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A B S T R A C T

Oil foams are emerging as a promising, versatile system in food, cosmetic and pharmaceutical applications. 
Existing solutions depend on the addition of particles or surfactant crystallization; however, these approaches 
often require complex processing steps, introduce solid residues that may affect texture, and rely on kinetically 
trapped interfacial structures that limit reversibility under ambient conditions. Here, we examine the foamability 
and stability of food-grade, soybean lecithin in oil of different surface tension. We found that edible oil foams can 
be formed at room temperature only in long-chain triglyceride oils. By combining microscopy, X-ray techniques, 
and interfacial rheology, we show that the stabilization arises from the formation of inverse lipid bilayers at the 
air-oil surface, leading to increased surface elastic modulus and dense thin-films that protect the gas bubbles. We 
also discovered that different self-assembled structures are formed in different oils. These findings uncover a 
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molecular mechanism for non-aqueous foam stabilization under ambient conditions and establish design prin
ciples for surfactant-stabilized oil foams, without particle additives or crystallization.

1. Introduction

As global obesity levels are on the rise [1,2], the need for formulating 
food with an enhanced nutritional profile is in high demand from con
sumers and governmental agencies. Reducing the fat content by using 
fat replacers has been a well-established strategy in the food industry, 
towards providing nutritionally improved food options [3]. However, 
solid fats play key roles in shaping the sensory experience as they 
enhance flavor, mouthfeel, and aroma [4,5]. Oil foams offer a promising 
alternative to solid fats, by lowering the fat content while enhancing 
texture and sensory appeal [6–8]. Incorporating gas bubbles into oils has 
been patented as a method to partially replace fat in foods such as 
sponge cakes, biscuits, and laminated pastries [9–11].

In comparison to aqueous systems, formulating stable oil-based 
foams with surfactants is inherently challenging due to the low air-oil 
surface tension γa/o of most oils (typically γa/o ≤ 35 mN/m) and the 
lack of hydrophobic forces which drive surfactant adsorption at the air- 
water surface [12–16]. Historically, fluorocarbon-based surfactants 
were the most commonly used surfactant family for generating and 
stabilizing non-aqueous foams. Their effectiveness arises from the 
intrinsically low surface energy of fluorocarbon chains, allowing them to 
adsorb more strongly at the oil-air surface and reduce surface tension 
more effectively than hydrocarbon surfactants [17,18]. However, these 
surfactants are harmful and therefore unsuitable for food applications. 
In terms of food-grade solutions, two alternatives were recently identi
fied for oils: crystalline surfactant particles [19,20] and hydroxyl-rich 
surfactants (e.g., sorbitan esters [21], sucrose esters [22], and citric 
acid esters [23]). The hydrophilic groups of hydroxyl-rich surfactants 
can form hydrogen bonds with triglycerides in the oil phase forming 
complexes which are thought to lead to oil foam stabilization [21,22]. In 
contrast, crystalline particles are present at the bubble surfaces and in 
the continuous phase, leading to efficient oil foam stabilization 
[12,19,24,25]. However, both of these strategies are limited by the fact 
that oil foam formation only occurs above the melting point of the 
surfactant leading to temperature-dependent foam stability [19]. At 
present, no edible surfactants are known to produce oil foam at room 
temperature without heating or the use of solid particles, nor has a 
complete understanding of foamability and foam stability in such sys
tems been established.

Herein, we demonstrate crystal-free oil foam stabilization at room 
temperature, using commercial, food-grade, fluid soybean lecithin (FSL) 
as a model hydrocarbon surfactant. We investigated the foamability and 
foam stability in three different oils: hexadecane as a model linear hy
drocarbon oil, medium-chain triglyceride (MCT) oil, and sunflower oil 
(SFO) as a long-chain triglyceride oil. To unravel the stabilization 
mechanisms, we used a multi-scale approach encompassing the bulk 
phase, foam structure, bubbles, thin-films, and the air-oil surface. This 
study reveals for the first time the mechanisms of oil foam stabilization 
by hydrocarbon-based surfactants. These insights enhance the potential 
of using oil foams in food but also in the pharmaceutical and cosmetic 
industries.

