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ABSTRACT: In the flotation process, the frother, which is
typically a surfactant, can be added to the pulp to reduce the
surface tension and create stable foam. Currently, the nonionic
mixed surfactant is widely employed as the frother for fine coal
flotation. In this study, we focused on examining the foam
properties of a mixed surfactant comprising short-chain methyl
isobutyl carbinol (MIBC) and long-chain polyethylene glycol-1000
(PEG). Analytical techniques such as surface tension measurement,
dynamic foam stability measurement, bubble morphology observa-
tion, and foam film drainage measurement were used to investigate
the foam properties in single and mixed surfactant solution from a
macroscopic scale to a microscopic scale. The surface tension results indicated that PEG exhibited higher surface activity than MIBC,
and the addition of PEG to MIBC resulted in a significant reduction in solution surface tension. The dynamic foam stability analysis
revealed that the incorporation of a small amount of PEG into MIBC solution notably improved foam stability. Furthermore, the
addition of PEG to the MIBC solution led to a shift in the bubble size distribution curve from a “double peak” to a “single peak”
shape. This shift indicated a substantial reduction in bubble size, indicating an enhanced inhibition of bubble coalescence.
Additionally, the liquid film drainage rate was significantly slowed down, and the stability of the liquid film was improved upon the
addition of PEG to MIBC. This improvement can be attributed to the synergistic effect of MIBC and PEG molecules adsorbed at the
gas−liquid interface. The synergistic effect of mixed MIBC−PEG was due to the additional surface tension gradient created by the
difference in surface activity between PEG and MIBC. This surface tension gradient enhances the Marangoni flow of surfactant
molecules, thereby improving the self-healing ability of the liquid film and increasing its stability.

1. INTRODUCTION
Froth flotation is the most effective method of fine coal
upgrading due to its selective separation based on differences
in surface wettability.1−6 In the flotation process, hydrophobic
particles are trapped by bubbles and continue to rise through
the froth layer to the launders, while gangue particles with poor
hydrophobicity return to the pulp with the downward flow due
to continuous coalescence and dehydration of bubbles in the
foam layer, resulting in secondary enrichment. Consequently,
the establishment of a precisely controlled and stable froth is
crucial for achieving high flotation efficiency and desired
product quality.7−9

Froth is a highly complex phenomenon influenced by
multiple factors.8,9 In fine coal flotation, the stability of the
froth is significantly affected by particles and flotation reagents,
namely, frothers and collectors.10−12 Frothers play a crucial
role in facilitating the dispersion of air into fine bubbles and
stabilizing the froth.13−15 They are commonly recognized as
surfactants capable of adsorbing at the gas−liquid interface,
thereby inducing changes in interface properties, including
surface tension, intermolecular forces, charge, and rheol-
ogy.16,17 These modifications in surface properties ultimately

have an impact on froth stability. In general, the bubble
stabilization mechanism of surfactants can be summarized as
follows: the adsorption of surfactants on the gas−liquid
interface effectively decreases the gas−liquid interfacial
tension. This reduction in interfacial tension contributes to
the overall stability of the system by lowering the system’s
energy.18 The presence of surfactants also leads to a reduction
in Laplace pressure, which in turn decreases the driving force
for liquid film drainage. As a result, the rate of liquid film
drainage is reduced. Furthermore, the adsorption of surfactants
at the gas−liquid interface enhances the Gibbs−Marangoni
effect.19,20 This effect strengthens the elasticity of the liquid
film, further contributing to the stabilization of the system.
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The influence of surfactant concentration and type on foam
stability can be evaluated by bubble size, and there exists a
critical coalescence concentration (CCC) of surfactant on
bubble size. When the surfactant concentration is lower than
CCC, the increase in surfactant concentration leads to a
reduction in bubble size, since the surfactant could inhibit the
bubble coalescence. However, once the surfactant concen-
tration surpasses the CCC, further increases in concentration
do not cause significant changes in the average bubble size.21,22

