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Abstract: To investigate how hydrodynamic cavitation (HC) affects the adsorption of sodium oleate
(NaOl) on diaspore and kaolinite surfaces, a comparative study on NaOl adsorption was conducted
under different conditions. The flotation and separation of the minerals were also examined with
and without HC pretreatment of NaOl. The results show that short-term HC pretreatment of NaOl
solutions did not induce a measurable change in the chemical structure of NaOl, but produced
micro-nanobubbles (MNBs) and resulted in decreases in the surface tension and viscosity of liquids.
When MNBs interacted with minerals, their anchor on solids could affect the contact angles, zeta
potentials, and surface NaOl adsorption toward minerals. At low NaOl concentrations, the presence
of MNBs reduced the NaOl adsorption capacity and particles’ zeta potential while increasing the
minerals’ contact angle. At higher NaOl concentrations, the presence of MNBs promoted NaOl
adsorption, further increased the minerals’ contact angle, and further decreases the particles’ zeta
potential. Additionally, the flotation and separation of minerals can be enhanced at low NaOl
concentrations, largely due to the enhanced bubble mineralization through the selective surface-
anchoring of MNBs on diaspore. However, the separation efficiency might deteriorate at high
NaOl concentrations, though the presence of MNBs amplified the divergences in minerals’ surface
wettability and zeta potentials.

Keywords: hydrodynamic cavitation; micro-nano bubbles; flotation separation; diaspore; kaolinite

1. Introduction

Froth flotation is an efficient and cost-effective method for separating valuable minerals
from gangue minerals. However, its efficiency significantly decreases when the size of
the solid particles falls below a certain threshold, primarily due to the reduced collision
probability between particles and conventional flotation bubbles [1]. In other words, fine
minerals with high specific surface area (SSA) and surface energy present a significant
challenge for effective separation and recovery using conventional flotation techniques.
To address this issue, several novel flotation technologies have been developed, including
shear flocculation flotation, selective flocculation flotation, micro-bubble flotation, etc. [2].
Nonetheless, several drawbacks, such as poor economic benefits, low adaptability, and
high reagent consumption, are usually encountered [3]. In contrast, the combination of
conventional flotation with hydrodynamic cavitation (HC) has been widely proved to be a
promising technique for effectively beneficiating fine minerals [4,5]. One of the reasons for
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the success is generally attributed to the micro-nanobubble (MNB) generation during the
HC processing [6,7].

MNBs, referred to as tiny bubbles with a size range of several hundred nanome-
ters to sub-microns, typically originate from dissolved gas nuclei or sub-micron to nano-
scale gas cavities partially grown from the dissolved gas nuclei in liquids during the HC
processing [2,8]. Unlike conventional micro or even larger scale bubbles, MNBs exhibit
extraordinary properties, such as long lifetime [9,10], large SSA, high gas solubility [11],
etc., which have prompted increased attention in the mineral processing field [12–14]. It has
been widely reported that MNBs can significantly enhance the flotation of various minerals,
including coal [15], graphite [16], quartz [17], scheelite [18], muscovite [19,20], hematite [21],
chalcopyrite [22], rutile [23], molybdenite [24], and others. There are two main contribu-
tors to this phenomenon: enhancing fine particle aggregation via MNB bridging [25] and
facilitating the bubble mineralization through the pre-anchoring of MNBs on solids [26].
However, the majority of studies have concentrated exclusively on enhancing the flotation
enrichment of minerals, paying scant attention to the separation of various minerals in a
system involving mineral-neutralized bodies. This oversight presents a pressing issue for
industrial applications, particularly in the froth flotation of certain non-ferrous minerals.

The direct flotation process with fatty acid (salt) collectors has shown good adaptabil-
ity in separating diaspore from other gangue minerals during the beneficiation of diasporic
bauxite [27]. The gangue minerals in diasporic bauxite primarily consist of aluminosilicate
minerals, such as kaolinite, illite, and pyrophyllite. These minerals are brittle and prone to
over-grinding, which leads to the generation of a substantial amount of fine, micro-granular
slimes [28,29]. The presence of slime weakens the flotation performances, resulting in poor
selection indicators and high reagent consumptions in conventional flotation processes [30].
A high collector consumption also has adverse effects on subsequent backwater utilization
and metallurgy [31]. Desliming before flotation can improve bauxite flotation to some extent
but may lead to the loss of fine diaspore. Therefore, achieving highly efficient flotation sep-
aration of bauxite, recovering fine diaspore particles, and simultaneously reducing reagent
consumption is an important issue for researchers. On the other hand, some attempts in
enhancing the flotation of diasporic bauxite have been made by introducing MNBs into
the flotation system. Under appropriate conditions, this technology achieves significant
enhancements in the alumina–silica ratio (A/S) of concentrate while only slightly reducing
Al2O3 recovery when compared to conventional flotation indicators [32]. However, the
impact of MNBs on the flotation separation of primary bauxite ores remains unclear. It is
important to note that differences in surface hydrophobicity are necessary for achieving
various minerals’ separation, and understanding the role of MNBs in different minerals’
surface hydrophobization is critical in determining whether this technology can strengthen
their separation process. In contrast to the role of MNBs in enhancing fine particle aggre-
gation and bubble mineralization, the role of MNBs in differing the interaction between
mineral particles and reagents may be a crucial factor in determining the final separation
performance in a MNB flotation system. However, there are currently only a few pub-
lished reports on the study of the role of MNBs in affecting interactions between mineral
particles and reagents, especially on the adsorption of reagents on solids [33,34]. These
limitations inevitably hinder our understanding of the role of MNBs in different minerals’
flotation separation.