2. Experimental section

2.1. Chemicals

FSL is a non-defatted lecithin (commercial grade, 42.7% phospho
lipids) was provided by Oleon Innovation (R&D), France (LECICO F 600 
IPM, batch number 0.16–01–22-0007) and used as received. FSL is a 
group of phospholipids mainly consisting of phosphatidylcholine (PC), 
phosphatidylinositol (PI), phosphatidylethanolamine (PE) and 

phosphatidic acid (PA) purified from soybeans. According to the sup
plier, the phospholipids were 12.6% PC, 11.4% PI, 6.8% PE, 5.6% PA 
and 6.3% of other phospholipids. The fatty acid composition present in 
the hydrophobic tails of FSL was approximately 62% linoleic acid 
(C18:2), 15% palmitic acid (C16:0), 12% oleic acid (C18:1), 5% lino
lenic acid (C18:3) and 3% stearic acid (C18:0). The exact composition 
and quality specifications are presented in Tables S1-S2, respectively.

Sunflower oil (Cora, France), extra virgin olive oil (Cora, France), 
virgin sesame oil (Bio Cauvin, France) and linseed oil (Bio Cauvin, 
France) were purchased from a local store. The MCT oil was provided by 
BASF (Myritol 318®). Hexadecane was purchased from Sigma-Aldrich, 
France (99% purity). All chemicals were used and stored at room 
temperature.

2.2. Sample preparation

A series of FSL solutions (0.01–10.0 wt%) in hexadecane, MCT or 
sunflower oil was prepared by mixing the surfactant and oil phase at 
700 rpm at 23 ◦C overnight. The solutions were stored at room 
temperature.

2.3. Oil foam preparation and characterization

The foamability of FSL in different oil phases was examined at con
centrations ranging from 0.1 to 10.0 wt%. The foam was produced using 
an overhead stirrer type BS (Velp® Scientifica, Italy) with a milk frother 
extension connected to it (Fig. S1, Supplementary Material). 10 g of 
the samples were placed in glass vials (5.7 cm height and 3.4 cm 
diameter) and frothed for 3 min at room temperature. Photographs were 
collected before frothing, right after frothing and at regular intervals. 
From the photographs, the foam height was measured using the ImageJ 
software (version 1.47) and the overrun was calculated according to Eq. 
(1): 

overrun (%) =
Vt − V0

V0
⋅100 (1) 

Where V0 is the initial volume of the mixture and Vt is the total 
volume after foaming.

After formation, the fresh foams were stored at room temperature. 
The stability of the foams was monitored over time by measuring the 
evolution of the foam volume, the volume of drained oil and the average 
bubble size with storage time.

2.4. Optical microscopy

Bulk FSL in oil solutions and the morphology of air bubbles within 
foams were analyzed using a Zeiss Axioscope 5 optical microscope with 
an Axiocam 208 camera (Zeiss, Germany), cross polarized light, and a 
temperature-controlled plate (Linkam, model LTS120) connected to a 
water circulation pump. The foam samples were transferred to the 
center of a glass slide by using a spatula and then gently covered with a 
coverslip. Images of individual bubbles were captured to observe 
structural characteristics including bubble size and distribution. The 
dimensions of about 100 bubbles from a minimum of 10 images were 
quantified using the ImageJ software (version 1.47).

2.5. Bulk characterization

The experimental details of differential scanning calorimetry, Karl- 
Fischer titration, and bulk viscosity are given in Supplementary 
Notes S1.1 – S1.3.
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2.5.1. Small and wide-angle X-ray scattering
Small and wide-angle X-ray scattering measurements were per

formed at the French national synchrotron facility (Soleil, Saint-Aubin) 
on the SWING beamline. The experiments were performed at a 6038 mm 
sample-to-detector distance and wavelength λ of 1.02 Å to access a Q- 
range of 0.018 Å− 1 to 2.534 Å− 1, where Q is the magnitude of the 
scattering vector. The samples were loaded into quartz capillaries (op
tical path 1.5 mm, WJM-Glas/Müller, Germany) and placed on the 
sample changer and measured 10 times for 15 ms. The scattering from 
the empty cell and empty beam were removed from the raw data using 
the FoxTrot software, version 3.5. The data were fitted using the SAS
view software. More information on the models used for each sample 
can be found in Supplementary Note S2.1.

2.6. Surface characterization

2.6.1. Surface tension
The air-oil surface tension was measured using an automated surface 

tension plate reader, Kibron Delta-8 (Kibron, Finland) with DyneProbes. 
A volume of 50 μL of dispersion was placed on the 96-hole platform. The 
calibration was performed by filling the first row of the platform with 
milli-Q water at room temperature, in accordance with the user manual. 
Measurements of the samples were performed in triplicates after a 
waiting time of 10 min to ensure equilibrium at the air–oil surface. To 
ensure no oil remained on the DyneProbes, we rinsed them with ethanol, 
then immersed them in acetone, and sonicated them for 10 min. Lastly, 
the needles were dried with pressurized air.

