agreement with the available data for the phase transition of
20 wt% Span 60 in water, ~ 55.2 + 0.6 °C [46]. For both studied
oil-soluble surfactants there was a significant increase in the enthalpy of
the transition in the presence of sucrose which shows that sucrose en-
hances the molecular packing in the multi-lamellar vesicles [44]. Note
that the ordered structures consume more energy for melting upon
heating when compared to the disordered ones.

The results about the viscosity of the dispersions are shown in Fig. 3.
For water-soluble surfactants the rheological response was Newtonian
and the relative viscosity of the water soluble surfactant solutions with
sucrose was by approx. 2 times higher than that without added sucrose.
The latter comparison shows that the sucrose affects in some extent the
size, shape or the interactions of the surfactant micelles. To check for the
effect of sucrose on size of Tween 60 micelles DLS measurements were
performed and it was found that the mean volume diameter increases
from 9.5 + 0.5 nm (without sucrose) to 37.3 &+ 1.3 nm in presence of
sucrose. Larger in size micelles in sucrose is probably the reason for 2-
times increase in the relative viscosity when sucrose solution is used.

24.74 pm
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Fig. 2. DSC thermograms of aqueous solutions with 63 wt% sucrose (solid
lines) and without sucrose (dashed lines) of Span60 (orange), C18EO3q (blue)
and C;gEO, (red), measured at cooling rate of 5°C/min. Surfactant level is
2 wt%.

The dispersions of oil-soluble surfactants show non-Newtonian
response and their apparent viscosity decreases as a function of shear
rate for both types of systems — with and without sucrose. As expected,
the addition of sucrose strongly increases the viscosity of all solutions,
see Fig. 3. It is seen from Fig. 3 that the apparent viscosities of C;gEO2
and Span 60 solutions are very similar in presence of sucrose at high
shear rates, relevant to foaming. To understand how the sucrose affects
the interactions between the multi-lamellar vesicles formed in these
dispersions, the relative viscosity (measured viscosity divided by the
viscosity of the continuous phase) as a function of the shear rate is
plotted in Fig. S2 in the Supporting information. These plots show that
Span 60 increases to a larger extent the viscosity, as compared to C;gEO5
for both types of solutions, with and without added sucrose. The relative
effect of Span 60 aggregates is much more pronounced for the disper-
sions in deionized water, as compared to its effect for dispersions in
sucrose solution.

From the experiments aimed to characterize the bulk properties
(type of aggregates, thermal and rheological properties) of studied sys-
tems, one can conclude that the dispersions of oil-soluble surfactants
contain multilamellar vesicles with melting temperature of ~ 50 °C for

Fig. 1. Images in polarized light from solutions of (A, B) Span 60 and (C, D) C,gEO, in deionized water (A, C) or in 63 wt% sucrose solution (B, D). Surfactant level is

2 wt%.
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Fig. 3. Apparent viscosity as a function of shear rate for dispersions in (A) water and (B) 63 wt% sucrose. In both graphs the data for Span60 are shown with orange
triangles, Tween 60 — green rhombus, C1gEO, — red circles, C;gEOq — blue squares. The viscosity of sucrose solutions without added surfactant is presented with black
circles in (B). Continuous curves represent best fits to the experimental data for C;sEO5 by Eq. (3). Surfactant level is 2 wt%.

C18EO5 and = 53 °C for Span 60, whereas the micellar solutions are
formed from water-soluble surfactants. The presence of multilamellar
vesicles in dispersions of oil-soluble surfactants leads to non-Newtonian
rheological response of them, whereas water-soluble solutions behave as
Newtonian fluids with and without sucrose. The addition of sucrose to
dispersions of oil-soluble surfactants increases significantly the enthalpy
of phase transition for both oil soluble surfactants, which means that
sucrose increases the ordering of molecules in MLV.

4. Surface properties
4.1. Surface tension isotherms

The surfactant solutions with different concentrations between 10~°
to 1 wt% were prepared by consecutive dilution of dispersions obtained
by procedure described in Section 2.1. Upon dilution the dispersions of
oil-soluble surfactants become less turbid, which is related to decrease
number of MLV in the solutions. The solutions of water soluble surfac-
tants are transparent under all dilutions. The prepared solutions are used
for surface tension determination and typical curves from these mea-
surements are shown in Fig. 4 for the highest surfactant concentration
(2 wt%), which is used afterwards for foam generation. As can be seen
from data presented in Fig. 4, the surface tension decreases with time
and even after 900 s it does not reach its equilibrium value, which is
related to slow adsorption of surfactant molecules on the solution sur-
face from one side and to the fact that the used surfactants are wide
mixture of different components, which leads to continuous change in
the composition of the adsorption layer from other side. In order to
determine how the concentration and the presence of sugar affect the
surface properties the surface tension measured after 900 s of drop
formation as a function of surfactant concentration is plotted in Fig. 5.
The equilibrium surface tension cannot be determined for some of the

80
T=25°C
0 wt% sucrose
E 70
=
3
5 607
@
c
Q
° 50
[ Tween 60
5
@» 40
30
0 200 400 600 800
Time, s

(A)

solutions because there is a gradual decrease in the surface tension over
time and it is not clear when the decrease will stop.

