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Abstract: Saline water froth flotation has received increasing attention in recent years due to
sustainability-related concerns. Although the presence of electrolytes in these flotation systems
is known to produce the desired bubble swarmes, i.e., a macroscopic observation, the fundamental
mechanism through which the solutes produce such an effect at the microscopic level remains obscure.
For example, there is no agreed mechanism (i.e., break-up or coalescence—two major bubble forma-
tion mechanisms) of how the effect is achieved. Not only is understanding the impact of electrolytes
on the bubble formation mechanisms a fundamental question, but it can also provide insight into
the design of more efficient air dispersing mechanisms for saline flotation systems. Previous studies
have demonstrated that electrolytes can inhibit coalescence, but their potential impact on break-up
remains vague, which is the focus of this study. It is hypothesized that electrolytes have an impact
on break-up, and by isolating break-up from coalescence, the effects of electrolytes on break-up can
be revealed. A break-up-only bubble formation system was built. Under this condition, any impact
from the electrolytes on the produced bubble can be attributed to an impact on break-up. High-speed
cinematography and a passive acoustic technique were employed to capture the bubble size, acoustic
frequency, and damping ratio during the break-up process. Under the quasi-static condition, an
increase in the electrolyte concentration increased the bubble size produced via break-up, contradict-
ing the common observations made for bubble swarms. The break-up imparted an initial capillary
wave to the bubble surface, which is correlated with the bending modulus of the air/water interface
affected by the electrolytes. No direct correlation was observed between the acoustic damping ratio
and that of the capillary wave, suggesting that the electrolytes affect the break-up via a different
mechanism from that by surfactants.

Keywords: froth flotation bubbles; break-up; electrolytes; acoustic frequency; acoustic damping ratio;
capillary wave

1. Introduction

Bubble formation in the presence of electrolytes has been found in many natural and
engineering processes. Bubbles formed at the sea surface determine how air is mixed into
the ocean and water is mixed into the atmosphere—two processes that have a significant
impact on climate [1]. In gas-liquid reactors, bubbles also play a critical role as their size
determines the available interfacial area, thereby affecting the heat and mass transfer [2,3].
One process where bubbles are of great significance is froth flotation. In this process, air
bubbles act as vehicles to selectively collect and transport valuable mineral particles from
a mixed-particle suspension. To ensure the process efficiency, the bubbles must be small
to provide larger interfacial area but, at the same time, have sufficient buoyancy to float
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the collected mineral particles [4-7]. A typical bubble size required ranges from 0.5 to
2.5 mm, but such bubble sizes are difficult to achieve in pure water because the lack of
solutes cannot prevent coalescence [8-10]. As a result, frothers (a class of surfactants) are
commonly utilized to assist the production of small bubbles. In addition to frothers, some
inorganic salts (electrolytes) are also known to be capable of producing a similar effect.

The role of frothers and salts on small-bubble production has been generally ascribed
to their ability to hinder coalescence [11-16]. A commonly accepted mechanism is that
the presence of these solutes changes the intermolecular forces and surface rheology of
liquid films between approaching bubbles [15]. Sufficient understanding of this mechanism
has been achieved for the case of frothers [14,17]. However, questions still remain to be
answered for salts [18]. Of the existing literature, there are a few studies regarding salts.
For example, in the work of Craig et al. (1993), the authors studied a wide range of cations
and anions on bubble coalescence in water [14]. They found that different combinations of
cations and anions affect the behavior of the salts tested. They speculated that the specific
effects of electrolytes on bubble coalescence may be related to their effect on water structure
and, thus, the hydrophobic interaction. In another study by Hofmeier et al. (1995), the
bubble coalescence was investigated against the surface elasticity impacted by sodium
chloride [2]. It was found that in solution where the surface elasticity is large, bubble
coalescence is inhibited. The surface tension gradient was another parameter that had been
investigated. In the study completed by Weissenborn et al. (1996), the researchers correlated
the surface tension/electrolyte concentration gradients to the mechanism of coalescence
inhibition [16]. They found that the Gibbs—-Marangoni effect caused by the surface tension
gradients did not provide a satisfactory explanation for the coalescence prevention. Aside
from the chemistry aspect, the physical condition also has an indisputable role. In a recent
investigation by Filippov et al. (2018), the role of chloride salts on bubble coalescence
was studied [19]. They found that the coalescence prevention is affected not only by the
concentration of salts but also the ion-water, ion—ion, and water—water properties as a
function of hydrodynamic condition.