2.6.2. Interfacial rheometry
The interfacial viscoelasticity at the air-oil surface was measured 

with an oscillatory rising bubble tensiometer (Tracker Teclis-IT Concept, 
France) through the oscillating pendant drop method [26]. We used a 
glass syringe (Hamilton™ 1000-series, USA) with a metallic needle 
connected to it (point style 3, 22 Ga, 0.718 mm external diameter). The 
oil droplet was pendant from the needle and was oscillated at a fre
quency of 0.1 Hz for a minimum of 10 min. The measured tension 
response was fitted with a linear viscoelastic model, and Fourier analysis 
was performed through the built-in software, calculating the amplitude 
and phase shift. From that the interfacial elastic and viscous moduli 
were extracted. The measurements were repeated a minimum of 3 times, 
and the standard deviation was calculated.

2.6.3. X-ray reflectometry
XRR measurements were performed using a D8 Advance reflectom

eter (Bruker AXS, Karlsruhe, Germany) as described in Ref. [27]. A 
sample volume was placed in a 60 × 40 ×2 mm Teflon trough (Kibron, 
Finland) and reflectivity curves were measured in the θ–2θ geometry 
where θ is the incident angle. The angular reflectivity scans were 
transformed into reflectivity curves as a function of the perpendicular 
scattering vector component, Qz = (4π/λ)sin(θ). Further experimental 
details are presented in the Supplementary Note S1.4. The details 
regarding the data analysis are given in Supplementary Note S2.2.

2.6.4. Grazing-incidence X-ray scattering
The experiments were carried out at the beamline P08 [28,29] at the 

storage ring PETRA III of the Deutsches Elektronen-Synchrotron (DESY, 
Hamburg, Germany). We used a modified Microtrough G4 (Kibron Inc., 
Finland) with dimensions 350 × 155 × 5 mm, and added 2 glass plates 
which reduced the required sample volume from 280 mL to 80 mL. The 
following descriptions are partially reproduced from references [30, 
31]. The oil-filled Teflon trough was placed in a hermetically sealed 
helium-filled container with Kapton windows, and the temperature was 
kept at 20 ◦C with the help of a thermostat. The X-ray beam was mon
ochromatized to a photon energy of 15 keV, corresponding to a wave
length of λ = 0.826 Å. The incident angle was αi = 0.07◦, about 85% of 
the critical angle of total reflection αc ≈ 0.082◦ of the air-oil surface. 

Further experimental details are given in Supplementary Notes 
S1.5–S1.7. The data analysis is given in Supplementary Note S2.3.

2.6.5. Thin-film microscopy
The apparatus of this technique was adapted from Refs. [32, 33], 

where a freely suspended liquid film was created and held horizontally 
within a hole drilled through a solid support. The solid support is a 
porous glass frit filled with the foaming solution, thus mimicking the 
meniscus (Plateau borders) around a film in a real foam. Here, the 
diameter of the hole is 1.2 mm; this length thus corresponds to the 
diameter of a bubble face. Videos of the thin-films were recorded using a 
standard optical microscope from Olympus under reflected light. For 
each sample, a minimum of 10 thin-films were formed and examined. 
Further experimental details are given in Supplementary Note 1.8.

3. Results

3.1. Oil foam formation and stability for oil of different surface tension

We studied three model oils exhibiting different air-oil surface ten
sions with a fixed concentration of 5.0 wt% FSL (Table S3, Supple
mentary Material). We chose hexadecane as a low surface tension oil 
(γa/o ≈ 27.5 mN/m), MCT (containing C6-C10 chains) with an interme
diate surface tension oil (γa/o ≈ 29.7 mN/m), and SFO (containing 
mainly C18 chains) as a high surface tension oil (γa/o ≈ 32.5 mN/m). The 
FSL was effectively dispersed in all oils after stirring overnight at room 
temperature, showing no crystal formation as observed by optical cross- 
polarized light (CPL) microscopy (Fig. S2, Supplementary Material). 
Subsequently, we tested foam formation by frothing at room tempera
ture. Hexadecane showed no foam formation while MCT produced only 
a thin foam layer. On the contrary, SFO generated a high amount of foam 
(Fig. 1.a-c). Foam formation was also observed for other long-chain 
triglyceride oils of similar surface tension to SFO: linseed, sesame and 
olive oils (Fig. S4, Supplementary Material).

