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gum on the interfacial and foam
properties of an acidic sophorolipid solution:
experimental and theoretical studies

Jinlu Zhong, Yanan Weng, Sensen Xie, Shuang Li and Dinghua Yu *

The interaction mechanism between surfactants and polymers has important guiding significance in the

field of high-performance fluid design. However, research on the interactions between biological

surfactants and microbial polysaccharides remains limited. In this paper, the effect of xanthan gum on

the interfacial properties of an acidic sophorolipid solution, such as surface tension, viscosity, rheology

and foam properties, was systematically studied by means of experimental and theoretical methods. The

results showed that the addition of 0.1 wt% xanthan gum had little effect on the critical micelle

concentration of acidic sophorolipid, and increased the contact angles of the aqueous solution with

PTFE and PP. At the same time, the interaction between acidic sophorolipid and xanthan gum reduced

the bulk viscosity of the xanthan gum solution. Furthermore, the shear-thinning characteristics of the

mixed system did not change, but the yield value gradually decreased with increasing acidic sophorolipid

concentration. Significantly, the addition of xanthan gum slightly reduced the foaming property of acidic

sophorolipid but significantly improved the stability of the foam. Foam counting and image analysis

showed that xanthan gum not only made the foam small and evenly distributed, but also inhibited the

aggregation of foam effectively as acidic sophorolipid concentration increased. Finally, in order to reveal

the molecular mechanism underlying the interaction between xanthan gum and acidic sophorolipid, DFT

calculations were used to simulate their interaction. The results indicated that robust hydrogen bonding

interactions involving carboxyl and hydroxyl groups exist between acidic sophorolipids and xanthan gum,

thereby contributing to the enhancement of foam stability. These findings would provide useful

references for biosurfactant applications in complicated formulations across diverse fields.
1 Introduction

Biosurfactants are surface-active compounds synthesized by
microorganisms during metabolic processes. They are distin-
guished by their exceptional interfacial activity, biodegrad-
ability, and environmental compatibility, which render them
extensively applicable in various domains, including petroleum
extraction, environmental remediation, food production, phar-
maceuticals, and cosmetics.1 Compared with conventional
synthetic surfactants, biosurfactants present notable advan-
tages in terms of their natural origin, sustainability, and envi-
ronmental compatibility.2–4 Sophorolipids (SLs),
a representative class of glycolipid biosurfactants, are
composed of a hydrophilic sophorose head and a hydrophobic
fatty acid tail. These compounds typically exist in two structural
forms: lactonic and acidic. The molecular structure of SLs is
inuenced by factors such as chain length, degree of unsatu-
ration, and acetylation, which vary according to the fermenta-
tion substrate utilized.5 Among these, acidic sophorolipids,
al Engineering, Nanjing Tech University,
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8390
characterized by the presence of a free carboxyl group at the
molecular terminus, demonstrate enhanced solubility and
foaming properties,6 thereby facilitating their widespread
application in foam cleaning, oil recovery, and wetting systems.7

However, foam systems generally encounter stability chal-
lenges, including drainage, lm rupture, and coalescence,
which are particularly pronounced at low concentrations.
Although surfactants can facilitate foam formation by reducing
interfacial tension, their capacity to stabilize the liquid lm is
inherently limited. Consequently, enhancing the foam stability
of acidic sophorolipid has emerged as a pivotal area of
research.8

In recent years, the integration of biopolymers and surfac-
tants has been acknowledged as an effective strategy to enhance
foam stability. Polysaccharides such as xanthan gum, carra-
geenan, pectin, alginates, gelatin, and gum arabic are exten-
sively utilized in the food and cosmetic industries due to their
non-toxicity, biodegradability, and favorable rheological prop-
erties. These polymers can effectively inhibit droplet aggrega-
tion and membrane rupture through electrostatic interactions
and steric hindrance, thereby signicantly enhancing foam
stability.9–12 Among these, xanthan gum (XG), an anionic
© 2025 The Author(s). Published by the Royal Society of Chemistry
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polysaccharide derived from microorganisms, is recognized for
its excellent solubility and high viscosity. It is commonly
employed to thicken and stabilize foam systems.13 By increasing
system viscosity, enhancing liquid lm strength, and regulating
interfacial adsorption behavior, xanthan gum collaborates with
surfactant molecules to improve the overall stability of foam
systems.