Laskowski et al.23 correlated the CCC with the dynamic
bubble index, and proposed that bubble coalescence under
dynamic conditions would affect the stability of bubbles. The
investigation of mixed surfactants and their impact on foam
stability has emerged as a significant research topic in recent
years. Alcohol-based foaming agents are extensively utilized as
frothers in fine coal flotation. Among alcohol-based foaming
agents, the foam formed by alkanols with short chains has poor
foam stability, resulting in good selectivity of fine coal flotation
but high agent consumption. The foam formed by alkanols
with long chains has a strong foaming ability, resulting in poor
selectivity and small agent consumption. Currently, nonionic
mixed surfactant represented by miscellaneous alcohols are
most commonly used foaming agents of fine coal flotation.
Compared with single surfactant, mixed surfactant creates
higher flotation efficiency. Gupta et al.24 found that mixed
alcohols and pegylated surfactants have a certain synergistic
strengthening effect on fine coal flotation, which was because
the mixture of alcohols and pegylated has stronger surface
activity and ability to decrease the surface tension. Tan et al.25

reported that a synergistic effect occurred in a mixture of low
molecular weight and high molecular weight polypropylene
glycols system, resulting in an increase in foam height
compared to the performance of individual systems. This
result indicated that the improvement of foam stability is due
to the increase in elasticity of the gas−liquid interface and thus
inhibit bubble coalescence. Laskowski et al.23 observed that the
foam stability in mixed methyl isobutyl carbinol (MIBC) and
Dowfroth is better than that in single MIBC, while lower than
that in single Dowfroth. Dey et al.26 has shown that the foam
stability in a mixed system of MIBC and PEG was between
that of the two single surfactants. When MIBC and PEG were
mixed at a ratio of 9:1, the flotation recovery and selectivity of
fine coal increased significantly, which was mainly due to the
synergistic adsorption of two surfactants at the gas−liquid
interface. The enhancement of foam stability can be achieved
by augmenting the Marangoni effect at the gas−liquid
interface. In recent years, the mixed surfactant could enhance
the foam stability through synergistic adsorption has been
reached a consensus. However, the stabilization mechanism of
mixed surfactant based on foam film drainage between bubbles
at the micro scale is not clear, and requires a further
investigation.

In the present study, we conducted surface tension
measurement, dynamic foam stability measurement, bubble
morphology observation, and foam film drainage measurement
to investigate the effect of mixed surfactant with long and short
chains on foam stability and to provide a comprehensive
understanding of the underlying strengthening mechanism.
The results of this study will offer guidance for the regulation
of foam stability in flotation processes.

2. EXPERIMENTAL SECTION
2.1. Materials. In this investigation, the effects of mixed

surfactant on foam stability were explored, with particular
emphasis on the utilization of short-chain alcohol MIBC and
long-chain alcohol PEG as the selected compounds for study.
Both analytical-grade MIBC and PEG were obtained from
Aladdin Chemical Company (Shanghai, China), and Milli-Q
water was used to prepare the solutions. The mixed surfactant
solutions were prepared by blending varying proportions of
MIBC and PEG.
2.2. Surface Tension Measurement. The surface tension

of the surfactant solution was measured using an automatic
surface tension meter (K100, KRUSS). Both single and mixed
surfactant solutions were homogeneously oscillated using an
ultrasonic instrument before the measurements. The instru-
ment operates based on the puller method. The platinum sheet
used was thoroughly cleaned with Milli-Q water before the test
and burned with an alcohol lamp to eliminate potential
interference. Each experiment was conducted three times at a
temperature of 20 °C to ensure accuracy.
2.3. Dynamic Foam Stability Measurement. Foam

stability can be evaluated through dynamic and static tests.27,28

In a dynamic test, foam growth and decay achieve a state of
dynamic equilibrium, whereas static test primarily observe the
foam collapse process after inflation, with the foam growth rate
being zero. Typically, a combination of both tests is used to
assess foam stability, with the maximum height and half-life of
the foam layer serving as indicators.29,30 The Bikerman airflow
method was utilized in this study to measure foam stability
using a foam column.31−33 Each experiment was repeated
thrice to ensure the results fell within a reasonable error
margin.
2.4. Bubble Morphology and Size Distribution