We varied the FSL concentration from 0.1 wt% to 10.0 wt% to 
determine the correlation between concentration and foam properties in 
SFO. No crystal formation was detected at high FSL concentration using 
CPL microscopy (Fig. S3, Supplementary Material). We then moni
tored the overrun (see Eq. (3)), foam volume, bubble size and bubble 
shape over time. At 0.1 wt%, no foam was observed, while at 0.5 wt% 
only a few bubbles were stabilized (Fig. 2.a). The overrun increased with 
FSL concentration from 54% ± 2% at 1.0 wt% to 142% ± 3% at 10.0 wt 
% (Fig. S5, Supplementary Material). Similar overruns were obtained 
regardless of the long-chain triglyceride oil used (Table S4, Supple
mentary Material). The CPL microscope images of the foams are shown 
in Fig. 2.b, where spherical bubbles with smooth surfaces were visible 
irrespective of FSL concentration. This indicates that these oil foams are 
stabilized by surfactant molecules, in contrast to surfactant-crystal sta
bilized bubbles where non-spherical bubbles are present [19]. There was 
a gradual decrease in bubble diameter with FSL concentration, as more 
surfactant molecules were available for bubble stabilization (Fig. S6, 
Supplementary Material).

Foam stability over time was monitored at room temperature for FSL 
foams in SFO ranging from 1.0 to 10.0 wt% (Fig. 3). Initially, all oil 
foams were relatively wet, with an air fraction below 0.6, resembling a 
bubbly oil phase rather than closely packed bubbles. During the first few 
minutes, oil drainage dominated, increasing the air fraction and tran
sitioning into the “foam regime,” characterized by thin liquid films be
tween the bubbles [34]. At 1.0 wt%, drainage was rapid: Foam volume 
declined sharply within 15 min, leaving only a thin layer after 3 h. 
Increasing FSL concentration reduced drainage significantly: At 10.0 wt 
%, minimal drainage occurred within 15 min, and substantial foam 
persisted after 3 h. The foam drained without coalescence during the 
first hours, then gradually reduced in volume after 24 h, remaining 
stable for 1–2 days. Similar stability trends were observed for other high 
surface tension vegetable oils. (Fig. S7, Supplementary Material).
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3.2. Fluid soybean lecithin behavior in bulk oil

To investigate the self-assembled structure of FSL in the bulk, we 
collected small angle X-ray scattering (SAXS) diffractograms at various 
FSL concentrations (Fig. 4). Already at low concentrations (0.05 wt%), 
we observed an increase in scattering intensity at low scattering vector 
magnitudes Q for each oil indicating the formation of self-assembled 
structures [35]. When dividing each scattering curve by the respective 
FSL concentration, we obtained the same scattering profile (Fig. S8, 
Supplementary Material), indicating that the same structures are 
maintained irrespective of FLS concentration. We fitted all the SAXS 
curves at 1 wt% with the sphere model, demonstrating the presence of 
reverse micelles of different radii: 2.6 nm in hexadecane, 1.8 nm in MCT, 
and 2.1 nm in SFO (Fig. S9.a-b, Supplementary Material). A slightly 

different morphology was observed for SFO with 7.0 wt% FSL, for which 
the curves were better fitted with the prolate ellipsoid model with a 2.1 
nm and 1.6 nm polar and equatorial radii, respectively (Fig. S9.c, 
Supplementary Material). A structure factor S(Q) was required to fit 
the characteristic inter-particle correlation features of the curve. This 
observation is in agreement with the literature reporting similar elon
gated reverse micelles of FSL in rapeseed oil [36]. Water was present 
inside the reverse micelles [37] since all FSL/oil samples contained 
water (less than 0.1 wt%), as determined from Karl-Fisher titration 
(Table S5, Supplementary Material). The water comes from FSL (0.5 
wt% water), which can be attributed to the hygroscopic nature of 
phospholipids present, such as phosphatidylcholine (Tables S1–S2, 
Supplementary Material). Moreover, for SFO, we observed a weak 
diffraction peak at Q = 0.125 Å− 1 (corresponding to a periodic length of 

Fig. 1. Photographs showing the FSL samples before and after frothing for (a) hexadecane, (b) MCT oil, and (c) sunflower oil.