Consequently, the combination of acidic sophorolipid and
xanthan gum not only possesses the potential to enhance foam
performance but also broadens its applicability in elds such as
oil recovery, environmental remediation, and foam materials.
This study aims to systematically examine the effects of the
combination of acidic sophorolipid and xanthan gum on
interfacial behavior, foam performance, and rheological prop-
erties. Through molecular simulations and electrostatic poten-
tial analysis, the potential synergistic mechanisms are
elucidated. Comparative studies across various concentration
systems provide a theoretical foundation for the development of
biosurfactant–biopolymer formulations, thereby facilitating
their practical application in detergents, cosmetics, and envi-
ronmental engineering.
2 Experimental methods
2.1 Reagents and materials

Sodium hydroxide, sulfuric acid (98%), and dichloromethane
were procured from Aladdin Regent Co., Ltd (Shanghai, China).
Sophorolipids were provided by Shandong Lierkang Medical
Technology Co., Ltd (Shandong, China). Xanthan gum was ob-
tained from Sigma-Aldrich Corp (St. Louis, MO, USA). All stan-
dard solutions and samples were prepared using ultrapure
water (resistivity = 18.2 MU cm) puried through a laboratory
water purication system (Nanjing Yioud).
2.2 Methods

2.2.1 Preparation of acidic sophorolipid. Acidic sopho-
rolipid (SL-COOH) was prepared in accordance with the meth-
odology outlined in the literature.14 In brief, a mixture of
sophorolipids was subjected to a reaction with NaOH solution
at 95 °C for a duration of 3 hours to facilitate saponication.
Following the cooling of the mixture to room temperature, the
pH was adjusted to 4 using concentrated sulfuric acid to
promote the precipitation of free fatty acids. The mixture was
subsequently extracted with ultrapure water and di-
chloromethane, followed by phase separation. The organic
phase, which contained the product, was washedmultiple times
with water to eliminate salts and other water-soluble impurities,
and then re-extracted with dichloromethane. Finally, the
solvent was evaporated under vacuum, yielding a brown solid
identied as the SL-COOH product.

2.2.2 Foam preparation and characterization. In the
experiments, the concentration of XG was maintained at 0.1 wt%,
while the concentration of SL-COOHwas varied within the range of
0.4–12 mM to encompass values both above and below the critical
micelle concentration (CMC) of SL-COOH. The concentration of
SL-COOH was deliberately set signicantly higher than that of XG
© 2025 The Author(s). Published by the Royal Society of Chemistry
to facilitate the examination of changes in foam properties before
and aer their combination.

Foam generation was conducted utilizing the double-syringe
method,15 which involves two 30 mL syringes connected by
a three-way valve. One syringe contained 5 mL of foam solution,
while the other contained 5 mL of air, resulting in a liquid
volume fraction of 50%. The piston was oscillated back and
forth 30 times to ensure thorough mixing of the air and liquid,
thereby generating uniform foam. Subsequently, the foam was
transferred to a 15 mL glass tube for further analysis.

The performance of the foam was evaluated based on two
parameters: foam capacity (FC) and foam stability (FS). Experi-
mental observations revealed that both pre- and post-
combination foams exhibited a rapid drainage rate within the
initial 5 minutes. Consequently, foam height aer 5 minutes
was selected as the time point for measuring foam stability.
Furthermore, to provide a precise quantication of the liquid
retention capacity of the foam, the liquid drainage percentage
(LDP) was introduced as an additional evaluative parameter. Its
calculation is as follows:

LDP% ¼ Vl

Vl0

: (1)

The formulas for calculating FC and FS are as follows:16

FC% ¼ Vf0 � Vl0

Vl0

� 100 (2)

and

FS% ¼ Vf5

Vf0

� 100: (3)

In this context, Vl0 signies the initial liquid volume, Vl repre-
sents the volume of liquid drained per minute, Vf0 denotes the
foam volume at 0 minutes, and Vf5 represents the foam volume
at 5 minutes.

2.2.3 Surface tension. The formation and stability of foam
are signicantly inuenced by the synergistic effects of surface
tension and interfacial elasticity. A reduction in surface tension
decreases the energy barrier for bubble nucleation, thereby
enhancing the efficiency of bubble formation. Conversely, an
increase in interfacial elasticity enhances the mechanical
strength of the gas–liquid interface, effectively preventing the
rupture of the liquid lm and stabilizing the foam structure.17

Surface tension curves of SL-COOH and its combination with
XG were measured at room temperature utilizing the platinum
ring method (Dunouyring method),18 employing a fully auto-
mated surface/interface tensiometer (BZY100/BZY200,
Shanghai Fangrui Instrument Co., Ltd). Prior to conducting
the experiments, the instrument was calibrated using a stan-
dard weight and pure water (72 mN m−1). The platinum ring
was thoroughly cleaned with pure water and ethanol before
each measurement, followed by heating with a Bunsen burner
to eliminate any organic residues. The minimum surface
tension and the critical micelle concentration (CMC) of SL-
COOH and its combination with XG were derived from the
surface tension curves.
RSC Adv., 2025, 15, 38378–38390 | 38379
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Fig. 1 Effect of different concentrations of XG on the foaming prop-
erties of 0.4 mM SL-COOH. Error bars represent the standard devia-
tion (n = 15). Statistical significance was determined using one-way
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2.2.4 Foam visualization. Micrographs of the newly gener-
ated foam were captured using a Nikon microscope (TS100)
equipped with ToupView image analysis soware. A small
quantity of foam was injected onto a microscope slide featuring
a groove, and variations in foam size were observed under 40×
magnication. Foam images were recorded at 5, 10, and 20
minutes, and bubble size data at different time points were
analyzed using Image J soware.19

2.2.5 Wettability. Contact angle measurements were con-
ducted utilizing a JC2000D2A contact angle goniometer
(Shanghai Zhongchen Digital Technology Equipment Co., Ltd)
within a temperature-controlled, closed environment. A
consistent droplet volume of 2 mL was employed for all contact
angle assessments. Polytetrauoroethylene (PTFE) plates and
polypropylene (PP) plates served as hydrophobic substrates.
Surfactant solutions were prepared at concentrations of
0.4 mM, 3 mM, and 12 mM. Dynamic contact angles were
recorded at 25 °C on the PTFE and PP plates. Prior to
measurements, the PTFE and PP plates were thoroughly
cleaned using acetone and deionized water.