Overall, this study focuses on fine diaspore and kaolinite as the mineral targets, using
sodium oleate (NaOl) as the collector. By examining the impact of HC on NaOl solution
properties, we investigated how MNBs affect the interaction between solids and NaOl
through contact angle measurement, zeta potential determination, and adsorption tests.
Ultimately, the flotation separation of fine diaspore and kaolinite was conducted with
and without HC pretreatment. Our findings are expected to contribute significantly to
understanding the role of MNBs in influencing the flotation separation of various minerals.
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2. Experimental
2.1. Mineral Samples and Reagents

Diaspore and kaolinite samples were sourced from the Xiaoguan mine in Henan
Province, China, with purity levels exceeding 90%, as confirmed by XRD analysis (Figure 1)
and chemical assays (Table 1). The ore was initially crushed, and well-crystallized samples
were selected for contact angle measurements. The remaining samples were finely ground
using ceramic balls, wet-screened, and subsequently separated to yield products of varying
particle sizes. Specifically, the −10 µm fraction was utilized for zeta potential measurements,
while the −37 µm fraction was employed in sorption and flotation tests. Table 2 outlines
the specific surface areas (SSAs) of these minerals within the −37 µm fraction.
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Figure 1. XRD of diaspore (a) and kaolinite(b) minerals.

Table 1. Chemical composition analysis results.

Composition Al2O3 SiO2 Fe2O3 TiO2 CaO MgO K2O Na2O Others

Diaspore 70.4 1.21 0.84 8.71 0.02 0.07 0.05 0.04 18.66
Kaolinite 39.61 43.55 0.34 1.86 0.02 0.07 0.01 0.03 14.51

Table 2. SSAs of −37 µm fraction of diaspore and kaolinite particles.

Diaspore Kaolinite

SSA (m2/g) 7.14 ± 0.08 7.76 ± 0.12

The collector used was NaOl (AR grade) procured from Beijing Dingguo Biotechnology
Co., Ltd. (Beijing, China). HCl and NaOH were utilized as pH modifiers. Ultrapure water,
with a resistivity of 18.2 MΩ·cm, underwent pre-filtration through 0.22 µm microporous
membranes prior to use in all experiments.

2.2. HC-Flotation System

Figure 2 schematically shows the HC-flotation system. It consists of a peristaltic pump
(WT-600EAS/353Y, JIHPUMP, Chongqing, China) connected to a venturi-type cavitation
tube [20], a cavitation reactor, and other components, forming a closed system. Initially,
1400 mL of ultrapure water is mixed with a certain amount of NaOl in the “Container”
to prepare a NaOl solution with a specific concentration. After adjusting the pH by HCl
and NaOH, the solution is transferred into the “Cavitation reactor”. Notably, to eliminate
the possible interference of air in the closed system on cavitation, the pipelines and the
peristaltic pump are pre-filled by intaking some liquids before the formal HC operation.
Afterward, a certain speed of about 16.17 m/s of the peristaltic pump is set to the initial
HC for 3 min [32,35], after which the solution is left to stand for a period of time and then
transferred for the flotation tests (Direction A1) or other detections (Direction A2).
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Figure 2. Schematic of HC-flotation system.

2.3. Property Characterization of NaOl Solutions

The infrared spectra of NaOl, both before and after HC pretreatment, were analyzed
using an FT-IR spectrometer (740 FT-IR, Nicolet, Waltham, MA, USA), aiming to identify
potential chemical modifications caused by HC processing. In each case, a portion of the
solution without HC treatment or stagnation for 5 min after HC pretreatment was taken
using a pipette and dropped onto a pre-pressed KBr thin slice for infrared spectroscopy
detection, with a wavelength measurement range of 4000~400 cm−1. Moreover, a laser
particle size analyzer (Mastersizer 2000, Malvern, Grovewood Road, UK) connected to the
“Cavitation reactor” was used to measure the size of the possible tiny cavitation bubbles
in liquids in situ under different HC conditions [6,22]. Additionally, the surface tension
of different solutions was measured using the Wilhelmy Plate method with an automatic
tensiometer (JK99D, Shanghai ZhongChen Digital Tech-nic Apparatus Co. Ltd., Shanghai,
China). The viscosity of NaOl solutions at different concentrations was also determined
using a high-precision rotational rheometer (DHR-2, TA, New Castle, DE, USA). In each
experiment, 30 mL of different NaOl solutions were evaluated for viscosity in the rheometer
measuring cup. The experimental procedure was carried out using a concentric cylinder
standard measurement rotor under linear viscosity mode. Each condition underwent three
measurements, and the average value was taken as the final result. All the experiments
were carried out at room temperature.