Fig. 2. (a) Photographs showing the samples before and immediately after frothing. (b) Optical cross-polarized light (CPL) microscopy images of oil foams right after 
frothing. Large, highly polydisperse, spherical bubbles were observed at 1.0 wt% with bubble diameters of around 121 ± 74 μm. By increasing the FSL concentration 
to 10.0 wt% the bubble diameter decreased to 70 ± 20 μm and the bubbles remained spherical in shape. All images share the same scale bar.
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~5.0 nm), which seems to originate from lamellar structures formed by 
a small amount of undissolved FSL [36]. Here, we restrict our analysis to 
a qualitative identification of the lamellar phase. Indeed, it is important 
to notice that the fits from the sphere model do not fully reproduce the 
experimental curves, likely due to the intrinsic complexity of the system, 
as FSL is a mixture of phospholipids and sunflower oil a mixture of tri
glycerides. As a result, any quantitative decomposition of the scattering 
signal into micellar and lamellar contributions remains strongly model- 
dependent.

Wide-angle X-ray scattering (WAXS) (Fig. S10, Supplementary 
Material) was used to examine the small-scale structure in bulk. The 
broad peak observed at Q = 1.38–1.39 Å− 1 for all three oils originates 
from a generic structural correlation of liquid hydrocarbon chains. The 
additional broad peaks observed at Q = 0.28 Å− 1 for SFO and at Q =
0.37 Å− 1 for MCT originate from the structural correlation between the 
polar groups of these two oils [38]. The addition of FSL introduces no 
new peaks, indicating the absence of small-scale crystallinity, consistent 

with CPL microscopy and DSC (Fig. S2 and Fig. S11, Supplementary 
Material)17–19.

Next, we examined the bulk viscosity, which is another important 
parameter relevant to foam formation and stability (Table S6, Sup
plementary Material). In the case of FSL in SFO, we observed strong 
shear thinning behavior, in line with the presence of elongated micelles 
in bulk at high FSL concentrations. The addition of FSL in SFO led to a 
viscosity increase by approximately 160% at a shear rate of 1 s− 1. At low 
shear rates, a high bulk viscosity is known to enhance foam stability by 
slowing down liquid drainage, which explains the reduced oil drainage 
observed in foams with high FSL concentrations (Fig. 3). No shear 
thinning was observed for FLS in MCT and hexadecane (Fig. S12, 
Supplementary Material). In terms of foaming, it is known that low- 
viscosity media promote mixing and incorporation of air. Hexadecane 
and MCT exhibited lower viscosities at a shear rate of 100 s− 1 (i.e., rate 
similar to that during foam formation) compared to SFO (Table S6, 
Supplementary Material). Despite having lower viscosity than SFO, 
hexadecane and MCT showed little foaming, suggesting viscosity alone 
does not govern foamability.

3.3. Surface characterization of FSL at model air-oil surface

The above bulk characterization revealed the presence of self- 
assemblies and water in the bulk but could not explain why foam for
mation was observed only in SFO. Therefore, we continued by exploring 
the surface properties of FSL at model air-oil surfaces, starting with the 
air-oil surface tension γa/o at different FSL concentrations. For hex
adecane and MCT, γa/o remained equal to the value of the pure oils 
across all FSL concentrations (Fig. S13.a-b, Supplementary Material). 
However, for SFO, a slight decrease in γa/o from 32.7 mN/m to 31.5 mN/ 
m was observed when the FSL concentration was above 0.5 wt% 
(Fig. S13.c, Supplementary Material). FSL lowered γa/o only in long- 
chain triglyceride oils with the highest air–oil surface tension 
(Fig. S13.d-f, Supplementary Material). Interfacial dilatational 
rheology was used to assess the viscoelasticity of the surface layers. For 
FSL in hexadecane, the elastic modulus E' was extremely low (~0.3 mN/ 
m), while a slightly higher elastic modulus was obtained in MCT (~7.8 
mN/m). A very high interfacial elastic modulus was obtained for FSL in 
SFO (~61.7 mN/m), indicating a mechanically strong and cohesive 
layer adsorbed at the air-oil surface.

We then used X-ray reflectometry (XRR) to determine the structure 
of layers adsorbed at the air–oil surface, as this technique reveals the 
interfacial electron density profile ρe(z), where z is the direction 
perpendicular to the surface. The XRR curves were analyzed on the basis 
of slab models (see Supplementary Note S2) that comprise stratified 
layers of lipid hydrocarbon chains (HC), lipid headgroups (HG) and 
water (W) with adjustable thicknesses d, and adjustable electron 

Fig. 3. Photographs showing the samples after frothing as a function of time 
and FSL concentration.