While the bulk of the literature emphasizes the role of salts in coalescence inhibition,
an important aspect being omitted is whether salts have any impact on break-up. In fact,
there are occasional references suggesting that the presence of salts indeed has an impact on
break-up. A relevant work is by Kracht and Finch (2009), where the authors investigated the
role of sodium chloride on the break-up of a mono-size distribution of bubbles subjected to
a turbulent field. They found that the presence of NaCl not only decreases the coalescence
but also promotes the break-up. However, a notable drawback of their technique is that
break-up and coalescence take place simultaneously, which makes it difficult to distinguish
the type of mechanism that affected the salt. To overcome this deficiency, Chu et al. (2016)
developed a new experimental setup that was able to isolate break-up from coalescence so
that the effect of frothers and salts on the break-up in turbulent conditions can be accurately
assessed [20-22]. Their observation was that the presence of solutes generally affects the
break-up by producing smaller bubble sizes until a certain concentration is reached, after
which the trend becomes adverse. To further explore the break-up phenomena, another
study was carried out by the same group where air bubbles were slowly generated at a
capillary tube in froth solutions under a quasi-static condition [4]. The experiment was
monitored using high-speed cinematography and passive acoustic techniques allowing
microscopic features associated with break-up to be revealed. The study found that frothers
indeed affect the break-up by generating smaller bubble sizes, and that the microscopic
features, i.e., capillary wave fluctuations observed from the imaging and the acoustic
damping ratio observed from the acoustic technique, are correlated. They attributed the
surface tension gradients imparted by the frother molecules as responsible for these actions.

The objective of this work is to employ the experimental techniques developed by
Chu et al. (2017) [4] to study the role of salts on the breakaway of underwater air bubbles
at a capillary. As the high-speed cinematography and passive acoustic techniques provide
a real-time and continuous measurement, it is expected that new insights associated with
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the break-up in the presence of salts will be revealed. The study is compared with that of
the frothers to identify any mechanism that arises due to the presence of salts.

2. Materials and Methods

The experimental setup is shown in Figure 1. The plexiglass tank has a dimension of
21.5cm (L) x 21.5 cm (W) x 16 cm (H), holding 2.5 L of solution in which air bubbles are
produced via a glass capillary with an internal diameter of 4 mm. The air flow rate was reg-
ulated using a needle valve. The bubble breakaway from the capillary was monitored using
a Fastec high-speed camera (HiSpec5 8G Mono) equipped with a 60 mm macro lens (Nikon,
AF Micro). The passive acoustic signal emissions were monitored using a hydrophone
(Lab-40 hydrophone from LABcore System) shown in Figure 1 with a detectable frequency
range of 5—85000 Hz. Acquisition of the acoustic signal was obtained using a National
Instrument data acquisition system (NI USB-6341, X Series DAQ) at a rate of 500 kHz
to minimize aliasing issues. The complete setup was placed on a supercushioning foam
slab (McMaster Carr, 3/4 in. thick blue polyurethane, 86195K35) to minimize extraneous
vibrations that could corrupt the bubble breakaway process.
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Figure 1. Experimental setup, adapted from Chu et al. (2017) [4]. Copyright 2017 ACS Publications.
(a) overview of the entire setup, (b) hydrophone, and (c) capillary.

Five salts were tested, and their solutions were prepared in reverse osmosis (RO) water
at room temperature of approximately 23 °C. Table 1 shows the molecular weight, purity,
and manufacturer of the salts tested.

Table 1. Salt tested.