For water soluble surfactants the addition of sugar in the solution
increases the surface tension at low surfactant concentrations and de-
creases it at high concentrations, whereas for oil-soluble surfactants the
addition of sugar increases the surface tension in entire range of con-
centrations studied, see Fig. 5. The increased surface tension at low
surfactant concentration for all studied surfactants is related to the fact
that the surface tension of 63 wt% sucrose solution is higher by about 6
mN/m than that of deionized water, in agreement with the results re-
ported in literature [47]. The increase of surface tension in presence of
sugar for oil soluble surfactants at high concentration is in good agree-
ment with optical observations and DSC measurements, that show that
the addition of sugar increases the number of molecules that are well
packed in MLV and as consequence the molecules prefer to stay in MLV
instead going on the air-water interface. For water soluble surfactants
again, the presence of sugar decreases the affinity of surfactant to adsorb
on the air-water interface and as consequence the critical micellar
concentration increases, but lower surface tension which is reached after
CMC in sugar containing solutions when water soluble surfactants are
used means that the sugar decreases the area per molecule in the equi-
librium adsorption layer. Note that the surface pressure at CMC for
C18EO9 dissolved in water is 31 mN/m, whereas for sugar containing
solution is 42 mN/m. Assuming that Volmer equation describes the
relation between surface pressure and surfactant adsorption and using
the approach described in Ref. 11 and Eq. (5) therein one can calculate
the surfactant adsorption at CMC for solution without sugar to be 3.1
pmol/m? and 3.3 pmol/m? in presence of sugar, respectively. This
calculation shows that the area per molecule at CMC for Brij 58 de-
creases from 0.54 nm? to 0.50 nm? upon addition of sugar in the solu-
tion. Similar effect for decrease of surface tension was reported for
C12EO surfactant upon addition of much lower sucrose concentration

80

Sucrose

T=25°C
63 wt% sucrose|

(=23 ~
o o

Surface tension, mN/m
A
o

Fig. 4. Surface tension as a function of time (A) in the absence of sucrose and (B) in the presence of 63 wt% of sucrose, for 2 wt% surfactant solutions or dispersions:
Span60 — orange triangles, Tween 60 — green rhombus, C;gEO, — red circles, C1gEO5 — blue squares. Black circles in (B) present the data for sucrose solution

without surfactant.
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Fig. 5. Surface tension as measured by DSA apparatus after 900 s, as a function of surfactant concentration for (A) C,gEO¢; (B) Tween 60; (C) C1gEO5; (D) Span 60
and comparison of the isotherms for solutions (E) without sugar and (F) in presence of 63 wt% sugar.

in Ref. [48].

The comparison of water-soluble and oil-soluble surfactants with and
without added sugar in the solution is shown in Figs. 5F and SE,
respectively. It is seen that higher concentrations are needed for oil-
soluble surfactants to start to decrease the surface tension and as a
consequence the CMC for oil soluble surfactants is higher as compared to
water soluble surfactants. The similar increase in critical micellar con-
centration with decrease the number of EO groups in C;6EO;, surfactant
series is shown in Ref. [49]. However, in most cases the opposite trend is
reported in the literature for C;,EO, surfactants [50-52]. Most probably
the difference is coming from the fact that C;3EO, surfactants at studied
temperature formed lamellar phases of L,, whereas longer-chain sur-
factants such as C16EO, and CigEO, formed lamellar phases of Ly at
room temperature which strongly decreases the affinity of surfactant
molecules to go on the air-water interface. After adsorbing on the
air-water interface the surfactant with smaller number of EO groups in
their head group show lower surface tension which is good agreement
with results reported in the literature [49].

The addition of sucrose to the solutions increases significantly the
following properties of oil soluble surfactants: CMC, surface tension
below and above CMC, which means that the affinity of oil-soluble
surfactants to go on air-water interface decreases with increasing the
sugar concentration in the solution, which is related to better packing of
the molecules in the MLV in the solution as can be seen from increased

transition enthalpies shown in Table S1 in presence of sugar.