Fig. 4. SAXS curves of FSL dissolved at different concentrations in: (a) hexadecane, (b) MCT oil and (c) SFO. Reverse micelles are illustrated by schematics for all oil 
phases, while in the case of FSL in SFO elongated reverse micelles are illustrated at the top, in accordance with the fittings.
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densities ρe. For all well-defined layers we obtained thicknesses of dHC =

1.6 ± 0.2 nm, dHG = 1.0 ± 0.3 nm and dW = 0.3 ± 0.1 nm, in agreement 
with the literature on single and interacting phospholipid layers 
[27,39–41].

The XRR curve for air-hexadecane containing FSL was best fitted 
with a model consisting of a single inverse bilayer (IBL) (Fig. 5.a). The 
outermost monolayer exhibited the lowest electron density, indicating 
low lateral molecular packing at the surface. In contrast, the inner layer 
showed a higher electron density, suggesting a more tightly packed and 
organized structure. This gradient in electron density reflects differences 
in molecular arrangement across the IBL, with the inner layer contrib
uting more strongly to interfacial cohesion and stability. This structure 
of a fluid layer, loosely packed and lacking mechanical cohesion, is 
consistent with the extremely low elastic modulus. The XRR curve for 
air-MCT was fitted well using the same model of a single IBL (Fig. 5.b). 
Also in this case, the inner layer exhibits denser lipid packing than the 
outer one. The overall electron density at the surface is higher than that 
observed in hexadecane, indicating a more compact and structured lipid 
arrangement at the air-MCT interface, again in accordance with a 
moderate elastic modulus. The same single IBL model did not fit the XRR 
curve from the air-SFO surface (Fig. 5.c, dashed black line). Instead, a 
double IBL fitting model was required (Fig. 5.c, red line). This dense 
double IBL structure explains why the surface elastic modulus is much 
higher for FSL in SFO in comparison to the other oils. The exact thick
ness, density, and roughness parameters for each curve are reported in 
Table S7–9, Supplementary Material.

To determine the elemental composition at the air-oil surface, we 
performed synchrotron-based total-reflection X-ray fluorescence (TRXF) 
spectroscopy (Notes S1, and Note S2.3, Supplementary Material). In 
all oils, phosphorus was found to be enriched in the immediate vicinity 

of the surface, thus confirming the surface activity of FSL which carries a 
phosphorus atom in its headgroup. Specifically, the surface excess of 
phosphorus was 4.3 nm- 2 for hexadecane, 5.4 nm− 2 for MCT, and 6.5 
nm− 2 for SFO. When assuming a phosphorus density of 2 nm− 2 in a 
phospholipid monolayer with a typical [42] area per lipid of 0.5 nm2, 
then the obtained values roughly correspond to two monolayers (hex
adecane), two and a half monolayers (MCT) and three monolayers 
(SFO). This is in line with the architecture revealed by XRR when ac
counting for the presence of some additional unstructured FSL near the 
surface of MCT and for the more loosely packed nature of the secondary 
IBL for SFO. Additionally, the spectra revealed an enrichment of 
monovalent and divalent cations near the surface [43], as seen for 
example from the increased intensity of the emission lines of K+ and 
Ca2+ (Na+ cannot be seen with TRXF). This observation suggests that the 
surface-adsorbed FSL layers are hydrated and loaded with counterions, 
compensating for the negatively charged lipid species present in FSL 
samples (Fig. S14, Supplementary Material).

Grazing-incidence small-angle and X-ray diffraction (GISAXS/GIXD) 
were employed to probe structural correlations in the interfacial region. 
Under total external reflection, the X-ray penetration depth is limited to 
~10 nm, sampling only the near-surface layer. The GISAXS/GIXD pat
terns show all correlation peaks observed in SAXS/WAXS data from pure 
oils and FSL-containing samples (Fig. S15–S16, Supplementary Ma
terial). The corresponding peak positions agree within experimental 
uncertainty, and the GISAXS/GIXD peaks appear as Scherrer rings, 
indicating isotropic, undeformed structures. Thus, aside from the well- 
defined interfacial FSL layers revealed by XRR, the oil near the surface 
largely retains its bulk characteristics. It should be noted that our XRR- 
based observations of one or more IBL formed at the surface together 
with GISAXS and GIXD features that are consistent with SAXS can be 