Salts M.W. (g/mol) Tested range (M) Purity Manufacture
NaCl 58.44 0-0.35 99.8% Fisher Scientific
KCl1 74.55 0-0.35 >99.0% Fisher Scientific
NaySO4 142.04 0-0.35 >99.0% Sigma-Aldrich
CaCl,e2H,0 147.01 0-0.35 >99.0% Sigma-Aldrich
MgCl,e6H,0 203.30 0-0.35 >99.0% Sigma-Aldrich

The position of the hydrophone critically affects the quality of the acoustic signal as
a result of the bubble breakaway event. The hydrophone itself could be a disturbance if
located near the acoustic source; conversely, if it is too far away, the acoustic signal would
be too weak and shielded by background noise. The position of the hydrophone was
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determined by trial and error, and it is shown in Figure 1a. To minimize the interference
made other than the presence of salts, a quasi-static condition was maintained for all the
experiments. To achieve this condition, a needle valve with a fixed opening was utilized
to minimize the flow turbulence. All salt solutions were prepared by adding the desired
amount of salt into 2.5 L of Reverse Osmosis (RO) water, and then mixing with a magnetic
stirrer to ensure a uniform concentration. The experiments started with highspeed image
recording, during which at least four bubble breakaways were captured. Next was the
acoustic signal recording, where each measurement included at least four bubble breakaway
acoustic emissions. After an experiment was completed, the tank was emptied and rinsed
with RO water. Each test condition was repeated at least three times to obtain the mean
and 95% confidence interval (CI). Following the experiment, the recorded images were
analyzed to obtain the bubble size and aspect ratio, and acoustic signals for frequency and
damping ratio. These analysis techniques are presented in the Appendix A.

3. Results
3.1. Observations from Highspeed Cinematography

An example of a bubble breakaway in RO water is shown in Figure 2. The sequence
shows that the breakaway generates two major phenomena. One is the rapid formation of
a liquid jet immediately following the break of the thin air neck. The other is the formation
of a surface wave, i.e., a capillary wave, as a result of the rapid dissipation of the liquid jet.
This surface wave perturbates to the bubble surface, which travels upward along the bubble
surface. The image sequence also shows that the surface wave travels at an exceeding
velocity compared to the rising velocity of the air bubble, i.e., the air bubble barely moves
within the time frame captured in Figure 2.
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Figure 2. A bubble breakaway event in RO water and subsequent surface wave; images were
continuously taken at 6000 frames per second.

The formation of the liquid jet and surface wave was observed in all salt solutions
tested. While it was challenging to observe the variation in the resulting surface wave
propagation, the imaging sequence revealed that the maximum height of the liquid jet
was affected by the presence of the salts. Figure 3 shows an example of the maximum
height of the liquid jet in NaCl solutions (the other salts shown in Appendix A). The height
was measured from the second image immediately after the breakaway (for instance, the
third image in Figure 2 for RO water) and was normalized to that in the RO water. The
results indicate that among the salts tested, sodium chloride and sodium sulfate seem to
produce a similar effect. It appears that both salts tend to increase the maximum jet height
at their low salt concentrations, ca., NaCl at 0.025 M increases the maximum jet height to
114% =+ 14% (95% C.1.) of that in the RO water; Nap;SO4 at 0.025 M to 128% + 4%. A further
increase in the salt concentration causes the maximum height of the jet to decrease. For
potassium chloride and calcium chloride, the general observation is that increasing the
salt concentration decreases the maximum jet height, with potassium chloride producing
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a larger reducing effect. The presence of magnesium chloride does not seem to affect the
maximum jet height.

140

120

X ﬁ

o0
S
1

[*))
(e
1

NaCl

40 A
0.001 0.01 0.1 1

Salt concentration (M)

Jet height relative to that in water (%)

Figure 3. Maximum jet height in different salt solutions.

The liquid jet dissipates, forming a surface wave that acts as an initial perturbation to
the bubble surface. One consequence of this surface wave is that it affects the magnitude of
the bubble surface oscillation, which can be observed from the bubble shape characterized
by the aspect ratio. Figure 4a illustrates an example of the change in aspect ratio influenced
by the hydrodynamics in RO water. The results show that the bubble shape first tends
to become spherical, i.e., the aspect ratio reduces to 1, at, ca., 3 milliseconds after the
breakaway. The oscillation then continues, which causes a larger distortion to the bubble
shape. The image on the top right of Figure 4a shows a severely distorted bubble in RO
water at, ca., 11 milliseconds after the breakaway.
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Figure 4. Aspect ratio: (a) in water and NaCl solutions (bubble images taken in RO water); (b) in
0.35 M salt solutions.
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The bubble shape is not only affected by the hydrodynamics but also likely by the
presence of salts. Figure 4a also shows the effects of NaCl concentration on the aspect ratio.
As observed, the aspect ratio in NaCl solutions exhibits a similar trend to that in the RO
water. However, it seemed to be affected by the presence of NaCl, especially later when
the bubble rises further up. A relatively notable observation is at ca. 5 milliseconds (and
onwards) when the increasing NaCl concentration seems to start to suppress the aspect
ratio, i.e., the aspect ratio tends to become closer to 1. This observation can also be found in
other salt solutions tested (results provided in Appendix A). However, it should be noted
that the current observation was made through visual inspection. Future studies will be
required to confirm any statistical difference among these observations.