4.1.1. Surface modulus measured with pendant drop method

The surface moduli of the adsorption layers formed from 2 wt% so-
lutions 10 min after forming the pendant drop by applying sinusoidal
oscillations of the surface area at three periods of oscillation are
measured and presented in Fig. S3 in the Supporting information.

The measured surface moduli for water-soluble surfactants in
deionized water were much lower as compared to those for oil-soluble
surfactants, as shown in Fig. 6A. This is due to the fast adsorption/
desorption processes of the water-soluble surfactants. For oil-soluble
surfactants, the rate of exchange between the bulk and surface is
much slower and, hence, the measured surface moduli are higher. In
addition, the oil-soluble surfactants pack more densely on the interface
due to their smaller head-group and surface phase transition in the
adsorption layer is expected to occur.

The addition of sucrose to the aqueous solutions increases the surface
moduli for the water-soluble surfactants from 10 to 40 mN/m, indicating
slower adsorption/desorption and formation of denser adsorption
layers. On the other hand, the sucrose increases the surface moduli for
C18EO; and decreases significantly the surface moduli for Span 60, see
Fig. 6. The later effect is related to the very low surface activity of Span
60 in the sucrose-containing solutions, cf. Fig. 4B above.
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Fig. 6. Surface elastic moduli of the surfactant solutions in the absence (blue
squares) and in the presence (red circles) of 63 wt% sucrose, as measured at 5%
surface deformation and 5 s period of oscillations. Surfactant level is 2 wt%.

4.1.2. Surface modulus at slow deformations in Langmuir trough

In Langmuir trough the experiments started with measuring the
equilibrium surface tension for 5 min. As in the case of pendant drop
method, the surface tensions measured with oil-soluble surfactants in
presence of sucrose were higher when compared to those in deionized
water, whereas the opposite was observed for water-soluble surfactants.

The surface rheological properties of the adsorption layers were
characterized under slow deformations (see Section 2.2.5), see Fig. 7. No
change in the surface tension upon compression or expansion of the
layer was observed for C1gEO9 dissolved in water, see Fig. 7D, which
means that this surfactant adsorbs/desorbs fast in the time-scale of the
surface compression/expansion applied. In the presence of sucrose, no
change in the surface tension upon compression was observed, while an
increase in the surface tension by 2 mN/m was seen after starting the
expansion. No further change in the surface tension was seen in the
following period of expansion, see Fig. 7D.

The behavior of the adsorption layer of Tween 60 was slightly
different. The surface tension decreased upon compression — an effect
which was more pronounced in deionized water and, afterwards,
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increased upon expansion to reach the initial value. These changes in the
surface tensions upon compressions and expansions were probably
related to slow exchange of surfactant molecules between the solution
and the interface. Note that the used Tween 60 contains surfactant
molecules with long surfactant tails of C16 and C18 carbon atoms which
probably exhibit a slow exchange during the experiments.

The behavior of adsorption layers formed from oil-soluble surfac-
tants was qualitatively different. In all cases very fast decrease in the
surface tension upon compression of the interface was observed, fol-
lowed by plateau region in which the further decrease in the surface area
did not change the surface tension. Upon expansion, again very fast
initial increase of the surface tension was observed, which remained
almost constant afterwards. This behavior could be explained with the
formation of compact adsorption layer in the first stage of compression
which did not change significantly afterwards, due to relaxation mech-
anisms from out-of-plane layer folding and/or forced desorption upon
large compression. As it can be seen, more compact compressed layers
with lower with ca. (9 mN/m of surface tension) were formed in the
presence of sucrose even after starting at higher initial surface tension.

To compare the effect of compression and expansion on the surface
tensions of the different solutions studied, the surface stress defined as
the difference, Ac, between the highest surface tension reached upon
expansion and the lowest surface tension reached upon compression was
determined, see Fig. 7C for illustration. The values of Ac for the various
adsorption layers are compared in Fig. 8. One sees that the difference in
the adsorption layers upon compression and expansion is much more
pronounced for the oil-soluble surfactants as compared to the water-
soluble ones. In addition, the presence of sucrose in the solution in-
creases this difference for oil-soluble surfactants. The value of Ac ~ 46
mN/m for Span 60 in the presence of sucrose is the highest in this series
of experiments. In other words, the molecules of the hydrophobic sur-
factants pack very well during slow compression and form dense
adsorption layers with surface tension as low as 10 mN/m. The presence
of sucrose facilitates this compaction.