2.2.6 Fluid property testing. The apparent viscosity and
shear response of the samples were evaluated using a ROTA-
VISC LO-VI S000 rotational viscometer (IKA, Germany) and
a DHR-2 rheometer (TA Instruments, USA). Viscosity measure-
ments were conducted to obtain steady-state viscosity values
under varying conditions, thereby reecting the macroscopic
ow resistance of the system. The SP-1 rotor was utilized, and
the viscometer was thoroughly cleaned and dried prior to each
measurement. Each experiment was replicated three times. For
rheological testing, parallel plate xtures with a diameter of
25 mm and a gap of 1 mm were employed. The sample under-
went shear scanning over a specied shear rate range to deter-
mine the relationships among shear stress, viscosity, and shear
rate. This approach enabled the characterization of the shear-
thinning behavior and structural response characteristics of
the system. By integrating both testing methodologies, the
rheological behavior and viscosity evolution of the combined
solution were comprehensively characterized.

2.2.7 Measurement of the zeta potential. Zeta potential
measurements were conducted to characterize the surface
charge properties of the systems. Zeta potential serves as
a crucial parameter that reects the surface charge and colloidal
stability of particles, and it can indirectly indicate the presence
of electrostatic interactions and aggregation tendencies among
molecules.

Prior to measurement, all samples were diluted to the target
concentration using deionized water. Measurements were per-
formed at room temperature utilizing a Zetasizer instrument
(model EEN3690, Malvern Instruments Ltd, UK). This instru-
ment operates based on the principle of electrophoretic light
scattering, which facilitates the accurate determination of the
electrophoretic mobility of charged particles under an applied
electric eld, from which the zeta potential was subsequently
calculated.

2.2.8 Molecular simulation. The structure of the system
was optimized utilizing Gaussian 16. Subsequently, the
38380 | RSC Adv., 2025, 15, 38378–38390
optimized structure was examined for non-covalent interactions
employing the independent gradient model (IGMH)20 imple-
mented in Multiwfn 3.8 (dev)21 (isovalue = 0.007). Utilizing the
cube les generated by Gaussian, the molecular electrostatic
potential map of SL-COOH(XG) was produced. Structural visu-
alization was conducted using VMD (version 1.9.3).22
2.3 Statistical analysis

Error bars indicate the standard deviations (SD), and the data
are presented as the arithmetic means ± SD of three indepen-
dent replicates. To evaluate statistical signicance among
different treatment groups, one-way analysis of variance
(ANOVA) was performed, followed by the least signicant
difference (LSD) test for multiple comparisons at a signicance
level of p < 0.05. All statistical analyses were conducted using
Origin 2021 soware.
3 Results and discussion
3.1 Screening of XG concentration

To clarify the effect of XG concentration on the SL-COOH foam
system, this study conducted compounding experiments with
different XG concentrations of 0–0.5 wt% and 0.4 mM SL-
COOH.

The results are shown in Fig. 1. The experimental ndings
indicate that as the XG concentration increases, foam stability
exhibits a signicant upward trend, especially at concentrations
of 0.1 wt%, 0.3 wt%, and 0.5 wt%, where FS values reached
62.6%, 74.1%, and 82.4% respectively. By contrast, a low
concentration of 0.05 wt% XG only brought a limited improve-
ment in foam stability (FS= 35.7%), indicating that the effect of
trace amounts of XG is limited. At a concentration of 0.1 wt%,
FC and FS reached a relative balance, which is favorable for both
foam formation and stability. Although further increasing the
XG concentration can continue to enhance foam stability, the
analysis of variance (ANOVA).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Surface activity parameters of SL-COOH and SL-COOH-
0.1 wt% XG

System
CMC
(mM)

G

(mmol m−2)
A
(nm2)

Minimum surface
tension (g, mN m−1)

SL-COOH 0.42 1.163 1.427 38.2
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signicantly increased viscosity of the system limits foam
generation, with foaming ability decreasing by more than 10%.