In understanding the impact of the salt type on the aspect ratio, this investigation
has found that the potassium chloride and sodium sulfate, in general, produce the most
prominent effect. Figure 4b shows the aspect ratio in 0.35 M salt solutions. The observation
is that the maximum or minimum aspect ratio is almost always a result of either KClI
or NapSQOy. During the first oscillation cycle, i.e., right after the breakaway but prior to
aspect ratio 1 at, ca., 3.5 ms, the maximum aspect ratio is dominated by KCl, whereas the
minimum is dominated by NaySOjy. As the oscillation continues, the trend reverses, and
the difference becomes more profound as more time elapses.

3.2. Acoustic Analysis

The acoustic analysis generated two types of results: the acoustic frequency and
damping ratio.

An example of the acoustic frequency in NaCl solutions is shown in Figure 5a. The
figure also includes the bubble size calculated using the Minnaert relationship and that
estimated from the image analysis. It is obvious that the increasing salt concentration
reduces the acoustic frequency; however, the reduction is typically small. The other salts
tested show a similar effect, though the degree of reduction may vary. The acoustic
frequency in other salt solutions can be found in the Appendix A.
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Figure 5. Bubble size in salt solutions: (a) Acoustic frequency vs. bubble size. The solid triangles
with a gradient represent the acoustic frequency; the black squares are the bubble size estimated
from image analysis; the open squares are the bubble size estimated from the Minnaert relationship.
(b) Acoustically determined bubble size in different salt solutions.
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As the acoustic frequency shows an inverse trend with the bubble size from the
Minnaert relationship, the small reduction in the acoustic frequency means little change
in the bubble size with increasing salt concentration. This is consistent with the bubble
size estimated from the imaging result. As shown in Figure 5b, the presence of salts (i.e.,
concentration up to 0.35 M) has caused a minor increase in the bubble size with respect
to that in the RO water. The change is 0.12% for NaCl, 1.73% for NaySOy, 0.58% for KCl,
0.81% for CaCly, and 0.15% for MgCl,.

The normalized acoustic damping ratio (i.e., with respect to RO water) as a function of
the salt concentrations is shown in Figure 6, where two general observations can be made.
One is that all salts show a decrease in the damping ratio as the salt concentration increases.
Though calcium chloride and sodium sulfate exhibit some adverse trends at their high salt
concentrations, the overall decreasing trend for both salts is still valid. The other is that
the chloride salts amplify the damping ratio beyond that of the RO water at their low salt
concentrations, while sodium sulfate immediately diminishes it below. For example, at
0.00313 M, the initial increase in the damping ratio is about 7% for MgCl,, 5% for both
CaCl, and NaCl, and 3% for KCI, while the decrease is about 6% for NaySOj.
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Figure 6. Normalized damping ratio (i.e., relative to that of RO water shown as red dashed line) as a
function of the salt concentration.

4. Discussion
4.1. Bubble Size

The current investigation only focused on single bubble formation via the break-up
mechanism and the system did not involve the use of frothers. The results show that
the presence of salts increases the bubble size produced, which appears to contradict the
common observation made for bubble swarm systems. To explain the phenomenon, a re-
visit to the fundamental break-up mechanism is necessary. Prior to break-up, an air/water
interface must be deformed. This deformation results from the hydrodynamic stress in the
liquid (e.g., turbulent eddies) and surface stress (e.g., surface tension) [23,24]. These stresses
affect the interface in different ways—whereas the former tends to disrupt it, the latter