2.4. Contact Angle Measurements

Contact angle measurements were carried out on the surfaces of polished diaspore
and kaolinite using the sessile drop method. The well-selected samples were embedded
in resin and then sequentially ground with diamond grinding wheels of roughness 100,
40, and 9 µm to achieve a flat surface. Subsequently, the specimens were polished on a
micro-cloth using 1.0, 0.3, and 0.05 µm alumina powder solution. After polishing, the
specimens were thoroughly washed with ultrapure water and cleaned with a microwave
bath to remove any remaining alumina. The specimens were then promptly transferred
to a contact angle goniometer (JY-82, Chengde Dingsheng Co., Ltd., Chengde, China) for
measurements. Using a calibrated syringe, water droplets were placed, and the contact
angles of the samples were measured with different solution additions. The equilibrium
contact angle on both sides of the water droplet was measured in five different positions,
with the average value being recorded as the final data point.
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2.5. Zeta Potential Measurements

The zeta potentials of diaspore and kaolinite particles in different solutions were
measured using a Nano ZS 90 particle size analyzer (Malvern, Grovewood Road, UK). For
each experiment, 30 mg of the ore sample was first added into 50 mL of differing NaOl
solution. After adjusting the pH, it was stirred for 5 min using a magnetic stirrer. Then, the
suspension was allowed to settle for 5 min, after which a portion of the upper supernatant
was transferred to an electrode groove for zeta potential measurement. Each condition was
measured three times repeatedly, using 0.01 M KNO3 as the background electrolyte, and
then the average value was taken as the final reported data point.

2.6. Sorption Experiments

The quantity of NaOl adsorbed onto diaspore and kaolinite surfaces was determined
using a high-precision Total Organic Carbon Analyzer (Multi N/C 3100, Analytik Jena,
Jena, Germany) across varying conditions. For each trial, 5 g of bauxite or kaolinite ore
sample was initially mixed with 95 mL of a specified concentration of NaOl solution in a
150 mL conical flask. This flask was then positioned in a temperature-controlled shaking
bath and agitated consistently for 30 min. Subsequently, the mineral suspension underwent
centrifugation at 9000 rpm for 15 min, and the resulting supernatant was analyzed to
determine the organic carbon content. The concentration of NaOl in the liquid was then
calculated using a standard curve, enabling the computation of the amount of NaOl
adsorbed onto the mineral surfaces based on the remaining concentration. The adsorption
process was conducted thrice for each sample, and an average value was established as the
final outcome. The standard deviation had been determined in advance [32].

2.7. Flotation Tests

Flotation tests were carried out using an XFG(II) flotation machine operating at
1400 rpm with a 160 mL cell. In each test, a mineral pulp was prepared by adding 8 g of
a single mineral (6.8 g of diaspore and 1.2 g of kaolinite for mixed binary minerals) into
the cell along with 152 mL of NaOl solution, both with and without HC pretreatment. The
pH of the pulp was adjusted to 10. Following a 3 min conditioning period, flotation was
allowed to proceed for 5 min. The floated and unfloated particles were then collected,
filtered, and dried. The flotation recovery was calculated based on the distribution of
solid mass between the two products. For mixed binary minerals, the aluminum (Al) and
silicon (Si) contents were measured, and diaspore recovery was determined based on the
distribution of aluminum oxide (Al2O3) between the two products. Additionally, the A/S
values for both products were calculated.

3. Results and Discussion
3.1. The Effect of HC Pretreatment on the Properties of NaOl Solutions

Figure 3 illustrates the changes in the physiochemical characteristics of NaOl solution
induced by HC treatment. In particular, Figure 3a,b display images of the NaOl solution at
stages of HC processing completion and after a 5 min cessation of HC treatment, respec-
tively. Obviously, the NaOl solution turned “milky” once HC processing begins, probably
due to the generation of numerous tiny cavitation bubbles [36]. After the HC operation,
the turbidity of the NaOl solution gradually decreases. However, even after standing for
5 min, the solution does not restore its original clear and transparent appearance. With
the extension of standing time, some bubbles in the solution quickly merge and rupture,
resulting in a decrease in solution turbidity. Nevertheless, it is believed that those MNBs
exhibit exceptional stability in liquids, which causes the decrease in solution’s transmittance
accordingly [32].



Compounds 2024, 4 576Compounds 2024, 5, FOR PEER REVIEW 6 
 

 

 
Figure 3. Representative graphs of NaOl solution pretreated by HC and its physicochemical prop-
erties ((a) NaOl solution once HC stopped; (b) NaOl solution stagnating for 5 min after HC; (c) size 
distribution of MNBs in pure water under different stagnation times after HC; (d) infrared spectrum 
of NaOl before and after HC; (e) surface tension of NaOl solution before and after HC; (f) viscosity 
of NaOl solution before and after HC under 160 s−1). 