Considering both FC and FS, 0.1 wt% XG exhibited a good
synergistic stabilizing effect while exerting minimal adverse
impact on foamability and was therefore selected as the repre-
sentative concentration for subsequent experiments.
SL-COOH(XG) 0.556 1.098 1.513 38.2
3.2 Surface tension

One of the key parameters of surfactant solutions is the critical
micelle concentration (CMC), dened as the concentration at
which the solution begins to form a substantial number of
micelles.23 The surface tension of SL-COOH and its blend with
0.1 wt% XG was measured, and a linear plot of surface tension
versus ln C was constructed, as shown in Fig. 2A. With
increasing surfactant concentration, surface tension decreased
due to enhanced adsorption of surfactant molecules at the air–
water interface.24 The minimum surface tension of the SL-
COOH solution was 38.2 mN m−1. Upon addition of XG, the
surface tension remained constant at 38.2 mN m−1, indicating
no change in the minimum value. Further linear tting, as
illustrated in Fig. 2B, yielded a CMC of 0.42 mM for SL-COOH,
while the presence of XG slightly increased the CMC to
0.556 mM. This marginal variation suggests that under the
experimental conditions, XG exerted no signicant inuence on
the micellization behavior of SL-COOH. This observation aligns
with ndings reported in previous studies.25,26

This phenomenon may be attributed to XG, as a poly-
saccharide polymer, augmenting the number of hydrophilic
sugar rings in the solution upon combination, which conse-
quently diminishes the coverage of the hydrophobic groups at
the oil–water interface. Therefore, a higher concentration is
necessitated to achieve conditions requisite for micelle
formation.

To further investigate the adsorption performance of SL-
COOH, we calculated the surface excess concentration (G) and
the cross-sectional area occupied by each SL-COOH molecule at
the micelle (A) using the following formula:

G ¼ � 1

nRT

dg

½dlnc�; (4)
Fig. 2 Surface tension of SL-COOH and SL-COOH-0.1 wt% XG solutio
tension and −ln(C).

© 2025 The Author(s). Published by the Royal Society of Chemistry
where n is a constant that depends on the number of species
present in the surfactant adsorbed at the interface, R is the gas
constant (8.314 J mol−1 K−1), g represents the surface tension in
mN m−1, and T is the temperature (298 K).

The molecular area (A), measured in nm,2 was calculated as
follows:

A ¼ 1

G � NA
� 1018: (5)

Based on the calculations presented in Table 1, the excess
concentration (G) values were determined as follows: SL-COOH:
1.163 × 10−6 mol m−2 and SL-COOH (XG): 1.098 × 10−6 mol
m−2. The results for the molecular area (A) were as follows: SL-
COOH: 1.427 nm2, SL-COOH (XG): 1.513 nm2.

The addition of XG signicantly enhanced the hydrophilicity
of the system, thereby increasing the likelihood of molecular
dispersion in the aqueous phase and reducing adsorption at the
oil–water interface. This phenomenon resulted in a decrease in
the surface excess concentration. Furthermore, the presence of
XG slightly augmented the molecular spacing at the interface.
Additionally, the arrangement of molecules at the interface
became more loosely packed, which contributed to an increase
in the area occupied by the molecules at the interface. These
experimental ndings indicate that XG can modify the interfa-
cial adsorption behavior of SL-COOH through weak intermo-
lecular interactions. Such alterations may encompass changes
in adsorption density, molecular arrangement, and structural
properties of the interfacial layer, which in turn can signi-
cantly inuence the surface and foam characteristics of the
system.
ns. (A) Surface tension profiles; (B) linear correlation between surface

RSC Adv., 2025, 15, 38378–38390 | 38381
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Fig. 3 Foam performance of SL-COOH solutions with or without 0.1 wt% XG at different concentrations. (A) Variations in foaming capacity and
(B) foam stability. Error bars indicate the standard deviation (n = 15). Statistical significance was determined using one-way analysis of variance
(ANOVA) compared with the no-XG group: ***p < 0.001.

Fig. 4 Liquid drainage percentage of SL-COOH foams with and
without XG at different concentrations over time. Error bars indicate
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3.3 Foam characteristics

3.3.1 Foam capacity and foam stability. Research has
demonstrated that foaming surfactant solutions play an
important role and have been widely studied in cleaning
applications.27 Consequently, foam was generated utilizing the
double-syringe method to investigate the foaming properties of
surfactant solutions.28

Fig. 3 illustrates that the foam capacity and foam stability of
acidic sophorolipid display staged behavior in response to
variations in concentration. Utilizing the critical micelle
concentration (CMC) value of SL-COOH as a reference point, the
incorporation of XG resulted in a reduction in foaming volume
by less than 10%, with negligible effects on overall foam
capacity. Nevertheless, at concentrations below the CMC, foam
stability experienced an increase of 370.8%.When the SL-COOH
concentration surpassed the CMC, the enhancement in foam
stability plateaued, yet remained above 270%. This indicates
that low concentrations of XG can substantially improve foam
stability in SL-COOH systems, albeit with a slight reduction in
foam capacity. Petkova et al.29 experimentally investigated the
effect of polymer–surfactant systems on foam properties. They
found that, compared with pure surfactant solutions, mixtures
of oppositely charged polymers and surfactants enhanced foam
stability while reducing foaming capacity.