Measurement. This system was established to observe the
bubble morphology and size distribution in various surfactant
solutions. During testing, 100 mL of surfactant solution was
aerated at a fixed rate using an air pump, and the resulting
bubbles were observed and recorded with a high-speed
dynamic camera. Image-Pro Plus software was used to analyze
the images of bubbles. The images were preprocessed by
adjusting the grayscale and contrast and intensity to enhance
the clarity of the bubbles in the images. After identification of
the bubbles, geometric parameters were set, the actual bubble
size was calculated, and the distribution of bubble size was
analyzed.
2.5. Foam Film Drainage Measurement. The dynamic

film apparatus system (DFA) was employed to examine foam
film drainage. This system consisted of an inverted optical
microscope (IX73, Olympus, Japan), a high-speed dynamic
camera for interference (I-speed 221, iX Cameras, UK), a high-
speed dynamic camera for side view (Optimos, OImaging,
Canada), and a bubble generation and drive unit. The
sequential interference fringes (Newton rings) during the
liquid film drainage process were recorded and later analyzed
with MATLAB software to understand the mechanism of
liquid film drainage and rupture. Prior to experiments, the glass
cell bottom was hydrophobized using octadecyl trichlorosilane,
and both the glass cell and capillary were meticulously cleaned
to ensure the generation of clean bubbles. A single bubble with
a diameter of 3 mm was formed at the base of the glass cell
using a micro-syringe. Subsequently, a similarly sized bubble
was produced at the tip of the capillary tube. A piezo actuator
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was used to discharge the extra solution between the two
bubbles, thereby creating a horizontal foam film. The time-
dependent drainage of this foam film was observed using
monochromatic interference microscopy. Subsequent process-
ing of the interference fringes through MATLAB software
provided the dynamics of the foam film and film thickness. For
each test, the two bubbles started from the same initial
position. Each group of tests was repeated at least two times.

3. RESULTS AND DISCUSSION
3.1. Surface Tension Results. The effect of MIBC, PEG

concentration, and the ratio of MIBC−PEG mixed surfactant
on surface tension of solution was investigated, as shown in
Figure 1. The surface tension of Milli-Q water at room

temperature was found to be 72.48 mN/m. It was observed
that the surface tension decreased with the increase in
surfactant concentration, albeit at varying magnitudes,
indicating differences in the surface activity of the surfactants.
At a surfactant concentration of 10−5 mol/L, the surface
tension of MIBC was found to be 72.46 mN/m, which was
similar to that of Milli-Q water. With an increase in MIBC
concentration to 5 × 10−5, 10−4, 5 × 10−4, and 10−3 mol/L, the

surface tension decreased to 72.43, 72.28, 71.22, and 70.56
mN/m, respectively. Similarly, for PEG, at a surfactant
concentration of 10−5 mol/L, the surface tension was 68.68
mN/m. As the PEG concentration increased to 5 × 10−5, 10−4,
5 × 10−4, and 10−3 mol/L, the surface tension significantly
decreased to 67.84, 67.26, 66.32, and 65.21 mN/m. This
indicated that PEG exhibits higher surface activity compared to
MIBC.

When PEG was added to the MIBC solution, the surface
tension of the mixed solution decreased as the surfactant
concentration increased. It was observed that, under the same
concentration condition, the surface tension of the mixed
solution was lower than that of single MIBC solution.
Furthermore, the extent of surface tension reduction increased
with a higher proportion of PEG in the mixture. For instance,
in the case of a mixed surfactant solution with a ratio of 9:1
(MIBC−PEG), the surface tension measured 70.81 mN/m at
a surfactant concentration of 10−5 mol/L. As the ratio was
increased to 8:2 and 7:3, the surface tension of mixed
surfactant solution decreased to 69.83 and 68.99 mN/m,
respectively. The same trend was also observed as the
surfactant concentration was increased to 5 × 10−5, 10−4, 5
× 10−4, and 10−3 mol/L. These findings suggested that PEG
being a powerful surfactant reduces the surface tension more
readily than MIBC and the presence of it in a very small
quantity in a mixture causes high surface tension gradient due
to the different adsorption capacity of the frother molecules at
the gas−liquid interface.
3.2. Dynamic Foam Stability Results. The effect of

MIBC and PEG at concentrations of 20, 40, 80, and 120 ppm
on maximum foam height was investigated using a foam
stability test device, as illustrated in Figure 2. The results
indicated that the maximum foam height of both MIBC and
PEG increased with higher surfactant concentrations. At the
surfactant concentration of 20 ppm, the maximum foam height
was 7.64 cm for MIBC and 10.10 cm for PEG. At higher MIBC
concentrations of 40, 80, and 120 ppm, the maximum foam
height increased to 9.70, 11.40, and 13.30 cm, respectively.
Similarly, at higher PEG concentrations of 40, 80, and 120
ppm, the maximum foam height increased to 18.63, 19.32, and
20.95 cm, respectively. The maximum foam height serves as an
indicator of the foaming ability of surfactant solutions, which in
this case demonstrated an increase with higher surfactant

Figure 1. Effect of MIBC, PEG concentration, and ratio of MIBC−
PEG mixed surfactant on surface tension of solution.