Figure 3c presents the distribution of MNBs generated during HC processing in wa-
ter under different standing times. It is verified that the HC treatment of water results in 
the production of tiny cavitation bubbles of around several tens of microns in size [22,37]. 
Upon standing for 5 min, the size distribution curve indicates a significant shift toward 
smaller ultrafine bubbles with an average size of a few microns present in the liquid. If 
left to stand for 1 h, the size distribution curve shifts further, albeit to a lesser degree when 
compared to the 5 min standing time, therefore suggesting that prolonged standing min-
imally impacts MNB size. This outcome suggests that MNBs possess much greater 

Figure 3. Representative graphs of NaOl solution pretreated by HC and its physicochemical properties
((a) NaOl solution once HC stopped; (b) NaOl solution stagnating for 5 min after HC; (c) size
distribution of MNBs in pure water under different stagnation times after HC; (d) infrared spectrum
of NaOl before and after HC; (e) surface tension of NaOl solution before and after HC; (f) viscosity of
NaOl solution before and after HC under 160 s−1).

Figure 3c presents the distribution of MNBs generated during HC processing in water
under different standing times. It is verified that the HC treatment of water results in
the production of tiny cavitation bubbles of around several tens of microns in size [22,37].
Upon standing for 5 min, the size distribution curve indicates a significant shift toward
smaller ultrafine bubbles with an average size of a few microns present in the liquid. If
left to stand for 1 h, the size distribution curve shifts further, albeit to a lesser degree
when compared to the 5 min standing time, therefore suggesting that prolonged standing
minimally impacts MNB size. This outcome suggests that MNBs possess much greater
stability than micro or larger bubbles and can remain stable in pure water for more than
1 h. As a typical surfactant, NaOl can significantly reduce the surface tension of solutions,
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which is beneficial to the formation and stability of more and smaller MNBs [38]. Therefore,
it is inferred that a large number of MNBs will persist in cavitated NaOl solutions after
being left to standing for 5 min.

It is well known that the collapse of tiny cavitation bubbles is normally accompanied
by the generation of a large number of hydroxyl radicals during HC. This process is also
accompanied by high temperature and pressure, which can probably affect the physico-
chemical properties of the solution [39,40]. Thus, we further studied the impact of cavitation
on other physicochemical properties of NaOl solution. First, the infrared spectra of NaOl
before and after HC treatment were comparatively analyzed, as shown in Figure 3d. The
results indicate that the chemical structure of NaOl remained almost unchanged after being
treated by HC under the experimental condition. This is likely due to the short duration of
the HC treatment, which lasted only 3 min and resulted in lower levels of newly formed
hydroxyl radicals and weaker oxidation of NaOl [41]. Then, the impact of HC treatment
on the surface tension of NaOl solution was explored and is depicted in Figure 3e. It is
evident that the surface tension of the solution indeed reduces after HC treatment, and
the reduction rate is even higher when the concentration of NaOl is relatively low. Yasui
et al. [42], Bu et al. [43], and Zhou et al. [44] reported similar findings. In addition, the
influence of HC treatment on the viscosity of the NaOl solution was investigated (shown
in Figure 3f), revealing a slight decrease in viscosity following cavitation treatment. As
there are no significant changes in the chemical properties of NaOl during cavitation, it
is concluded that the reduction in surface tension and viscosity of NaOl solutions may be
attributed to the newly generated MNBs [42]. The presence of MNBs causes an increase in
the gas–liquid interface area, which subsequently leads to a decrease in the measured sur-
face tension value. Additionally, fluid viscosity is influenced by internal friction produced
by molecular motion transfer and intermolecular attraction during fluid flow at varying
velocities. The existence of MNBs transforms a part of the internal friction of the fluid from
liquid–liquid interfaces to gas–liquid or gas–gas interfaces, which ultimately results in a
decrease in fluid viscosity by reducing interfacial slip resistance [45].

3.2. The Effect of HC Pretreatment on the Interaction between NaOl and Mineral Particles
3.2.1. Effect of Cavitation Treatment of NaOl Solution on Surface Wettability of Diaspore
and Kaolinite