To determine how rapidly the compacted adsorption layers relax, the
experiments in which the compacted layers were kept at constant

60
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0 L 1 1 1 L
0 20 40 60 80 100
Surface deformation, % (B)
50
T=25°C
C1BEOZO
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30 1 1 L L 1
0 20 40 60 80 100

Surface deformation, %

(D)

Fig. 7. Surface tension vs. surface deformation (< 1073 Hz) during compression and expansion of the surface layer formed from (A) Span 60, (B) C;3EO,, (C) Tween
60, and (D) C1gEO4 in the absence (blue circles) and in the presence (red circles) of sucrose. The experiments are performed in a Langmuir trough at 25 °C.

Surfactant level is 2 wt%.
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surface area for 30 min and measured the rate of surface tension
relaxation were performed. The results from these experiments are
summarized in Fig. S4 in Supporting information. One sees that the
surface tension for C1gEOy remains constant during compression and
after stopping the compression when deionized water is used for solu-
tion preparation. On the other hand, slow increase in the surface tension
after stopping the compression is observed when sucrose is present.
Similar surface tension relaxation was observed for all other solutions
studied. The surface tensions after compression and after relaxation
(30 min after stopping the compression) are shown in Fig. 9. One sees
that the surface tensions in presence of sucrose are lower after
compression, as compared to those measured without sucrose. This
trend is preserved even 30 min after the relaxation of compressed layers,
see Fig. 9B, which means that sucrose always supports the formation of
denser adsorption layers upon slow compression. Note that this is not
true when the layers are formed without compression — in that case, the
effect of sucrose is different for oil-soluble and water-soluble surfactants
as seen in Fig. 4.
From all these series of experiments one can conclude that:

(1) The rate of surfactant exchange between bulk and interface is
much slower when oil-soluble surfactants are used. As a conse-
quence, the surface tension decreases slowly as compared to
water-soluble surfactants as measured by pendant drop method.
When measurements are performed in Langmuir trough under
slow compression due to slow desorption of molecules from the
interface the surface tension can reach value of ~ 15 mN/m,
whereas upon expansion the surface tension becomes of ~ 50
mN/m, which leads to very big difference in the surface tension of
compressed and expanded layers of ~ 35 mN/m. The effect is
even more pronounced in presence of sugar in the solution, where
this difference becomes ~ 45 mN/m.
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(2) The faster exchange of surfactant molecules between the bulk and
the interface for water-soluble surfactants leads to faster forma-
tion of dense adsorption layers for these surfactants, but upon
slow compression and expansion of the layers the surface tension
remains almost constant, which means that the bubbles in the
foam will have similar surface tensions, which will facilitate the
rate of Ostwald ripening. The addition of sucrose does not change
the surface stress upon compression and expansion for these
surfactants.

5. Foamability, foam stability and foam rheology
5.1. Foam volume and bubble size

The results about the rate of air entrapment (increase of foam volume
or increase of overrun) in the various dispersions are compared in
Fig. 10 and Fig. S5 in the Supporting information. As can be seen from
presented data the overrun, ¥, increases like exponent rise to maximum
in the first 30 min and continue increasing for foams formed from so-
lutions without added sugar or decreases for foams formed from sugar
solutions in the next 30 min of mixing. The experimental data for
overrun as a function of time for first 30 min of mixing are fitted by
following equation:

¥ = ¥5(1 —exp(—t/t)) 2

Where ¥ is the overrun, W3 is the maximal overrun reached in the first
30 min and t, is the characteristic time for foam generation. The ob-
tained results for ¥3g, t;n, and Weo defined as overrun reached after
60 min of mixing are shown in Table 1. For foams prepared from solu-
tions without sucrose the rate of foam generation is faster for water-
soluble surfactants (t., < 0.6 min) and significantly slower for oil-
soluble surfactants (t, > 3 min), which is in good agreement with
slower decrease of surface tension for oil-soluble surfactants as shown in
Fig. 4. In presence of sugar the rate of foam generation decreases (the
characteristic time increases) for all studied surfactants except for
C18EO; for which it remains constant in the frame of our experimental
accuracy.

The value of W3 is lower as compared to Wg( for solutions without
sugar, whereas the opposite trend is observed for sugar containing so-
lutions. The value of overrun depends on the competition of two pro-
cesses that occur simultaneously — air entrapment and coalescence of
newly entrapped air with atmosphere [10]. The air entrapment depends
on the ability of mixing device to entrap new air in the foam [35],
whereas the coalescence depends on the ability of surfactants to stabilize
the newly entrapped air [10]. For foams formed from solutions without
sugar the rate of air entrapment is higher than the rate of coalescence of
bubbles with atmosphere after 30 min of mixing, whereas the opposite
trend is observed for sugar-containing foams. Most probably in both
foams the process of coalescence between bubble and the atmosphere
continues even after 30 min of mixing, however, for foams formed
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Fig. 9. (A) Surface tension after compression before starting the relaxation and (B) Surface tension after 30 min of relaxation after compression for adsorption layers
of Span 60, Tween 60, C;gEO, and C13EO5 without sucrose (blue squares) and with added sucrose (red circles). Surfactant level is 2 wt%.
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Table 1

The maximal overrun, W30, and characteristic time for foam generation, t.,, as determined from the best fit of experimental data shown in Fig. 10 for first 30 min. The
experimentally determined value for overrun measured 60 min after foam generation is also shown for comparison, Weo.