The adsorption data presented in Table 1 indicate that,
following the addition of XG, the interfacial adsorption (G) of
SL-COOH decreased, while the molecular area increased,
resulting in a loosely packed arrangement of molecules at the
interface.

The molecular migration rate at the interface has a direct
impact on foam formation. The incorporation of polysaccharide
polymers typically enhances the viscosity of the system, thereby
improving the viscoelasticity of the foam liquid lm, which in
turn reduces the interfacial migration rate and inhibits foam
formation.30–33

This nding aligns with observations reported in the litera-
ture,34 which suggest that a decrease in the instantaneous
adsorption of surfactants may lead to diminished interface
coverage, consequently inhibiting foam formation. A critical
38382 | RSC Adv., 2025, 15, 38378–38390
mechanism underlying foam stability is foam drainage, which
is intricately linked to the viscosity of the foam solution. XG
enhances foam stability by increasing the viscosity and strength
of the liquid lm, thereby preventing bubble coalescence and
improving both bubble number and distribution.35,36

When the concentration exceeds the critical micelle
concentration (CMC), the interfacial adsorption of the system
approaches saturation. At this point, additional surfactant
molecules are more likely to formmicelles rather than continue
adsorbing at the gas–liquid interface. Meanwhile, the
enhancing effect of XG on the viscoelasticity of the liquid lm
also reaches a plateau, resulting in no further signicant
increase in foam stability, although it remains at a high level.
This phenomenon has already been reported in similar
literature.37

Therefore, when incorporating XG, it is essential to carefully
consider its dual effects on foamability and foam stability.

Fig. 4 further shows liquid drainage behavior, underscoring
signicant disparities in foam stability across the various
systems. Overall, foams generated from SL-COOH solutions
exhibited rapid liquid drainage within the initial 5 minutes,
the standard deviation (n = 15).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with nearly all liquid expelled by the 15-minute mark. This
phenomenon was particularly pronounced at low concentra-
tions, where foam lms thinned rapidly due to water loss,
resulting in an increased likelihood of lm rupture and a swi
decline in foam volume.

By contrast, the incorporation of XG signicantly enhanced
the liquid retention capacity of the foams. This phenomenon
was particularly pronounced in the 12 mM SL-COOH system,
which indicates that low foam liquid drainage volume corre-
sponds to enhanced foam stability.38

This observation is consistent with the prior analysis
regarding the enhanced foam stability conferred by XG. The
improvement can be attributed to the substantial increase in
solution viscosity, which augments the viscoelastic properties of
the foam lms, thereby suppressing gravitational drainage both
within Plateau borders and across lms. This stabilization
mechanism aligns with the three-stage foam drainage theory
delineated in the literature:39 (i) an initial stage of forced
drainage driven by foam injection, (ii) a gravity-controlled
intermediate stage of free drainage, and (iii) a nal stage of
accelerated drainage induced by bubble coarsening and lm
rupture. In the present system, the addition of XG effectively
postponed the onset of both free drainage and coarsening-
induced drainage, enabling the foam to retain a high liquid
content for an extended duration and thereby enhancing overall
foam stability.
3.4 Foam visualization

To effectively characterize the coarsening behavior of the foam,
optical microscopy was employed to monitor temporal changes
in foam structure. The following characteristics were system-
atically analyzed: (1) variations in the number of bubbles within
the eld of view and (2) changes in the average bubble diameter.
Fig. 5 Microscopic foam morphology of SL-COOH (0.4, 3, and 12 mM)
0.1 wt% XG.

© 2025 The Author(s). Published by the Royal Society of Chemistry
3.4.1 Foam morphology changes. Fig. 5 presents micro-
graphs of foam observed at 5 and 20 minutes post-foaming for
SL-COOH solutions at varying concentrations (0.4, 3, and 12
mM), both with and without the addition of XG, captured at
a magnication of 40×.

Foam coarsening results from the combined effects of Ostwald
ripening and bubble coalescence.40–43 On one hand, a Laplace
pressure differential exists between bubbles of varying sizes (with
small bubbles exhibiting high internal pressure), which induces
the diffusion of gas from smaller to larger bubbles through the
intervening liquid lm (i.e., Ostwald ripening). The corresponding
ripening rate is expressed by eqn (6):44

U ¼ dDsm
3

dt
: (6)

where Dsm denotes the average bubble diameter, and t repre-
sents time.

Conversely, liquid lm drainage results in the thinning and
subsequent rupture of the liquid lm, thereby promoting
bubble coalescence. The thermal activation energy barrier for
coalescence, which reects the resistance of the liquid lm to
coalescence, can be expressed via eqn (7):44

W* ¼ dhf
2
sh

2

g
; (7)

where hf is the liquid lm thickness, sh is the interfacial tension
at the curved pore boundary, and g refers to the surface tension
at the planar interface.