Figure 2. Effect of MIBC, PEG concentration, and ratio of MIBC−PEG mixed surfactant on maximum foam height.
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concentration. Comparing the maximum foam heights of
MIBC and PEG solutions, PEG exhibited a stronger foaming
ability. Additionally, at a surfactant concentration of 80 ppm,
the maximum foam height of mixed surfactant with different
mass ratios is also presented in Figure 2. The observed
maximum foam height was 11.40 cm when PEG was not added
to the MIBC solution. As the mass ratio of PEG in the MIBC
solution increased, the maximum foam height also increased.
At a ratio of 9:1 (MIBC−PEG), the maximum foam height was
8.66 cm, and as the ratio increased to 7:3, the maximum foam
height increased to 12.65 cm. This suggested that a mixture of
MIBC and PEG could enhance the foaming ability of the
solution compared to using single MIBC.

The foam half-life of MIBC and PEG at concentrations of
20, 40, 80, and 120 ppm was recorded. At a concentration of
20 ppm, the foam half-life was 6.95 s for MIBC and 11.4 s for
PEG. As the concentration of MIBC increased to 40, 80, and
120 ppm, the foam half-life increased to 6.08, 7.00, and 8.32 s,
respectively. Similarly, as the concentration of PEG increased
to 40, 80, and 120 ppm, the foam half-life increased to 11.70,
12.65, and 12.77 s, respectively. Foam half-life is a crucial
parameter for evaluating the stability of surfactant solutions,
and it is evident that foam stability improved with higher
surfactant concentration. Furthermore, the foam stability of
PEG was found to be stronger than that of MIBC.
Additionally, the foam half-life of mixed surfactant with
different ratios at a concentration of 80 ppm was also
recorded. The foam half-life of the MIBC solution without

PEG was 6.95 s. As the ratio of MIBC to PEG increased from
9:1 to 7:3, the foam half-life increased to 8.67 and 10.64 s,
respectively. These results suggested that the mixture of short-
chain alcohol MIBC and long-chain alcohol PEG enhanced the
foam stability of the solution compared to the use of MIBC
alone.
3.3. Bubble Morphology Observation. The present

study employed a bubble morphology observation system to
capture images of bubble morphology in surfactant solutions.
The acquired images were then analyzed using Image-Pro Plus
software to calculate bubble diameter and size distribution
curves in both Milli-Q water and surfactant solutions. The
effect of MIBC concentration on bubble morphology and size
distribution is depicted in Figure 3. In Milli-Q water, the large
bubbles displayed a flattened shape, whereas the small bubbles
were spherical. The curve representing the distribution of
bubble sizes exhibited a “double peak” shape, indicating a
higher proportion of large and small bubbles, with a relatively
lower number of middle-sized bubbles. This outcome can be
attributed to the strong bubble coalescence phenomenon in
Milli-Q water, where the coalescence of bubbles often results
in the formation of smaller bubbles around the newly formed
larger bubble, referred to as “child bubbles”. Tse et al.34,35

suggested that the release of dynamic energy diffusing around
the bubble in the form of an annular wave during bubble
coalescence can lead to the formation of a small bubble around
the large bubble. Additionally, an unstable extension on the
bubble’s surface and the separation of a small portion of gas

Figure 3. Bubble morphology and size distribution in MIBC solution.

Figure 4. Bubble morphology and size distribution in PEG solution.
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form smaller bubbles when the annular wave reached the end
of the bubble. Consequently, the more significant the bubble
coalescence in the solution, the greater the number of “child
bubbles” and the larger the size of newly formed bubbles after
coalescence.

In MIBC solution, the bubble size was large and
predominantly flat at lower concentration. However, as the
MIBC concentration increased, the number of bubbles
increased, while the size of bubbles decreased. The shape of
bubbles gradually became more spherical. At low MIBC
concentrations, the distribution of bubble sizes remained
unchanged, displaying a “double peak” shape. As MIBC
concentration increased, the peaks of the “double peaks”
gradually shifted to the center, ultimately forming a “single
peak” size distribution curve at the concentration of 4 ppm.
This transition in bubble size distribution indicated that the
increase in MIBC concentration effectively inhibited bubble
coalescence, resulting in a higher number of middle-sized
bubbles. This observation suggested that MIBC played a
crucial role in controlling the size distribution of bubbles,
enhancing foam stability.