The aforementioned results indicate that HC pretreatment does not significantly
change the chemical properties of NaOl but promotes the formation of MNBs in the solution.
Additionally, due to the decreases in surface tension and viscosity, the liquid spreads and
flows more easily on mineral surfaces, which may have a specific impact on the interaction
between NaOl and minerals [46]. Figure 4 illustrates the changes in contact angles of
diaspore and kaolinite under different conditions with an increase in NaOl concentration.
Fresh diaspore has a contact angle of around 27◦, reflecting its hydrophilic nature. When
interacting with NaOl, the corresponding contact angle of minerals significantly increases
with the rise in NaOl concentration due to the enhanced surface hydrophobicity after NaOl
adsorption. Notably, the HC pretreatment of NaOl solution leads to a more remarkable
contact angle increase, primarily at relatively high NaOl concentrations. The observed
increase in contact angle induced by HC pretreatment may be attributed to MNBs generated
during HC processing, which can anchor onto mineral surfaces through two types of active
sites: inherent geometric defects of solids and chemically induced hydrophobic sites [2].
Moreover, the number of both new stable MNBs formed during cavitation and those
chemically induced hydrophobic sites on diaspore surfaces are strongly correlated with
NaOl concentration [47]. When the concentration of NaOl is low, fewer stable MNBs may
exist in the bulk NaOl solution. Meanwhile, the minimal formation of hydrophobic sites on
diaspore surfaces caused by NaOl adsorption do not significantly facilitate the anchoring
of MNBs onto surfaces through chemically hydrophobic sites. So, it can be inferred that
the enhancement of the contact angle would be attributed to the anchoring of some MNBs
at the fine cracks, cavities, and pores on solid surfaces [48]. However, this enhancement
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would not be significant in the current case. In contrast, when the concentration of NaOl is
relatively high, more MNBs are present in the cavitated solution. Also, the adsorption of
NaOl on the surface of diaspore results in the creation of more chemically hydrophobic
sites. As a result, more MNBs anchor on the mineral surface with chemically hydrophobic
sites as active adsorption sites, leading to a greater increase in the apparent contact angle of
diaspore [20,49].
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Although the natural contact angle of kaolinite is slightly higher than that of diaspore,
the growth rate of kaolinite’s contact angle after interacting with NaOl is notably lower
than that of diaspore. According to Zhang et al. [50], both diaspore and kaolinite achieve
surface hydrophobization through the interaction of Al spots on mineral surfaces with
NaOl, and the surface abundance of Al in diaspore is 1.7 times greater than that in kaolinite.
Therefore, NaOl is more challenging to adsorb on the surface of kaolinite than diaspore.
When the concentration of NaOl is less than 0.5 × 10−4 M, regardless of HC pretreatment,
the apparent contact angle of kaolinite does not significantly improve following interaction
with NaOl. When the concentration of NaOl exceeds 0.5 × 10−4 M, there is a notable
increase in the contact angle of kaolinite, regardless of whether HC pretreatment was
applied or not. Generally, the trend in the contact angle of kaolinite with increasing NaOl
concentration resembles that of diaspore, although the growth in the contact angle of
kaolinite is less sensitive to increases in NaOl concentration and HC pretreatment than that
of diaspore, especially at relatively low concentrations. As a result, the stably anchoring
of MNBs generated during HC processing on hydrophobic sites of minerals may further
strengthen the selective surface hydrophobicity of diaspore, which in turn widened the
divergence in the surface hydrophobicity between diaspore and kaolinite after interacting
with NaOl.

3.2.2. Effect of Cavitation Treatment of NaOl Solution on Zeta Potentials of Diaspore
and Kaolinite

Figure 5a depicts the variations in zeta potential of diaspore and kaolinite particles as
a function of pH. Initially, valid zeta potential data cannot be obtained in a conventional
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NaOl solution where NaOl molecule completely ionizes. However, after treating the NaOl
solution with HC, highly negatively charged colloids are detected, which are primarily
newborn organic-armored MNBs generated in the HC process [7]. Meanwhile, the surface
potentials of kaolinite and diaspore particles significantly shift to negative as pH increases.
Diaspore’s isoelectric point is around 7.5, while kaolinite’s is about 4.3. The addition of
NaOl leads to a noticeable decrease in the zeta potential of both minerals, indicating the
adsorption of NaOl on their surfaces. However, the HC pretreatment of NaOl solution
results in a reduction in the movement in the negative direction of zeta potential of diaspore
particles across the experimental pH range. Similarly, the negative movement of kaolinite’s
zeta potential curve decreases when pH exceeds 8.5 in the presence of HC pretreatment.
The presence of charged MNBs significantly affects the electrokinetic properties of different
interfaces [51,52], likely causing the reduction in zeta potential of the two minerals due
to MNB anchoring on their surfaces. This reduction in zeta potential may occur through
mechanisms such as steric hindrance, electric double-layer (EDL) overlapping, and ion
shielding [53]. However, the reduction degree of zeta potential of diaspore caused by HC
pretreatment is significantly higher than that of kaolinite at pH 10. This suggests that the
interaction between MNBs and diaspore particles is stronger, and there seems to be more
MNBs stably anchored at diaspore surfaces than kaolinite at pH 10. These findings are
consistent with the contact angle data mentioned above.
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To further explore the impact of HC pretreatment on the minerals’ zeta potential,
changes in the minerals’ zeta potential with varying NaOl concentrations were examined
under pH 10 (shown in Figure 5b). Evidently, diaspore, kaolinite and MNBs are all nega-
tively charged in pure water at pH 10. However, the surface of kaolinite is more negatively
charged than that of diaspore, suggesting stronger electrostatic repulsion between kaolinite
and MNBs. This creates a larger electrostatic energy barrier that inhibits collision and
adhesion between kaolinite and MNBs, which may be another reason why MNBs adhere
more easily to the surface of diaspore than kaolinite.