Surfactant No sugar + Sugar

tch, Min W30, % Weo0, % tch, Min W30, % Yoo, %
Span 60 3+£0.3 500 + 15 600 =+ 40 5.6 +0.5 400 £ 15 360 + 60
Tween 60 0.05 515+ 20 700 + 90 1.6 £0.1 480 + 10 350 + 40
C1gEO, 53+0.9 870 + 60 1000 + 200 4.5+ 0.7 630 + 40 410 £ 10
Ci18EO29 0.60 + 0.09 980 + 40 1250 +£ 170 4.2+0.3 650 + 20 350 + 40

without sugar the elasticity of the foams is relatively low and the mixing
device can entrap further air in the foam. This effect compensates, in
excess, the coalescence between bubbles and the atmosphere, which
results in an increase of foam volume after 60 min in comparison to that
measured after 30 min. In the case of sugar containing foams their
elasticity increases significantly due to large decrease in bubble size and
the higher initial viscosity. As a consequence, the mixing equipment
cannot entrap further amount of air in the foam, resulting in a decrease
of overrun upon further mixing from 30 to 60 min

The final overrun, W¢( is the same for water-soluble and oil-soluble
surfactants having same type of surfactant head group, which means
that the number of EO groups does not affect Wgo. Similar trend is
observed for W3 in presence of sugar. The addition of sugar decreases by
~ 50% the maximal overrun which could be reached for all studied
surfactants, which is related to higher viscosity of these solutions and
lower bubble size for the sugar rich foams.

The bubble size in the foams after certain periods of foaming was also
measured, see Fig. 10 C,D. It is seen that the mean bubble size decreases
significantly with increasing the time of mixing in the first 10 min. Much
slower decrease is observed at longer mixing times for foams formed
from sucrose-containing dispersions, while no significant change in the
bubble size is detected with water-soluble surfactants, in the absence of
sucrose. The final bubble size in the foams formed without sucrose
varied between 100 and 560 pm, whereas 10-times smaller bubbles
were formed in the presence of sucrose — bubble size between 10 and
30 um. Therefore, the presence of sucrose has huge effect on the bubble

size in the foams formed. This very significant effect of sucrose on the
bubble size is, at least partially, related to the increased viscosity of the
dispersions in the presence of sugar [35]. Smaller in size bubbles are
formed when oil-soluble surfactants are used. The latter effect is related
to the higher surface moduli measured in these systems, in accordance
with our previous studies [35,53].

After foam preparation the films that are formed between upper
layer of bubbles and large interface were observed. The optical obser-
vations were performed in reflected light. The typical pictures from
these observations are shown in Fig. 11. In these pictures the films
appear dark when their thickness is below 20 nm, which is the case
when C;gEO; and C18EO5 in water are used for foam preparation. The
films are with thickness between 30 and 50 nm (appear gray) when the
foams are stabilized by Tween 60 (with and without sugar) and C;gEO2,
(in presence of sugar). The thickness of the film is between 50 and 70 nm
for foams stabilized by Span 60 (without sugar) and films with irregular
thickness which means that MLV are entrapped in the films when oil-
soluble surfactants in presence of sugar are used. These MLV can serve
as reservoir for supply of surfactant molecules upon storage of formed
foams.

5.1.1. Foam stability

In this section, the results about the stability of prepared foams upon
storage at room temperature are presented. Illustrative pictures of the
foams after 1h, 1 day, 5 days and 10 days of storage are shown in
Table 2, whereas the evolution of mean bubble size as a function of time
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Fig. 11. Illustrative pictures of the film formed between upper layer of bubbles and atmosphere for foams stabilized by different surfactants in presence and absence

of sucrose. The surfactant level is 2 wt%.

is shown in Fig. 12. One sees that all formed foams preserve their volume
within 60 min after their formation. Part of the water drains during this
period when water-soluble surfactant without sugar are used for foam
stabilization. The mean bubble size increases very significantly during
this period and bubbles with millimeter sizes are present after 60 min in
these foams. The stability of all foams increases significantly when 63 wt
% sugar is added in the aqueous phase. Part of this effect could be
attributed to the lower gas solubility and the smaller diffusion coeffi-
cient of the gas molecules in sugar solutions, as compared to water [15].
However, again the foams formed with water-soluble surfactants are less
stable as compared to the foams formed with oil-soluble surfactants. The
lowest stability is measured with C;gEO2, followed by Tween 60. In the
foams prepared with C1g8EOq9q significant fraction of centimeter sized
bubbles are seen after 1 day of storage and part of the foam disappears.
The water has drained at the bottom of the container for this sample. For
Tween 60 foams, millimeter sized bubbles are observed on top of the
foam and small fraction of the water is drained at the container bottom.