Minerals 2022, 12,972 8 of 16

Change in bubble size (%)
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attempts to restore and maintain a minimum surface area. Consequently, the competition
between these actions determines the outcome of the break-up, such as the resulting bubble
size [25]. In the current study, the hydrodynamic stress can be viewed as constant in all the
tested solutions because a quasi-static condition has been precisely maintained. The only
changing condition then can be assumed as the surface properties as a result of the presence
of salts. Among different surface properties, this work focuses on the surface tension. It
is well known that many salts, including most in the present study, generally increase the
surface tension of water [2,16,19,26]. On this basis, it is reasonable to hypothesize that the
increasing surface tension would result in a large bubble size because the interface has
more strength to work against the external perturbation (i.e., hydrodynamic stress caused
by the injected air) prior to its breakup. This hypothesis seems to be well supported by
Figure 7a where the relative change in bubble size is plotted against that in surface tension,
showing a unique linear relationship for each salt tested.
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Figure 7. (a) Relative change in surface tension vs. change in bubble size, (b) relative change in
surface tension vs. change in bubble size. A surface tension data range from 0.1 to 0.35 M was
obtained from [16].

The analysis in Figure 7a also shows that over the tested salt concentrations (up to
0.35 M), KClI causes the smallest increase in the surface tension; however, it renders the
fastest rate of change in the bubble size affected by the change in surface tension (i.e., slope
0.8117). KCl is the only structure breaking salt in this study; its presence is believed to cause
disruption to the intermolecular hydrogen bonding of water molecules [26]. Therefore, a
small influence on the surface tension by KCl is an expected observation. The interrupted
intermolecular hydrogen bonding leads to a loose hydrogen bonding network that reduces
the stability of the interface against external perturbations [19]. The consequence is that the
interface turns out to be more prone to external perturbations, becoming easier to break.
This might be the reason the change in bubble size is more receptive to the change in surface
tension in KCl solutions.
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4.2. Capillary Wave

In addition to the bubble size, the presence of salts also affects the initial capillary
wave (i.e., the liquid jet) formed immediately after the breakaway. Figure 3 shows that
the liquid jet height appears to be associated with the salt type and concentration. This
relationship can be explained by the change in the surface tension as well. Figure 7b shows
some evidence. The figure summarizes the relative jet height, which can reviewed as the
magnitude of the initial capillary wave for all the salts at three concentrations, 0.1 M, 0.2 M,
and 0.35 M. It can be observed that despite some inherent difference imparted by the salt
type, the change in the jet height generally corresponds to the change in surface tension.
For example, the higher salt concentration causing a larger increase in surface tension (i.e.,
red cross symbols) suppresses the growth of the initial jet height (i.e., the trendline has the
smallest slope), which can be attributed to the previous argument that the higher surface
tension renders more strength, slowing the distortion of the interface.

The effect of the salt type on the magnitude of the initial capillary wave is another
observation in Figure 7b. It is noted that the minimum jet height is always associated with
KCl, while the maximum is generally associated with Na;SO, until, at higher concentration,
it is taken over by MgCl,. The current experiment shows that each salt solution produces
a unique jet height, hinting that the capillary wave is affected by the salt type. This is
consistent with the observation by Chen et al. [27]. They conducted molecular dynamics
simulations to study the effect of salt ions on the bending modulus of an air/water interface
and found that the bending modulus is inversely related to the magnitude of the capillary
wave fluctuation. Among the studied salts including NaCl, CaCl,, and MgCl,, they found
that MgCl, (0.5 M) produced the smallest bending modulus, implying that the presence
MgCl, triggered the largest capillary wave fluctuation. This is consistent with the observa-
tion in this work that MgCl, at high concentration results in the largest jet height. With that,
one can also rank the impact of the salts on the capillary wave fluctuations. For example,
at the maximum concentration of 0.35 M tested in the present work, the order follows:
MgCl, (relative jet height is 99 & 7%) > NaySOy4 (98 + 11%) > NaCl (92 £ 18%) > CaCl,
(91 £ 6%) > KC1 (83 & 14%).

4.3. Acoustic Analysis

The analysis of the acoustic signals also generates some important observations. It
has been shown in Figure 5a that the estimated bubble size using the acoustic frequency
by the Minnaert relationship is consistent with that obtained from the imaging analysis.
Although there is a steady offset between the acoustic and imaging trends, the acoustically
estimated bubble size is assumed to be more accurate because it is directly correlated with
the volume of the produced bubble [4,28].