As shown in Fig. 5A, the SL-COOH foam system drains liquid
relatively quickly over time, especially at the low concentration
of 0.4 mM. At 5 minutes, large bubbles appear, and by 20
minutes, the bubble size increases further and becomes
unevenly distributed, indicating poor system stability. With the
addition of XG, the foam at the initial 5 minutes becomes
recorded at 5 and 20 min. (A) SL-COOH solutions and (B) SL-COOH-

RSC Adv., 2025, 15, 38378–38390 | 38383
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Fig. 6 Time-dependent bubble size distribution: (A) SL-COOH solutions at different concentrations (0.4, 3, and 12 mM) at 5, 10, and 20 min and
(B) SL-COOH-0.1 wt% XG under the same conditions.
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uniform and ne, with an even bubble distribution and
improved stability.

It is hypothesized that the incorporation of XG suppresses
both primary coarsening mechanisms. The polymer chains of
XG signicantly increase the viscosity of the system, slow the
diffusion rate of gas through the liquid lm, and markedly
reduce the average foam diameter, thereby lowering the Ost-
wald ripening rate. Simultaneously, interactions between XG
and the surfactant augment the liquid lm thickness and
interfacial viscoelasticity, thereby elevating the coalescence
energy barrier W* and rendering the liquid lm resistant to
rupture. Therefore, the introduction of XG reduces foam
coarsening in SL-COOH alone and improves foam stability.

3.4.2 Changes in foam diameter distribution. To precisely
quantify temporal variations in foam size, we employed ImageJ
and ToupView soware to perform statistical analyses of foam
particle dimensions in the acquired micrographs.

Fig. 6A shows the initial bubble size distribution for SL-
COOH alone, revealing that the bubbles formed were large. As
anticipated, bubble size increased over time as a consequence
of liquid drainage and coalescence. For example, in the 0.4 mM
SL-COOH solution, the mean foam diameter expanded from
117.2 mm to 208.5 mm. When the concentration was elevated to
3 mM and 12 mM, the growth in bubble diameter was less
pronounced, and the size distribution became narrower,
implying that higher SL-COOH concentrations enhanced foam
stability to a certain degree.

Following the incorporation of XG, as illustrated in Fig. 6B,
the mean bubble size exhibits a marked reduction over time,
accompanied by a narrowly distributed size range. This obser-
vation suggests that the presence of XG leads to an increase in
system viscosity, a diminished migration rate of surfactant
38384 | RSC Adv., 2025, 15, 38378–38390
molecules, a reduced liquid drainage rate, and a suppression of
bubble coalescence, thereby retarding the coarsening
process.45–47 These observations further corroborate the analysis
of the coarsening phenomenon shown in Fig. 5.
3.5 Wettability

Surfactants are widely employed to enhance the wettability of
aqueous solutions on hydrophobic surfaces.48 Fig. 7 depicts the
inuence of XG incorporation on the wettability of SL-COOH
solutions at varying concentrations on two hydrophobic
substrates: polytetrauoroethylene (PTFE) and polypropylene
(PP).

As shown in Fig. 7A and B: the contact angles of SL-COOH
solutions all decrease gradually over time; moreover, as the
concentration increases, the change in contact angle tends to
atten, indicating that the substrate surface is approaching its
inherent hydrophobic limit. A further comparison between
different substrates reveals that the wettability of the PP plate is
superior to that of the PTFE plate. This difference stems from
the material properties of PTFE.49–51 As a polymer polymerized
from tetrauoroethylene, PTFE not only possesses high thermal
stability and excellent chemical stability but also has extremely
low surface energy. The contact angle of water on its surface is
107°, thus resulting in inferior wettability compared with the PP
plate.

Following the incorporation of XG, the contact angle of the
solution exhibits a slight increase. Although this observation
appears to contrast with the pronounced foam stability-
enhancing effect of XG, it can be rationalized in terms of its
intrinsic physicochemical properties and the nature of the
intermolecular interactions involved.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Variations in contact angle of SL-COOH solutions at different concentrations (0.4, 3, and 12 mM) on two hydrophobic substrates (PTFE
and PP). (A) Time-dependent contact angle of SL-COOH solution in the absence of XG on PTFE plates; (B) time-dependent contact angle of SL-
COOH solution containing 0.1 wt% XG on PTFE plates; (C) time-dependent contact angle of SL-COOH solution in the absence of XG on PP
plates; (D) time-dependent contact angle of SL-COOH solution containing 0.1 wt% XG on PP plates.
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On one hand, the high molecular weight and extended chain
conformation of XG give rise to a steric hindrance effect upon
interaction with the SL-COOH surface, thereby impeding the
approach of water molecules to the substrate and directly
resulting in a modest increase in the contact angle.

On the other hand, both SL-COOH and XG possess hydroxyl
and carboxyl functional groups within their molecular frame-
works. Upon complexation, extensive intermolecular hydrogen
bonding occurs, which reduces the availability of free hydroxyl
and carboxyl groups in the system, thereby slightly diminishing
overall hydrophilicity. This mechanism has been substantiated
in the sodium alginate-krill protein system, where the intro-
duction of graphene oxide facilitates hydrogen bond formation,
similarly leading to reduced hydrophilicity and an increased
contact angle.52 Furthermore, Liang et al.53 reported in their
investigation of polymer–surfactant composite systems that, at
elevated concentrations, van der Waals forces promote molec-
ular aggregation, resulting in the formation of a saturated
interfacial lm structure. This structural arrangement inhibits
further reduction of the contact angle, thereby providing an
additional explanation for the aforementioned phenomenon.