10

The visual appearance of the foams formed with oil-soluble surfac-
tants in presence of sucrose is very similar after 1 day of storage — there
is no water at the bottom and no big bubbles are seen in the foam. To
check whether the size of the bubbles remains the same after 1 day of
storage, the bubble size distribution was measured and compared to the
initial bubble size distribution for these foams. It was found that the
bubble size remained virtually the same when Span 60 was used,
whereas a significant increase in the bubble size from 12 ym up to 80 pm
was determined for C;gEO; stabilized foams.

As a rule, the rate of water drainage and the rate of bubble coales-
cence is slower for Tween 60 as compared to C;gEOy stabilized foams.
The later effect is in good agreement with higher surface moduli and
thicker films observed for Tween 60. After 1 day of storage these foams
are destroyed completely due to Ostwald ripening and coalescence with
atmosphere. The addition of sugar to water-soluble surfactants de-
creases the rate of water drainage and rate of Ostwald ripening as can be
seen from presented pictures in Table 2 and again better stability is
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Pictures of the foams in glass containers after 60 min of foaming and after storage at 25 °C.

£ No Sugar

60 min 1 day

5 days

10 days

Span 60

Tween 60

CisEO,

C18EOn

60 min

Empty: 0 wt% sucrose
Full: 63 wt% sucrose

Tween60
Span60

10 12

Time, days

Fig. 12. Bubble size as a function of storage time for foams formed from
different surfactant solutions. Foams stabilized by Tween 60 and C;gEO2q so-
lutions without sugar coalesce after 1 day of storage and that is why there is no
data for them after that period.

determined for Tween 60 stabilized foams for which 1 day of storage
leads to water drainage and significant increase in bubble size as can be
seen from Fig. 12, but volume of the foam remains intact, whereas 50%
of the initial foam disappears after 1 day when C;gEO¢ + sugar is used
for its preparation. Foam half-life time for Tween 60 + sugar is ~ 3 days.

The stability of foams containing oil-soluble surfactants is much
better as compared to that of water-soluble surfactants with and without
sugar. For foams stabilized by Span 60 (without sugar) the destabiliza-
tion starts with water drainage and some increase in bubble size,
whereas for C1gEO stabilized foams first significant increase in the

11

bubble size is observed and afterwards the water drainage takes place.
When sugar is added to these solutions the foams formed by Span
60 + sugar remain visually stable for 10 days, whereas significant in-
crease in bubble size is observed for foams stabilized by C;gEO5 + sugar,
see Fig. 12. The better stabilization of foams formed from oil-soluble
surfactants is related to higher viscosity of the dispersion (see Fig. 3),
but as can be seen from the results obtained with water-soluble surfac-
tants in presence of sugar the increase of the viscosity is not enough to
ensure good stabilization. The decreased rate of Ostwald ripening is
related to much higher difference in the surface tension of shrinking and
expanding bubbles which leads to lower driving force for gas transfer
from smaller to bigger bubbles. Similar effects were reported for saponin
stabilized foams where the difference in the surface tensions of
expanding and shrinking bubbles lead to a significant deceleration of the
bubble Ostwald ripening [16]. The good correlation between the
measured surface stresses in the Langmuir trough and the foam stability
upon storage (see Fig. 8 and Table 2) is seen. This difference is higher for
Span 60 stabilized foams as compared to C;gEO5 and as consequence the
former foams are more stable.

5.1.2. Foam rheology

After preparing the foams we tried to determine their rheological
response under oscillatory deformations and steady shear. The foams
formed from water-soluble surfactants without sugar contained large
bubbles and the water drained from these foams very quickly. After the
initial fast water drainage, the Ostwald ripening accelerated and the
bubbles increased their size even further, due to the increased air vol-
ume fraction and the increased area of the foam films between the
neighboring bubbles. Therefore, we could not characterize the
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rheological properties of these foams. The foam formed from Span 60
dispersion without sugar also suffered from fast water drainage and we
could not characterize their rheological properties. The foams from
C1g8EO; dispersions remained stable and we were able to characterize
their behavior with and without sucrose present. These are the results
presented and discussed below.