Moreover, at low NaOl concentrations (i.e., ≤0.5 × 10−4 M), the HC pretreatment
causes a significant positive shift in diaspore’s zeta potential, while imposing only a
negligible effect on kaolinite. This reconfirms that the interaction between MNBs and
diaspore is more substantial than that between MNBs and kaolinite. In this case, MNBs are
likely to attach themselves to the surface of diaspore, reducing its zeta potential through
the “steric hindrance” effect, EDL overlapping, and ion shielding. However, it is difficult
for MNBs to stably anchor at the surface of kaolinite. Instead, most MNBs tend to remain
suspended in bulks. While free bulk MNBs can also impact the determination of kaolinite
potential through DEL compression, this effect is generally insignificant as per our previous
research [53].
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When the concentration of NaOl exceeds 1 × 10−4 M, the zeta potential of both
diaspore and kaolinite decreases after pretreating the NaOl solution with HC. Higher
concentrations of NaOl lead to the formation of more chemically hydrophobic sites for
MNBs to latch onto, which results in more MNBs being stably anchored to the minerals’
surfaces, consequently decreasing the measured zeta potential values. However, even
in this case, the zeta potential of diaspore still decreases more significantly than that of
kaolinite. This implies that, although MNBs can effectively anchor onto the surface of
both minerals at higher NaOl concentrations, a greater number of MNBs are likely to be
anchored onto the surface of diaspore. Additionally, the reduction in the zeta potential of
solids caused by MNBs anchoring on mineral surfaces is more significant than the increase
in the particles’ zeta potential induced by NaOl adsorption.

3.2.3. Effect of Cavitation Pretreatment on Adsorption Capacity of NaOl on Diaspore
and Kaolinite

After anchoring to mineral surfaces, MNBs occupy a certain space on the mineral’s
surfaces. Numerous studies have shown that the anchoring of MNBs on mineral surfaces
inevitably affects the chemical reagent adsorption on solids, although detailed explanations
are still lacking. Some reports suggest that MNBs may diminish the adsorption ability
of reagents on mineral surfaces by hindering their direct adsorption [38,54], leading to
a decrease in minerals’ zeta potential [51]. However, other studies have proposed that
MNBs’ existence may not lower the reagent adsorption but instead transforms some of
the reagents from assembling at the solid–liquid interface to gas–liquid–solid or even gas–
liquid interface [55–58]. Therefore, a quantitative comparison was conducted to determine
how HC and associated MNBs affect NaOl adsorption on mineral surfaces by assessing
differences in the quantity of NaOl present on mineral surfaces.

Figure 6 illustrates the adsorption of NaOl on diaspore and kaolinite particles under
different conditions. Figure 6a shows that increasing NaOl concentration directly increases
the amount of NaOl adsorbed on both minerals. The adsorption of NaOl on solids is
notably influenced by HC pretreatment, leading to a substantial increase in adsorption at
higher initial NaOl concentrations. These observations corroborate well with the outcomes
of contact angle and zeta potential tests. Since the adsorption data were quantitively
obtained using the residual concentration method, this finding additionally suggests that
more NaOl molecules accumulate on the solid–MNB aggregates, most likely through
a combination of direction adsorption (adsorption occurs at the solid–liquid interface),
gas-vapor deposition [59], or assembling at MNB surfaces in cavitated solutions [60–62].
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More quantitative details about the growth rate of NaOl adsorption on mineral surfaces
induced by HC pretreatment (i.e., GP) are displayed in Figure 6b. The calculation of GP is
based on the following formula:

GP = (ANaOl(HC) − ANaOl)/ANaOl × 100%

where ANaOl(HC) represents the quantity of NaOl adsorbed on mineral surfaces in cavitated
NaOl solutions, and ANaOl represents the amount of NaOl adsorbed on mineral surfaces in
conventional NaOl solutions. For each single mineral, the GP values decline initially and
then rises quickly before gradually reaching an endpoint, as the level of NaOl increases.
Specifically, when the concentration of NaOl is low (around 0.5 × 10−4 M), the correspond-
ing GP values for both minerals are negative, indicating that the HC pretreatment reduces
the adsorption amount of NaOl on mineral surfaces. The introduction of MNBs during the
HC processing creates abundant gas–liquid interfaces in liquids. As a result, some NaOl
molecules may accumulate on the surfaces of these tiny bubbles instead of interacting with
the mineral interface. Moreover, only a few chemically hydrophobic sites can be formed
on mineral surfaces, making it unfavorable for the stable anchoring of NaOl-armored
MNBs [47]. Thus, the low concentration of NaOl, combined with HC pretreatment, leads to
a reduction in the amount of NaOl adsorbed on mineral-MNBs aggregates, which therefore
contributes to the reduction in the measured zeta potential of solids.