The effect of PEG concentration on bubble morphology
distribution of bubble size is depicted in Figure 4. The bubble
size distribution curve for PEG solutions consistently exhibited
a “single peak” shape, and small bubbles were dominant in

solution. At a concentration of 0.4 ppm, the bubble size
distribution reached a stable level with no significant change
observed as PEG concentration increased. This suggested that
PEG can effectively inhibit bubble coalescence at lower
concentrations, as also reported by Dey.26 Comparatively,
PEG demonstrated a greater ability to inhibit bubble
coalescence than MIBC, consistent with the variations
observed in surface tension and foam stability.

When a mixed surfactant concentration of 2 ppm was used,
the effect of MIBC and PEG mixed solution on bubble
morphology and size distribution was examined, as shown in
Figure 5. The addition of PEG to the MIBC solution
significantly altered the bubble morphology. When the ratio
was 9:1 (MIBC−PEG), the solution exhibited a low number of
bubbles, with a higher proportion of large bubbles. These large
bubbles typically had a flattened shape. In contrast, when the
ratio was 7:3, there was a significant increase in the number of
bubbles. The size of the bubbles decreased, resulting in a
reduced proportion of large bubbles and an increased
proportion of small bubbles. Additionally, the shape of the
bubbles gradually transitions from a flattened shape to a more
spherical shape. In the case of the MIBC and PEG mixture, the
bubble size distribution curve demonstrated a “double peak”
sharp across the three ratios. As the proportion of PEG
components in mixed solution increased, the number of large

Figure 5. Bubble morphology and size distribution in MIBC and PEG mixture solution.

Figure 6. (Left) Dynamics of drainage at the central point of foam film in Milli-Q water. (Right) Interference images of film corresponding to each
curve in the figure on the left.
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bubbles decreased, while the number of middle-sized bubbles
increased, which indicated that the addition of PEG can
effectively improve the ability to inhibit bubble coalescence.
The mixed surfactant could form a tightly adsorbed layer at the
gas−liquid interface, leading to an improved Marangoni effect
in the solution. This effect increased the elasticity of the liquid
film, allowing for rapid recovery of the deformed liquid and
inhibiting bubble coalescence, thus improving foam stability.
3.4. Foam Film Drainage Results. The film drainage and

rupture of the microcosmic foam film are essential
preconditions for bubble coalescence. To investigate the
dynamics of foam film drainage between bubbles, the dynamic
film apparatus system (DFA) was employed in this study. The
experiments focused on observing the thinning process of
liquid films between bubbles in Milli-Q water. The initial
moment was defined when the liquid film thickness reached
approximately 300 nm. At various time intervals, the thinning
dynamics of the liquid film at the central point and the
interference imaging of the film were captured. The drainage
dynamics at the central point of the foam film in Milli-Q water
and the interference images of the film is presented in Figure 6.
It was observed that a stable liquid film could not be sustained
between two bubbles in Milli-Q water. As the liquid film
between the bubbles continued to thin, it eventually ruptured
at the central point after 0.69 s, with a critical rupture thickness

of 18.65 nm. Previous studies36,37 have highlighted the
presence of hydrophobic forces between bubbles in Milli-Q
water, which increase as the thickness of the liquid film
decrease. These forces contribute to the instability and
ultimate rupture of the liquid film between bubbles. In line
with the observations in Figure 6, the rate of liquid film
drainage was found to decrease as the film thickness decreased.
This can be attributed to the increasing electrostatic repulsion
generated by the electric double layers between bubbles as the
film thickness diminishes. The enhanced electrostatic repulsion
hinders the drainage process, resulting in a reduced rate of
liquid film thinning.

The dynamics of foam film drainage at the thinnest point
and rupture/equilibrium film thickness of the foam film varies
with the concentration of MIBC is presented in Figure 7. In
MIBC solution of different concentrations, the liquid film
between bubbles consistently exhibited instability and
ultimately ruptured after thinning. Compared to Milli-Q
water, the addition of MIBC resulted in a decreased liquid
film drainage rate. Furthermore, the liquid film drainage rate
showed a significant decrease as the MIBC concentration
increased. For instance, at the MIBC concentration of 2 ppm,
the liquid film ruptured at 1.09 s. As the concentration
increased to 4, 8, and 16 ppm, the rupture time increased to
2.61, 4.50, and 7.24 s, respectively. These findings suggested

Figure 7. (a) Dynamics of foam film drainage at the thinnest point in different concentrations of MIBC solutions; (b) rupture/equilibrium film
thickness of foam film varies with the concentration of MIBC.