In conclusion, it can be inferred that the synergistic effects of
hydrogen bonding and van der Waals interactions constitute
the principal factors underlying the slight increase in the
contact angle observed in the SL-COOH(XG) composite
solution.
3.6 Quantum chemistry and interaction mechanism
analysis

3.6.1 DFT calculations. In recent years, density functional
theory (DFT) calculations have increasingly emerged as a pivotal
tool in the investigation of molecular interactions, owing to
their distinctive advantages in elucidating intermolecular
interactions. To investigate the interaction mechanism between
SL-COOH and XG, DFT calculations were conducted utilizing
Gaussian 16 soware to analyze the hydrogen bonding, bond
lengths, and binding energies between SL-COOH and XG
molecules. The optimized geometries and characteristic
© 2025 The Author(s). Published by the Royal Society of Chemistry
hydrogen bonds between SL-COOH and XG are illustrated in
Fig. 8A, which encompasses C–H/O (A1, A2, and A5) and O–H/H
(A3 and A4) hydrogen bonds. Specically, the bond lengths of
these hydrogen bonds are as follows: 1.83 Å (A1), 1.84 Å (A2), 2.39
Å (A3), 1.96 Å (A4), and 1.9 Å (A5), yielding an average bond
length of 1.98 Å.

In solution, the formation of hydrogen bonds is believed to
signicantly enhance foam stability. Generally, a shorter
hydrogen bond length correlates with greater bond energy,
indicating a more stable hydrogen bond interaction. Previous
studies have demonstrated that the formation of short-range
hydrogen bonds can strengthen intermolecular interactions at
the interface, thereby improving the structural stability of the
foam membrane and enhancing the durability of the foam and
its resistance to rupture.54 Table 2 presents the electronic
energies and binding energies of SL-COOH, XG, and SL-
COOH(XG). The binding energy (DE, in kJ mol−1) was calcu-
lated using the following equation:

DE = −2625.5 × (Efc − Ef − Ec),

where Efc, Ef, and Ec represent the electronic energies of SL-
COOH (XG), XG, and SL-COOH, respectively. According to the
results of the DFT calculations, the binding energy is
−97.2 kJ mol−1, which supports the previous hypothesis and
further elucidates the potential role of hydrogen bond interac-
tions in the stability of the system.

The interactions between SL-COOH and XG were visualized
utilizing the independent gradient model (IGMH) based on
Hirshfeld partitioning,55 as illustrated in Fig. 8B. The IGMH
analysis distinctly elucidates the interactions within the SL-
COOH (XG) system, with blue, green, and red denoting strong
attraction, van der Waals forces, and strong repulsion, respec-
tively. The ndings indicate that two predominant types of
interactions govern the combined system. The blue regions,
indicated by arrows in the gure, are concentrated between the
carboxyl group of SL-COOH and the hydroxyl group of XG,
corresponding to the sign(l2)r < −0.02 range and accompanied
by multiple high dginter peaks, suggesting robust hydrogen
RSC Adv., 2025, 15, 38378–38390 | 38385
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Fig. 8 (A) Molecular configurations of acidic SL-COOH, XG, and their composite system, with A1–A5 representing hydrogen bonds formed after
the combination, with bond lengths of 1.83 Å (A1), 1.84 Å (A2), 2.39 Å (A3), 1.96 Å (A4), and 1.90 Å (A5); (B) IGMH isosurface and scatter plot of the
SL-COOH/XG composite (isovalue = 0.007).

Table 2 Electronic energy and binding energy of SL-COOH, XG, and
the SL-COOH-0.1 wt% XG complex

Electronic energy
(Hartree)

Electronic energy
(kJ mol−1)

Binding energy
(kJ mol−1)

SL-COOH −2154.49 −5.65 × 106 —
XG −4020.83 −10.55 × 106 —
SL-COOH(XG) −6175.32 −16.21 × 106 −97.2
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bond attraction between the two. This interaction contributes to
the enhancement of the mechanical strength of the liquid lm,
thereby improving the resistance of the foam to rupture.56 This
observation is consistent with the hydrogen bond interaction
sites indicated in the previous ball-and-stick model, further
corroborating the existence of stable non-covalent interactions
between the two.

Furthermore, the green region, corresponding to sign(l2)rz
−0.01, signies the presence of hydrophobic van der Waals
interactions within the system. As a short-range attractive force,
van der Waals forces inuence the aggregation and arrange-
ment of interfacial molecules, resulting in a more loosely
packed structure, which subsequently affects the wettability of
the interface. This mechanism provides a plausible explanation
for the observed phenomenon where the contact angle
increased rather than decreased during the experiment. Overall,
the IGMH analysis elucidates the non-covalent interaction
characteristics of hydrogen bonds and van der Waals forces
within the system, thereby aiding in the interpretation of
experimental observations regarding foam stability and contact
angle variations following the combination.