The analysis of the acoustic damping ratio shows that each salt is accompanied with
a unique trend. Figure 6 shows that among all the salt solutions, NaySO; is generally
associated with the smallest acoustic damping ratio. It has been understood that the
acoustic signal emitted from a bubble is due to the volumetric pulsation of the entrapped
air mass, and the acoustic damping ratio describes how fast the bubble sound decays [28,29].
It is also known from classical mechanics theory that the damping ratio is inversely related
to the mass of the oscillating object [30,31]. Based on this, one can postulate that a system
oscillating with a large mass should be accompanied with a smaller damping ratio, which
seems to be the case for the present study. As summarized previously in Figure 5b, the
NaySOy solution generally produces the largest bubble size, suggesting that the mass of
the air that undergoes the acoustic oscillation in Na;SOj solutions is largest. Therefore, the
resulting acoustic damping ratio is smallest. Figure 8 provides more evidence to further
support this argument. Regardless of the type of the salt, the observation is that a larger
bubble is generally associated with a smaller acoustic damping ratio.
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Figure 8. Normalized acoustic frequency as a function of the bubble size estimated by the Minnaert
relationship.

4.4. Comparison with Previous Frother-Related Work

The acoustic damping ratio in the salt solutions does not show direct correlation with
that of the capillary wave, suggesting that the salts may contribute a different mechanism
from that by frothers. In a previous frother-related study, the acoustic damping ratio was
shown to be inversely related to the damping of the capillary wave characterized by the
aspect ratio. This was based on the assumption that the concentration of frothers was too
small to cause any thermal damping, and that the total damping of the air bubble was only
due to the acoustic damping and capillary wave damping [28,32]. In the present study,
thermal damping cannot be ignored, because the presence of the salts can cause either
exothermic or endothermic reactions, which consequently affect the surface properties.
This could be why the acoustic damping ratio did not show any direct correlation with the
damping of the capillary wave in the present work.

In previous studies, it was also found that larger acoustic damping ratios were gen-
erally associated with large bubbles. However, the trend was completely opposite in the
current study. The difference can be attributed to the presence of surface tension gradients.
In frother solutions, surface tension gradients readily exist because the dosage of the frother
is typically so small (i.e., a few parts per million) that a uniform frother concentration
is difficult to achieve at the air/water interface [5,33]. It is also known that the surface
tension gradients can dampen the capillary wave fluctuations [34-37]. On this basis, one
can anticipate that under the same frother concentration, big bubble surfaces are likely to
experience less dampening because the magnitude of the surface tension gradients is small.
As a result, the surface of the large bubble will be more distorted, i.e., a smaller capillary
wave damping ratio, which is reflected as a large acoustic damping ratio perceived by the
passive acoustic technique. For the case of salts, the concentration is much higher, so it
is quite possible that a uniform ion distribution at the air/water interface can always be
maintained especially under quasi-static conditions. Therefore, the presence of the surface
tension gradients is unlikely. The damping ratio of the capillary wave in salt solutions is
possibly controlled by other surface properties, such as the previously discussed bending
modulus, which requires further investigation.
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5. Conclusions

Increasing salt concentrations causing increases in the bubble size by break-up is the
most striking finding from the present work because it contradicts the well-known fact
that the salt solutions generally reduce bubble size [7,14,15,19,38]. In the current work,
break-up of the injected air mass is the only bubble formation mechanism, whereas in
the bubble swarm, break-up and coalescence co-exist and their interaction determines the
bubble size. Most of the literature ascribe the role of salts on bubble size reduction to their
ability to prevent coalescence as some salt ions appear to retard the drainage of inter-bubble
film [2,7,14,17,39,40], which can be certainly demonstrated. There are also studies hinting
at the role of the enhanced break-up, which is due to the presence of salts generating
surface tension gradients promoting the breakaway of smaller bubbles [5,22,38,41,42]. The
finding from this work suggests that the surface tension gradient is likely not responsible;
rather, the change in surface tension resulting from the salts seems to play a significant
role. The study also reveals that break-up in the presence of the salts affects the stability of
the bubble surface by imparting a capillary wave of different magnitude, suggesting that
the salts not only affect the produced bubble size but also the bubble stability at its birth
stage. The finding offers a supplementary understanding to the existing literature that salts
influence the bubble stability as it moves in gas-liquid systems [43—46]. Lastly, the study
also demonstrated that the passive acoustic technique is capable of capturing microscopic
information such as frequency and damping ratio of the oscillating bubble. The finding
shows that the damping ratio of the acoustic signal resulting from the break-up is not
correlated with that of the capillary wave on the newly formed bubble surface, implying
that the mechanism through which the salts affect the interface is not the same as that
resulting from surface tension gradients for the case of frothers [4,5,41]; rather, other factors
such as bending modulus should also be considered [27].