Fig. 5. (top row) X-ray reflectivity curves expressed as Porod-scaled reflectivity R(qz)*qz
4 in a double-logarithmic representation of (a) air-hexadecane, (b) air-MCT 

and (c) air-SFO surfaces. In the case of hexadecane and MCT, a single IBL fit (black line) describes the data well. In the case of SFO, the single IBL fit (black line) does 
not describe the data while a double IBL fit (red line) describes the data sufficiently. In all cases, the FSL concentration was 5.0 wt% (bottom row). Reconstructed 
electron density profiles ρe (z) with respect to the direction perpendicular to the surface z, together with illustrations of the associated interfacial arrangements of 
FSL. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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considered robust and do not rely on any knowledge or assumptions 
about the interaction between reverse micelles and interfacial layers. 
Quantitative modelling of the GISAXS data of surfactant-loaded air/oil 
interfaces, as was previously done in the framework of the distorted- 
wave Born approximation (DWBA) [44], for example for solid- 
supported lipid bilayers [45] and surface-adsorbed nanoparticles [46], 
might help elucidating the interaction between reverse micelles and 
interfacial layers in the future.

Furthermore, there are two important phenomena that are only 
observed with SFO (oil with the highest surface tension): (1) Lecithin 
forms more than one IBL at the air/oil surface, as evidenced by XRR, and 
(2) lecithin forms small amounts of lamellar structures in bulk oil in 
addition to reverse micelles, as evidenced by the Bragg peak in the SAXS 
curve. We propose that both phenomena may be attributed to the same 
mechanism based on the comparatively high surface tension of SFO. 
According to Antonov's rule[47], the interfacial tension γ1,2 between two 
media can be approximated as the difference between their surface 
tensions in air, γ1 and γ2: γ1,2 = |γ2 − γ1|. Next, we assume that one 
medium is the oil, while the other is the FSL layer ensemble. The latter 
can be treated as a distinct medium because the amphiphilic nature of 
FSL renders it immiscible with oil. We note that the interface between 
the FSL medium and either air or oil will always be formed by the hy
drophobic tails. This follows from the ILB architecture observed at the 
air/oil surface and is also consistent with free-energy considerations. 
Since the chemistry of the lecithin tails is essentially that of pure alkane 
oil, we may therefore approximate as γfsl/oil ≈ γair/oil − γair/alkane. Based 
on these considerations, we conclude that a significant interfacial ten
sion can exist between the FSL layers and the surrounding oil, and that 
this tension is substantially higher for SFO (γfsl/oil ≈ 5 mN/m) than for 
the other two oil types investigated (γfsl/oil < 1 mN/m). With this notion 
in mind, it is straightforward to understand why individual IBLs tend to 
aggregate in SFO to form multilamellar structures: in doing so, the 
extent of the free-energetically unfavorable oil/FSL interface is 

minimized.

3.4. Oil foam stabilization mechanism: Thin-film characterization

To elucidate the mechanisms responsible for bubble stabilization, we 
examined the thickness and stability of thin-films (air-oil-air). For hex
adecane, the films were highly unstable and ruptured within 10–20 s 
(Supplementary Video 1). The presence of multiple interference colors 
and visible flow patterns indicated a fluid and inhomogeneous film 
(Fig. 6.a). The film thickness decreased rapidly, exhibiting dynamic 
swirls associated with low viscosity, until reaching thicknesses of 
~100–200 nm owing to the low surface coverage of FSL and the for
mation of only a single IBL. As a result, the films ruptured easily, 
correlating with the lack of foam formation. For MCT, the thin-film 
exhibited slightly greater stability over time compared to hexadecane, 
likely due to higher surface coverage by FSL (Fig. 6.b). Similarly, the 
films remained thin and fluid (Supplementary Video 2). However, for 
SFO, the film remained remarkably stable over time exhibiting a dense 
and inhomogeneous structure characterized by large, irregularly shaped 
domains (Supplementary Video 3) with an estimated thickness of 
0.5–1 μm (above the color regime of interference). This can be attributed 
to the dynamic confinement of the dense packing of multiple IBLs at the 
air-oil surface and the presence of elongated reverse micelles in oil 
within the film, which cannot drain, getting jammed under confinement 
(Fig. 6.c). It is important to note that the thin film thickness was only 
determined qualitatively based on the observed colors and visual 
appearance of the thin films.