The results from the amplitude sweep experiments, Fig. 13A, show
that the foam formed from water dispersion has the typical “type III”
response (G’ decreases and G” passes through a maximum as a function
of the oscillation amplitude), whereas the foam formed from sucrose
solutions has “type I” response with strain thinning [54]. It is known that
type III behavior is typical for hard gels, laponite dispersions, and
concentrated foams and emulsions [54-58]. Type I behavior is typical
for melt gels and the origin of strain thinning is similar to the origin of
shear thinning in the steady-shear experiments [54]. The difference in
the rheological response of foams formed with and without sugar is
caused by the different air volume fractions in these two foams (80% for
sugar containing foam and 90% for foams without sugar). The lower air
volume fraction in sugar containing foams is responsible for the strain
thinning behavior, whereas the higher air volume fraction in sugar
deprived foams leads to the type IIl behavior. Higher air volume fraction
in foams without sugar leads to friction between the bubbles during
oscillations, whereas the low air volume fraction in sugar containing
foams leads to much smaller films between bubbles and main friction is
in the continuous phase not between bubbles, which leads to their
different rheological response.

At low values of the strain amplitude, y,, in the plateau region, both
moduli do not change significantly with the increase of ys. Both the
elastic and the viscous moduli are higher for sucrose containing foam
when compared to those without sucrose. It is well known from the
literature [59,60] that the elastic modulus depends on the surface ten-
sion and bubble size. To account for this effect, the data were replotted
by scaling them with the values predicted by Princen & Kiss [59]:
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Where G, is the modulus, @ is the air volume fraction, ¢ is the surface
tension, and Rgy is the mean bubble radius. In this way, any deviation of
the data from unity indicates atypical rheological behavior of the foam,
due to other factors beside the equilibrium surface tension and bubble
size. We tried to use for this analysis also the equation proposed by
Mason et al. [60], but the obtained results were better described by
Princen’s equation, probably because the studied foams were
polydisperse.

To scale the measured moduli a value for the surface tension of the
bubbles is needed. As shown in Section 3, the surface tension measured
with these systems depends strongly on the pre-history of the formed
adsorption layers. For the system C1gEO2 + sucrose, the surface tension
of 41 mN/m with the pendant drop method is measured, while in the
Langmuir trough, the value of ~ 10 mN/m for compressed layer, and
~ 20 mN/m for same compressed layer after relaxation of 30 min is
measured. These three very different values of surface tension corre-
spond to very different adsorption layers — spontaneously formed, highly
compressed and relaxed after compression. In the foaming experiments,
the bubble surfaces are exposed to multiple compressions and expan-
sions during foaming and the adsorption layers are expected to be
compressed on the bubble surfaces immediately after stopping the foam
agitation. On the other hand, the adsorption layers have time to relax
after foam generation and, therefore, we used the value of the surface
tension after relaxation to scale the data by Eq. (3). The scaled foam
moduli are shown as a function of the strain amplitude in Fig. 10B. One
sees that after such scaling, the data for the storage modulus at small
oscillations becomes very close to the moduli predicted by Princen &
Kiss [59], for foam generated from water dispersion. In contrast, the
scaled modulus for foams formed with sucrose is by 40% higher than the
value predicted by Eq. (3). The latter results are related to the higher
surface elasticity measured with C;gEO; layers in the presence of su-
crose, see Fig. 6 above. Similar effect was observed previously for the
rheological properties of saponin-stabilized emulsions with high surface
elasticity [61].

Even after scaling, the loss modulus for foams prepared from sucrose
containing dispersion is ~ 4 times higher, as compared to the loss
modulus of foam generated from water dispersion. This significant
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Fig. 13. Storage and scaled storage moduli (full symbols) and loss and scaled loss moduli (empty symbols) as functions of: (A, B) strain amplitude and (C, D)
frequency of oscillation for foams prepared from C;gEO, dispersions in water (blue squares) or in sucrose solution (red circles). Surfactant level is 2 wt%. Strain
amplitude, y,, is defined as maximal strain applied during oscillations at fixed frequency.
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difference in the loss moduli is, at least partially, related to the higher
viscosity of the continuous phase containing sugar which leads to higher
dissipation of energy upon deformation. For both foams, the strain
amplitude at which the viscous and loss moduli become equal is ~ 50%.

The experimental results for the elastic and loss moduli as functions
of oscillation frequency are shown in Fig. 13C. The scaled data are
shown in Fig. 13D. It is seen that the elastic moduli for foams formed
with and without sugar are very close to each other after scaling, but the
loss moduli for foams prepared with sucrose remain higher, which
means that the dissipation is more intensive in these foams. For both
type of foams the determined values of G” ~ %, which is in a good
agreement with previous results reported in literature [62-66].