In contrast, at higher NaOl concentrations, the GP values rapidly increase to be
positive, indicating that HC pretreatment increases the adsorption capacity of NaOl on
mineral surfaces. However, despite the increase in GP value, the measured zeta potential
still declines gradually. This implies that some organic molecules may interact with solids
through adsorption at the gas–liquid interface, and the zeta potential reduction caused by
MNBs anchoring on solids may take precedence. In addition, the divergence in GP values
between diaspore and kaolinite displays an initial increase followed by a slow decrease
trend with a maximum obtained at a concentration of 0.5 × 10−4 M. Based on the data
about contact angle and NaOl adsorption on mineral surfaces, this finding implies that
the increase in the measured contact angle may be associated not only with the amount
of NaOl adsorbed on the mineral surface but also with the geometric heterogeneity of
anchored MNBs.

In summary, the interaction between NaOl and minerals leads to the formation of
chemically hydrophobic sites on their surfaces. MNBs generated during HC processing
may impose varying influences on contact angles, zeta potentials, and surface NaOl ad-
sorption toward minerals at different NaOl concentrations. At low NaOl concentrations
(<0.5 × 10−4 M), the presence of MNBs may not be favorable for the adsorption of NaOl
on both minerals, causing a reduction in particles’ zeta potential due to lower NaOl ad-
sorption. The increase in the mineral’s contact angle could be mainly due to the geometric
heterogeneity of anchored MNBs on solids. However, at high NaOl concentrations, the
presence of MNBs improves the NaOl adsorption on both minerals, attributing to increased
NaOl adsorption and the heterogeneity of anchored MNBs on solids. The measured contact
angle of minerals is noticeably increased under these conditions. Despite this improvement,
the detected zeta potential of mineral particles still gradually decreases, possibly due to the
significant number of anchored MNBs on solids, which reduce the particles’ zeta potential
through the steric hindrance effect, EDL overlapping, and ion shielding. Figure 7 depicts a
possible model of NaOl adsorption on diaspore and kaolinite surfaces with and without
HC pretreatment of NaOl solutions.



Compounds 2024, 4 582Compounds 2024, 5, FOR PEER REVIEW 12 
 

 

 
Figure 7. Schematic of the adsorption of NaOl on the surfaces of diaspore and kaolinite in the ab-
sence and presence of HC pretreatment. 

3.3. The Effect of HC Pretreatment on the Flotation Separation of Fine Diaspore and Kaolinite 
The HC pretreatment of NaOl solutions has a positive effect on increasing the surface 

hydrophobicity of minerals and decreasing the zeta potential of particles, which are im-
portant factors for mineral flotation and separation. In Figure 8a, the recovery of both di-
aspore and kaolinite increases with increasing NaOl concentration and HC pretreatment, 
confirming that MNBs can act as secondary collectors for flotation [17]. However, the ef-
fect of HC pretreatment on diaspore flotation diminishes as NaOl concentration increases, 
while for kaolinite, HC pretreatment has the greatest promoting effect when the NaOl 
concentration is between 0.5 × 10−4 and 1 × 10−4 M. Through combing the data from Section 
3.2, it can be seen that at low-to-medium NaOl concentrations, HC pretreatment dose not 
significantly enhance the mineral’s surface contact angle, reduce the particle’s zeta poten-
tial, or increase NaOl adsorption. Consequently, particle bridging induced by MNBs is 
not thought to be very significant. Conversely, the improved mineralization of bubbles 
assisted by surface-anchoring MNBs is likely the key contributor for the enhanced flota-
tion of minerals at these concentrations. At high NaOl concentrations, the role of MNBs in 
promoting NaOl adsorption on solid–MNB aggregates, which improves the surface hy-
drophobicity of minerals and reducing the zeta potential of the particles, tends to be in-
creasingly noticeable, which also contributes to the enhancement in the flotation enrich-
ment of minerals. However, as the concentration of NaOl increases, the HC pretreatment 
and accompanying MNB-enhanced flotation enrichment gradually weaken, which at least 
suggests that the strengthening effect of MNBs on flotation enrichment mainly results 
from the enhanced bubble mineralization aspect in the present flotation system. 
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3.3. The Effect of HC Pretreatment on the Flotation Separation of Fine Diaspore and Kaolinite