4. Conclusion

Here, we demonstrated for the first time that food-grade FSL, a 
hydrocarbon-based surfactant, can stabilize edible oil foams from long- 
chain triglyceride oils at room temperature. Contrary to previous works 

Fig. 6. (a) Thin-film microscopy image of 5 wt% FSL in hexadecane collected 10 s after formation. The film broke after 10–20 s which can be attributed to low 
surface coverage as shown in the schematic under it. (b) Thin-film microscope image of 5 wt% FSL in MCT collected 3.5 min after formation. The film broke after 
~9.4 ± 0.5 min correlated to insufficient steric repulsion produced by a single IBL as shown in the schematic under it. (c) Thin-film microscope image of 5 wt% FSL 
dispersed in SFO collected 40 s after formation which remained unchanged for over 30 min. The thin-film was substantial in thickness and stable due to the presence 
of two IBLs as illustrated under it. A gel-like film forms at the surface and within the foam film, correlated to steric repulsion from overlapping layers of adsorbed 
surfactant molecules. These steric interactions hinder film rupture thereby enhancing foam stability.
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[9–11,19,21,22], which rely on the use of crystalline surfactant particles 
to stabilize oil foams, we showed that such crystalline particles are not 
necessary.

SAXS revealed the presence of reverse micelles in all oils; however, 
no foam formed in the low surface tension oil (hexadecane), and only a 
few bubbles were stabilized in the intermediate one (MCT). On the 
contrary, the high surface tension oil (SFO) possessed elongated reverse 
micelles at high FSL concentrations, increasing bulk viscosity at low 
shear rates and enhancing foam stability by slowing down the drainage. 
The addition of FSL did not lead to any significant decrease in the surface 
tensions of hexadecane and or MCT, while a slight decrease was 
measured in SFO. Yet, X-ray reflectometry revealed that FSL forms in
verse bilayers at the surface of all oils, albeit with oil-type-dependent 
densities and architectures (single vs. double IBL). For hexadecane and 
MCT, only a single, loosely packed IBL was present at the air-oil surface. 
This layer lacks the necessary elastic modulus and mechanical strength 
resulting in rapid film rupture and the inability to form foams. For MCT, 
the surface coverage was slightly higher explaining why a few bubbles 
could be stabilized. In SFO, the presence of two dense IBLs at the surface 
and elongated bulk micelles, lead to the formation of dense, stable thin- 
films between gas bubbles. Both bulk viscosity and bulk confinement, 
combined with a dense interfacial layer give rise to steric repulsion, 
which appears to prevent film drainage and thereby significantly 
enhance foam stability similar to fluorocarbon-based surfactant stabili
zation in non-aqueous foams [17,48]. This clarifies that reverse micelles 
are absent at the air–oil surface, disproving the “surface-active inverse 
micelle” hypothesis and showing that inverse bilayer structures drive 
surface activity and foam stabilization [48,49].

The differences between the oils clearly illustrate the importance of 
the surface properties and chemical structure of the oils on the self- 
assembly behavior of FSL at the air-oil surface. The influence of oil 
chemical structure on the self-assembly of surfactants at oil-water in
terfaces and its impact on emulsion stabilization remains an open and 
actively researched question [50–53]. Our findings highlight that 
similar fundamental questions arise in the case of the air-oil surface and 
oil foam stabilization. Specifically, the nature, structure and chain 
length of the oil critically affect the surface organization of 
hydrocarbon-based surfactants like FSL, ultimately determining 
whether stable oil foams can be formed or not [51–53]. While the 
detailed molecular mechanism governing the formation of double IBLs 
remains to be clarified, the present work provides the first structural 
evidence linking interfacial bilayer organization to oil foam stability and 
establishes a foundation for future studies aimed at systematically 
investigating the role of oil molecular structure.

Future work should focus on systematically investigating the role of 
individual phospholipid components (e.g., phosphatidylcholine, phos
phatidylethanolamine, etc.) and their specific contributions to foam 
formation and stability. This will require well-defined model systems 
based on pure triglycerides with controlled chain lengths and degrees of 
unsaturation, as well as tailored mixtures representing real vegetable oil 
systems. In addition, studying pure phospholipids will help disentangle 
their individual effects. Complementary molecular simulations on such 
simplified systems could provide valuable mechanistic insights, partic
ularly regarding surfactant assembly at air–oil surface. Overall, this new 
understanding of hydrocarbon-based oil foams opens new possibilities 
for the design of innovative food, but also cosmetic and pharmaceutical 
products, while enabling better control over industrial processes 
involving oil-based foam systems.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jcis.2026.140532.
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