Figure 8. (a) Dynamics of foam film drainage at the thinnest point in different concentrations of PEG solutions; (b) rupture/equilibrium film
thickness of foam film varies with the concentration of PEG.
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that the inclusion of MIBC can retard the drainage rate of the
liquid film and enhance its stability. The critical rupture/
equilibrium film thickness of the liquid film increased with an
increase in MIBC concentration, which was consistent with the
observed change in the liquid film drainage rate. When the
concentration of MIBC was lower, the hydrophobic attraction
existed between bubbles, resulting in a fast drainage rate of the

liquid film. However, as the surfactant concentration increased,
the hydrophobic attraction within the system diminishes.
Consequently, the drainage rate of the liquid film gradually
decreased, leading to an extended rupture time for the liquid
film. Ultimately, this enhanced the overall stability of the liquid
film.

Figure 9. Dynamic of foam film thinning at central point in surfactant solutions of different concentrations, (a) 2, (b) 4, (c) 8, and (d) 16 ppm.

Figure 10. (a) Dynamics of foam film drainage at the thinnest point with different ratios of mixed surfactant; (b) rupture/equilibrium film
thickness of the foam film with different ratios of mixed surfactant.
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The dynamics of foam film drainage at thinnest point and
rupture/equilibrium film thickness of foam film varies with the
concentration of PEG is presented in Figure 8. In PEG
solutions with different concentrations, a stable liquid film was
formed between bubbles, which eventually reached equilibrium
after drainage. The addition of PEG demonstrated a significant
reduction in the drainage rate of the foam film and an
improvement in its stability, in comparison to Milli-Q water.
As the concentration of PEG increased, the drainage rate of the
liquid film decreased. The surface tension of the solution
decreased at lower PEG concentrations, resulting in a smaller
Laplace pressure between bubbles and a slower liquid film
drainage rate. The hydrophobic attraction between bubbles
decreased with the increase of PEG concentration, further
decreasing the film drainage rate and improving the stability of
the liquid film. As the PEG concentration increased from 2
ppm increased to 4, 8, and 16 ppm, the equilibrium film
thickness increased from 35.28 to 44.03, 59.62, and 70.09 nm,
respectively. This increase in equilibrium film thickness also
suggested an increase in the stability of the liquid film with an
increase in PEG concentration.

Figure 9 shows a comparison of the dynamics of the liquid
film between bubbles in MIBC and PEG solutions at different
concentrations. The liquid film drainage rate was slower in
PEG solutions than in MIBC solutions with the same
surfactant concentration, indicating greater stability of the
liquid film between bubbles in PEG solutions. Both PEG and
MIBC stabilize the liquid film by reducing the hydrophobic
attraction between bubbles. However, the ability of PEG to
stabilize the bubbles was stronger than that of MIBC, which is
consistent with the results of dynamic foam stability measure-
ment.

Figure 10 presents the dynamics of foam film drainage at the
thinnest point, as well as the rupture/equilibrium film
thickness of the foam film with different ratios of mixed
surfactant when the concentration of the mixed surfactant was
8 ppm. In the MIBC and PEG mixed solutions, the liquid film
between bubbles reached an equilibrium state following
drainage. Notably, compared to single MIBC solutions, the
liquid film drainage rate experienced a significant reduction in
the MIBC and PEG mixed solution. The decrease in the liquid
film drainage rate correlated with an increase in the PEG
content within the mixed solution. This decrease may be

attributed to the diminishing hydrophobic attraction between
the bubbles. Remarkably, the film drainage rate in the mixed
solution was markedly lower than that in the MIBC solution,
approaching the film drainage rate observed in the PEG
solution. These findings suggested that the incorporation of
PEG in small quantities to MIBC can significantly enhance the
stability of the liquid film between bubbles. Furthermore, the
equilibrium film thickness exhibited a notable increase with a
higher PEG component in the mixed solution. As the ratio
shifted from 9:1 to 8:2 and 7:3, the equilibrium film thickness
increased from 33.10 to 42.17 and 50.02 nm, respectively. The
film thickness in the mixed solution was considerably thicker
than that in the MIBC solution but thinner than that in the
PEG solution. This observation aligns with the results obtained
from dynamic foam stability measurements, providing further
support for the synergistic effect of the MIBC−PEG
combination in froth flotation.