The HC pretreatment of NaOl solutions has a positive effect on increasing the sur-
face hydrophobicity of minerals and decreasing the zeta potential of particles, which are
important factors for mineral flotation and separation. In Figure 8a, the recovery of both
diaspore and kaolinite increases with increasing NaOl concentration and HC pretreatment,
confirming that MNBs can act as secondary collectors for flotation [17]. However, the
effect of HC pretreatment on diaspore flotation diminishes as NaOl concentration increases,
while for kaolinite, HC pretreatment has the greatest promoting effect when the NaOl
concentration is between 0.5 × 10−4 and 1 × 10−4 M. Through combing the data from
Section 3.2, it can be seen that at low-to-medium NaOl concentrations, HC pretreatment
dose not significantly enhance the mineral’s surface contact angle, reduce the particle’s
zeta potential, or increase NaOl adsorption. Consequently, particle bridging induced by
MNBs is not thought to be very significant. Conversely, the improved mineralization of
bubbles assisted by surface-anchoring MNBs is likely the key contributor for the enhanced
flotation of minerals at these concentrations. At high NaOl concentrations, the role of MNBs
in promoting NaOl adsorption on solid–MNB aggregates, which improves the surface
hydrophobicity of minerals and reducing the zeta potential of the particles, tends to be
increasingly noticeable, which also contributes to the enhancement in the flotation enrich-
ment of minerals. However, as the concentration of NaOl increases, the HC pretreatment
and accompanying MNB-enhanced flotation enrichment gradually weaken, which at least
suggests that the strengthening effect of MNBs on flotation enrichment mainly results from
the enhanced bubble mineralization aspect in the present flotation system.
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HC pretreatment displays promising potential in effectively enhancing the flotation
separation of diaspore and kaolinite, particularly at low NaOl concentrations. To determine
the actual influence of HC pretreatment on the separation of fine diaspore from fine kaolin-
ite, the flotation separation of the minerals’ mixture under varying NaOl concentrations was
explored, with the indicators of concentrate shown in Figure 8b. Obviously, HC pretreat-
ment significantly improves the Al2O3 recovery in concentration across the experimental
NaOl range, achieving maximum enhancement between 0.5 × 10−4 M and 1 × 10−4 M
NaOl concentration. When compared with conventional flotation, it is observed that flota-
tion with HC pretreatment produces higher A/S in concentration when NaOl concentration
is below 1.5 × 10−4 M. However, when NaOl concentration exceeds 1.5 × 10−4 M, the A/S
witnesses a slight decline after HC pretreatment. Therefore, under appropriate NaOl
concentration conditions, HC pretreatment of NaOl solution can effectively enhance the
flotation and separation of fine diaspore and kaolinite, while simultaneously achieving
higher Al2O3 recovery and the final A/S concentration.

When interacting with minerals, NaOl exhibits a stronger affinity toward diaspore
than kaolinite, resulting in more anchored MNBs on the surface of diaspore due to the
ease of MNBs anchoring on a more hydrophobic surface. At low concentrations of NaOl,
a small number of MNBs can stably anchor on the surface of diaspore, while almost no
MNBs can stably anchor on kaolinite surfaces. Although there seems to be no significant
change in macroscopic wettability and the zeta potential of mineral particles induced
by MNBs at this case, the selective attachment of MNBs on mineral surfaces leads to a
selective improvement in bubble mineralization between these two minerals, which is
likely responsible for the high selectivity of the final flotation separation. At relatively high
concentrations of NaOl, the selective anchoring of MNBs on solids amplifies the differences
in macroscopic wettability and zeta potential between diaspore and kaolinite particles
while maintaining a relatively constant divergence in the adsorption amount of NaOl, and
the corresponding separation performance sharply deteriorates. This may be due to the
high concentrations of NaOl and MNBs present in the system, which causes an overall
drop in the separation selectivity of the flotation in final.

It is noteworthy that under low NaOl concentration conditions, the significant differ-
ences observed in flotation recovery and separation between fine diaspore and kaolinite
are likely attributable to the selective enhancement of bubble mineralization in diaspore,
facilitated by the selective surface-anchoring of MNBs. However, direct supporting evi-
dence is currently lacking, prompting further research. In summary, this study constitutes
a preliminary investigation, highlighting the need for further extensive research to attain a
comprehensive understanding of NaOl adsorption and assembly on surfaces of diverse
minerals. Such understanding is crucial for deciphering the intricate interface interactions
in HC or MNB-assisted flotation applications.
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4. Conclusions

Based on the results, the following conclusions can be drawn:

1. Short-term (3 min) HC treatment does not noticeably change the chemical properties
of NaOl but promotes the formation of MNBs in liquids, which therefore causes
certain reductions in surface tension and viscosity of NaOl solutions.

2. At low NaOl concentrations, the presence of MNBs generated during HC processing
hinders the adsorption of NaOl on mineral surfaces, resulting in a decrease in the zeta
potential of mineral particles. However, the macroscopic contact angle of solids can
still be enlarged slightly, probably due to the geometric heterogeneity of anchored
MNBs on mineral surfaces.

3. At relatively high NaOl concentrations, the introduction of MNBs promotes the
adsorption of NaOl on mineral–MNB aggregates, leading to a significant increase
in the macroscopic contact angles of solids. But it still causes a reduction in the
measured zeta potential of solids, probably due to the “steric hindrance” effect, EDL
overlapping, and ion shielding induced by anchored MNBs on mineral surfaces.

4. The pretreatment of NaOl solution with HC can enhance the flotation enrichment of
both fine diaspore and kaolinite across the experimental NaOl concentration range,
while the separation of these minerals can only be improved at relatively low NaOl
concentrations. The newly generating and surface anchoring of MNBs benefit the
mineral particle aggregation and bubble mineralization, all of which lead to the
increased flotation enrichment of the minerals. Nonetheless, it appears that MNB-
enhanced bubble mineralization may play a more important role in facilitating the
flotation separation of diaspore and kaolinite under the current system.
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