In conclusion, this work provides strong experimental evidence that the presence of the
salts indeed increases the bubble size produced via break-up under quasi-static conditions.
Though contradicting the known effect that salts reduce the bubble size in swarms, the
current system only investigated the break-up-only mechanism and the study did not
involve the use of frothers. The findings suggest that the effect of salts on bubble formation
seems to be manifested through their impact on coalescence prevention, and frothers are
still required to achieve the desired bubble size. Nevertheless, the finding offers new
insights into the understanding of transport phenomena in systems involving bubbles. To
broaden the breadth of this research topic, future work should consider systems containing
mixed salts, and salts with surfactants or solids. An in-depth analysis of the acoustic signals
should also be performed to increase the applicability of the acoustic technique to probing
phenomena at various interfaces, particularly those in opaque systems.
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Appendix A
Al. Image Processing

The equivalent bubble diameter, d,, was determined using image analysis performed
in MATLAB'’s Image Processing Toolbox using a custom algorithm. First, the bubble
volume, V}, was calculated by discretizing the bubble into thin volume slices, one pixel
in height, along the height of the bubble and summing these thin slices. Assuming the
bubbles to be cylindrically symmetrical, each thin slice represents a differential volume
element, dV, which is defined by Equation (A1) and shown schematically in Figure A1.

dv = 22 dn (A1)

where dh is the height of the differential volume element, in this case, constant at 1 pixel,
and d, , is the diameter of the bubble at some height, z, along the bubble, which is extracted
using image processing.

The total volume of the bubble was then determined by summing the differential
volume elements along the height of the bubble, represented by Equation (A2).

n T 5
V, = ), Zdb'z h (A2)

z=1

where # is the height of the bubble in pixels. For the images analyzed, n ranged approx-
imately between 140 and 250 pixels. With the volume of the bubble determined, the
equivalent bubble diameter was then calculated by Equation (A3).

3

dy = Evb (A3)
The analysis of the acoustic signals was performed using the MATLAB program
developed by Chu et al. (2017), which includes three steps. In the first step, digitation at
500 kHz was applied to the raw data to ensure that microscopic features of the data were
not ignored. After that, a fast Fourier transformation (FFT) was conducted to obtain the
Minnaert frequency and that of the background noise. With the identified frequency of the
background noises, the second step was to apply an eighth-order Butterworth bandpass
filter to remove those noises. The last step was to model the filtered bubble signals in the

time domain with a sinusoidal decay function shown in Equation (A4).

dv

db,z

N

d,.

Figure A1. Schematic of the differential volume element 4V in determining the bubble volume.

() = Ae=5“! cos (wo (\/1 - §2> t+ q)) +C (A4)
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where A is the amplitude, wy is the undamped frequency (Hz), { is the damping ratio, ¢ is
the phase angle (in radian), and C is a constant. The acoustic frequency was used to predict
the bubble size using the Minnaert relationship shown in Equation (A5).

f = \/3kPy/ m2d2p (A5)

where f is the sound frequency (Hz), d is the bubble diameter (m), k is the ratio of specific
heats for the gas, Py is the liquid pressure (Pa), and p is the liquid density (kg/m?).

A2. Jet Height in Different Salt Solutions
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Figure A2. Maximum jet height in different salt solutions (Na;SO4, KCL, CaCl, and MgCly).

A3. Aspect Ratios
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Figure A3. Cont.
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Figure A3. Aspect ratio in different salt solutions.

A4. Acoustic Damping Ratio and Frequency, and the Estimated Bubble Size
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Figure A4. Acoustic frequency and bubble size in different salt solutions. The larger bubble size
corresponds to those estimated from imaging.
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