3.6.2 Interaction mechanisms in SL-COOH/XG rheological
systems. A signicant reduction in viscosity was observed when
SL-COOH solutions of varying concentrations were combined
with 0.1 wt% XG, as illustrated in Fig. 9A. This unexpected
38386 | RSC Adv., 2025, 15, 38378–38390
decrease in viscosity upon mixing a polymer with a surfactant
suggests that intermolecular interactions occur between XG and
SL-COOH in the solution.

Further rheological analysis, as illustrated in Fig. 9B and C,
was conducted to investigate the ow behavior of the mixed
systems at varying SL-COOH concentrations. As the concentra-
tion of SL-COOH increased, the apparent viscosity of the
0.1 wt% XG solution exhibited a decrease with rising shear rate,
indicating that all samples displayed non-Newtonian, shear-
thinning behavior (i.e., pseudoplasticity). This shear-thinning
phenomenon is likely attributable to hydrogen bonding or
other non-covalent interactions between SL-COOH and XG
molecules, which disrupt the original entangled network
structure of XG. Under shear conditions, these competitive
interactions result in the breakdown of the polymer network,
thereby enhancing uidity and signicantly reducing the shear
stress required for ow, thus demonstrating typical shear-
thinning characteristics.

Changes in zeta potential serve as an indicator of the
evolution of surface charge states on colloidal particles within
the system.57 As illustrated in Fig. 9D, the absolute value of the
zeta potential exhibits a gradual decrease with increasing
concentrations of SL-COOH, which signies a reduction in
surface charge density.

In conditions where both SL-COOH and XG are anionic, the
observed charge-shielding effect is likely attributable to non-
covalent interactions, such as hydrogen bonding, between SL-
COOH and XG. These interactions may transpire through
hydrophilic groups (e.g., carboxyl and hydroxyl groups on the
sugar ring), thereby facilitating the aggregation or adsorption of
SL-COOH molecules around the XG polymer chains. Conse-
quently, this leads to the shielding or attenuation of the surface
charges originally present on XG, ultimately compromising the
integrity of the three-dimensional network structure and
resulting in a decrease in solution viscosity.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (A) Viscosity changes of SL-COOH systems with and without 0.1 wt% XG at different concentrations (n = 15); (B) shear rate–dependent
apparent viscosity and (C) shear stress of the mixed solutions; (D) zeta potential of the SL-COOH-XG mixture; (E) molecular electrostatic
potential map (unit: kcal mol−1); (F) histogram illustrating the distribution of electrostatic potential.
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Molecular electrostatic potential (MESP) serves as an indi-
cator of relative electron density within a molecule, thereby
offering valuable insights into non-bonding interactions
between molecules.58 As illustrated in Fig. 9E and F, following
the interaction between SL-COOH and XG, distinct negatively
charged regions emerge on the molecular surface, constituting
58.72% of the total surface area. These regions are predomi-
nantly situated near functional groups such as carboxyl and
hydroxyl, thereby conrming the overall negatively charged
character of the system. The uneven distribution of these highly
negative potential areas generates a polarity gradient on the
molecular surface, facilitating interactions between SL-COOH
and XG at multiple binding sites through hydrogen bonding
and other polar interactions. This type of interaction may
diminish the entanglement of XG molecular chains, disrupt
their ordered arrangement, and undermine the stability of the
XG network structure.

4 Conclusions

This study systematically investigates the synergistic mecha-
nism of foam stabilization between acidic sophorolipids (SL-
COOH) and xanthan gum (XG). Interestingly, their combina-
tion results in a signicant decrease in viscosity, which is
contrary to the commonly observed viscosity enhancement in
conventional polymer–surfactant systems. Zeta potential and
electrostatic potential analyses suggest that the interactions
between SL-COOH and XG affect the intermolecular
© 2025 The Author(s). Published by the Royal Society of Chemistry
entanglements of XG molecular chains, inducing polymer
relaxation and thereby resulting in a decrease in bulk viscosity.

Although the viscosity of the high-concentration SL-COOH
system decreases to some extent, the viscosity of the SL-COOH
(XG) compound system still maintains a certain level compared
with that of the pure SL-COOH system, and this compound
system exhibits signicantly improved foam stability. Mecha-
nistically, combined with molecular simulation results, it is
found that multiple hydrogen bonds formed between SL-COOH
and XG signicantly enhance the interfacial viscoelasticity. This
enhanced interfacial viscoelasticity can effectively inhibit liquid
drainage and bubble coalescence. It is precisely this dominant
enhancement effect of interfacial viscoelasticity that ultimately
improves the foam stability of the SL-COOH (XG) system.

In summary, this work demonstrates that a well-structured
interfacial network formed through weak intermolecular inter-
actions can yield excellent foam stability even under low-
viscosity conditions. These ndings challenge the conven-
tional view that high viscosity is a prerequisite for foam stability
and provide a theoretical basis for the functional optimization
of sustainable, bio-based foaming systems.
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