In the next series of experiments the rheological response of these
foams upon steady shear deformation is described, see Fig. 14. The
measured stress for sucrose-containing foams is much higher as
compared to that for foams prepared with water dispersion. This dif-
ference is mainly due to the smaller bubble size and the higher viscosity
of the continuous phase in the presence of sucrose.

From the best fit to the experimental data by the Herschel-Bulkley
equation, the yield stress, 7¢, of the formed foams is determined, which is
43 Pa for foams formed in the presence of sucrose and 12 Pa for foams
without sucrose. After accounting for the different bubble sizes and
surface tensions, the dimensionless yield stress (zpp= 7oR32/0relax) Was
0.0158 for the sucrose-containing foam and 0.032 for the foam without
sucrose. Note that the latter value is very close to the value of 0.033,
predicted by Princen & Kiss [59]. This comparison shows that the higher
yield stress of the sucrose containing foams is certainly related to the
10-times smaller bubbles in them, whereas the higher dimensionless
yield stress for foams without sucrose is explained by the higher air
volume fraction in them.

6. Main results and conclusions

The systematic series of experiments with two water-soluble (Brij
S20 and Tween 60) and two oil-soluble (Brij72 and Span 60) surfactants
are performed in the presence and in the absence of 63 wt% sucrose in
the aqueous phase. The most important results are summarized below:

e The oil-soluble surfactants can be used for preparation of foams with
very small bubbles. The formed foams show higher stability against
water drainage, Ostwald ripening and coalescence as compared to
the foams stabilized by water-soluble surfactants. The bubble size
decreases and the foam stability is further enhanced when sugar is
added into the surfactant solutions.

The smaller bubbles in the foams formed from oil-soluble surfactants
is related to the higher surface elasticity and the higher bulk viscosity
of these solutions. The better stabilization against water drainage is
related to the presence of multilamellar vesicles which increase the
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Fig. 14. Shear stress as a function of the shear rate for foams prepared from
C18EO, dispersions in water (blue squares) or in sucrose solution (red circles).
Surfactant level is 2 wt%.
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solution viscosity and to the viscoelastic adsorption layers formed
with the oil-soluble surfactants. The slower rate of Ostwald ripening
is explained with the large difference in the surface tension of the
shrinking and expanding bubbles, which minimizes the driving force
for gas transfer between the bubbles.
The foams formed from 2 wt% Span 60 + 63 wt% sugar remain
stable at 25 °C for more than 10 days, with bubble diameter below
10 pm.
The rate of foaming is faster when water-soluble surfactants are used
due to their fast adsorption on the bubble surface as compared to the
oil-soluble surfactants. However, the formed foams contain larger
bubbles and suffer from water drainage and bubble Ostwald
ripening, due to the fast exchange of surfactant molecules between
the bubble surface and the adjacent solution.

e The presence of sucrose strongly affects the foamability, foam sta-
bility and foam rheological properties for all systems studied. Foams
containing 10 times smaller bubbles, with reduced air volume frac-
tion (from 90% down to 80%), higher stability, higher storage and
loss moduli, higher yield stress and higher viscous stress are formed
in the presence of sucrose. The smaller bubbles and the lower air
volume fraction in the presence of sucrose are explained by the
higher viscosity of the foaming solutions.

The overall conclusion from this work is that the oil-soluble surfac-
tants can be used to prepare the foams with small bubbles which remain
stable at room temperature for more than 10 days. So far in the literature
it is known that the foams with such prolonged stability can be formed
when hydrophobins [30,31], particles [16,17] or sucrose monostearin
[28] are used. In the current study it was shown that oil soluble sur-
factants with 16 C-atom in their chain can be used as efficient foam
stabilizer. This is attributed to their ability to decelerate the rate of
Ostwald ripening by decreasing the driving force ensuring different
surface tensions for shrinking and expanding bubbles and decreasing the
permeability of gas molecules through the adsorption layer formed on
bubble surfaces. In addition, it was shown that sugar can affect both the
surface properties and the foam behavior and, therefore, it can be used
as an active ingredient for modifying the properties of sweet foamy food
products in a desired way.

The stable foams formed at high sugar concentration investigated in
the current study can be transported at room temperature and diluted on
site to obtain a confectionary product with desired sugar and bubble
concentration. Possible directions for future work are (1) to compare the
effect of hydrophobic chain length, hydrophilic head group and tem-
perature on the foamability and stability of formed foams at high sugar
concentration and (2) to determine the effect of sugar concentration on
the properties of formed foams.
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