It is widely accepted that pure water is incapable of
generating stable bubbles.38−40 However, the liquid could foam
when the liquid is able to form a film around the bubble, which
prevents the thinning of liquid film. Conversely, foam cannot
form in a pure liquid since there is no mechanism to impede
the drainage of the liquid film. Thus, the presence of surface-
active molecules, known as surfactant, is necessary for foam
formation. These surfactant molecules adsorb at the gas−liquid
interface, thereby retarding the drainage of the foam film and
creating a mechanically more stable system. The activity of
surfactant, is directly related to its ability to reduce surface
tension at the gas−liquid interface. This reduction in surface
tension occurs as surfactant molecules adsorb at the interface.
Moreover, the presence of surfactant molecules enhances the
elasticity of the gas−liquid interface, which is attributed to the
Marangoni effect. This effect promotes the migration of liquid
from regions of low surface tension to those of high surface
tension, facilitating the restoration of the thin liquid film to its
initial thickness during the drainage process. This phenomen-
on, known as the self-healing effect of surfactant, effectively
prevents bubble coalescence.41−43

Under equilibrium conditions and in the absence of external
forces, a bubble surface containing a single surfactant (MIBC)
tends to exhibit a uniform distribution of surfactant molecules.
This arrangement corresponds to a specific surface tension,
determined by the concentration of surfactant molecules.

Figure 11. Schematic diagram of single and mixed surfactant adsorption at the gas−liquid interface and the repair mechanism of the Marangoni
effect.
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However, any external stimulation to this equilibrium state
results in the formation of a surface tension gradient. The
introduction of a powerful surfactant molecule (PEG) serves as
an external stimulation at the gas−liquid interface, leading to a
rearrangement of the surfactant molecules. The powerful
surfactant is represented by the open circle with a long chain.
This powerful surfactant causes a more significant reduction in
local surface tension compared to the weaker surfactant
molecules, thereby creating a surface tension gradient. As a
result of this surface tension gradient, the weaker surfactant
molecules are pushed away from the region occupied by the
powerful surfactant molecule. The presence of opposing
surface tension gradient forces generates local stresses, as
highlighted in studies26,44 The significant difference in surface
tension generates a strong Marangoni flow of surfactant
molecules and enhances the self-healing effect at the gas−
liquid interface as shown in Figure 11. Consequently, the liquid
film drainage rate is reduced, and foam stability is enhanced.

4. CONCLUSIONS
In this study, we focused on the strengthening mechanism of
MIBC−PEG mixed surfactant on foam stability. The findings
are summarized below:
(1) The surface activity of PEG was found to be higher than

that of MIBC, enabling it to reduce tension more
effectively than MIBC. Even at low concentrations, the
presence of PEG in the mixture resulted in a high surface
tension gradient.

(2) Addition of PEG to MIBC enhanced the foaming ability
and foam stability of the mixed solution. Moreover, the
foaming ability and foam stabilization ability of the
mixed solution increased with higher proportions of
PEG.

(3) Addition of MIBC and PEG reduced the size of bubbles,
primarily by inhibiting bubble coalescence. Notably,
PEG exhibited a stronger ability to inhibit bubble
coalescence, and its addition to MIBC improved the
bubble coalescence inhibition ability of the mixed
solution.

(4) Furthermore, the addition of a small amount of PEG to
MIBC further slowed down the liquid film drainage rate
and enhanced the stability of the liquid film, compare
with that in MIBC solution. This can be attributed to
the synergistic effect of MIBC and PEG molecules
adsorbed at the gas−liquid interface, which effectively
delays the liquid film drainage and stabilizes the foam.

(5) The synergistic effect observed between MIBC and PEG
is primarily attributed to the significant difference in
surface activity between the two molecules, leading to
the formation of an additional surface tension gradient.
This surface tension gradient, when stimulated exter-
nally, intensifies the Marangoni flow of surfactant
molecules, thereby enhancing the self-healing effect of
the gas−liquid interface and ultimately improving the
stability of the liquid film and bubbles.
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