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Abstract: Nanobubble flotation technology is an important research topic in the field of fine mineral particle separation. The basic characteristics
of nanobubbles, including their size, concentration, surface zeta potential, and stability have a significant impact on the nanobubble flotation per-
formance. In this paper, bulk nanobubbles generated based on the principle of hydrodynamic cavitation were investigated to determine the effects
of different parameters (e.g., surfactant (frother) dosage, air flow, air pressure, liquid flow rate, and solution pH value) on their size distribution and
zeta potential, as measured using a nanoparticle analyzer. The results demonstrated that the nanobubble size decreased with increasing pH value,
surfactant concentration, and cavitation-tube liquid flow rate but increased with increasing air pressure and increasing air flow rate. The magnitude
of the negative surface charge of the nanobubbles was positively correlated with the pH value, and a certain relationship was observed between the
zeta potential of the nanobubbles and their size. The structural parameters of the cavitation tube also strongly affected the characteristics of the
nanobubbles. The results of this study offer certain guidance for optimizing the nanobubble flotation technology.
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studied.
Although their size and gas type differ, bubbles play im-

1. Introduction

The term “nanobubbles” generally refers to tiny bubbles
with a bubble diameter less than 1 pm, which are nanoscale
gaseous aggregates existing at the solid—liquid interface or in
the liquid-phase environment; by contrast, microbubbles of-
ten have a diameter between 1 and 1000 um [1]. Nano-
bubbles have characteristics that differ from those of conven-
tional air bubbles and are widely used in mineral flotation,
sewage treatment, targeted drug delivery, biomedicine, nano-
materials, and other industrial fields. Four cavitation-based
methods are available to generate microbubbles and/or nano-
bubbles: hydrodynamic cavitation, ultrasonic cavitation, op-
tical cavitation, and particle cavitation [2]. The hydrodynam-
ic cavitation method is most commonly used in engineering
applications because of its relative equipment simplicity,
convenient implementation, low energy consumption, and
low maintenance costs [3—8]. In the present paper, the basic
characteristics of nanobubbles produced by this method are
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portant roles in different fields. For example, Madavan et al.
[9] used microbubbles generated with a perforated plate jet
device to reduce the local friction of the plate by approxim-
ately 80%. They also reported that the drag reduction effect
was related to the pore diameter. Microbubbles are widely
used in the treatment of oily wastewater, municipal
wastewater, and industrial wastewater because of their high
adsorption rate [10-11].In the field of flotation, nano-
bubbles are characterized with a small particle size, large
specific surface area, and long existence time. By increasing
the collision and adhesion probability between particles and
bubbles and reducing the probability of particle detachment
from bubbles, the flotation kinetics can be substantially im-
proved and the flotation effect can be enhanced [6,8,12—15].
In the field of agriculture, the oxygen content in a water body
can be increased by introducing air or oxygen into the water
body using the aeration method with a micro/nanobubble
generation device [16]. Nanobubble water with a high oxy-
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gen content also has special properties related to sterilization,
oxidation, and electrification and can promote plant growth,
delay plant root senescence, and improve soil quality [17].
Nanobubbles can also solve the problem of anoxia in artifi-
cial fish ponds and reduce the content of nitrogen and phos-
phorus in water [18]. Cavitation bubbles are widely used in
neutron detectors (e.g., helium tubes) to monitor leakage of
nuclear materials [19]. Nanobubbles have strict requirements
for size when used in medicine; they can be used in ultra-
sound imaging and intracellular drug delivery and to en-
hance the sensitivity of cancer cells to drugs [20-21].

The size of nanobubbles reflects their special properties
to some extent. The rising velocity of bubbles is known to be
related to bubble size. When the bubble size is less than
10 pum, bubbles begin to show some special physical and
chemical characteristics such as slower rising or even set-
tling and long duration times. The smaller bubble size and
larger specific surface area provide sufficient contact area for
reaction with the particles. The zeta potential of the surface
of nanobubbles can affect their stability in water. Therefore,
the diameter and surface potential of nanobubbles are im-
portant topics of nanobubble characterization. Etchepare et
al. [22] used a centrifugal multiphase pump (CMP) and a
needle valve to study the influence of the time interval and
pressure on the concentration and diameter of nanobubbles
through pressurization, demonstrating the high stability and
long life of nanobubbles generated by their nanobubble wa-
ter dispersion system. Fan et al. [23] analyzed and tested the
particle sizes of nanobubbles generated under different con-
ditions using a homemade nanobubble generation system and
found that the diameters of nanobubbles are mostly distrib-
uted between 191 and 800 nm. Najafi et al. [24] produced
bulk nanobubbles with an average size of 290 nm through
temperature changes in a closed container and also measured
their zeta potentials. Their results showed that the zeta poten-
tials of nanobubbles were consistent with those of larger
bubbles.

A number of bubble size measurement techniques have
been developed, including X-ray techniques [25], optical mi-
croscope and camera methods [26], a laser pulse method
[27], a fluid dynamics method [28], resistivity, and image
analysis [29-30]. Although image analysis is the most widely
used method to characterize nanobubbles, it has some obvi-
ous disadvantages. For example, a transparent barrier is re-
quired for image acquisition, a low bubble concentration
should be used, and the experimental setup is complicated.
Even experiments with cameras equipped with modern high-
speed charge-coupled devices are time consuming [31-32].
Therefore, using laser diffraction technology, i.e., dynamic
light scattering technology, to measure bubble diameter has

become the preferred research method.

Previous research on bulk nanobubbles has mainly fo-
cused on their role in industrial applications; research on the
characteristics of nanobubbles themselves has not been com-
prehensive. In this paper, dynamic light scattering and other
technologies are used to study important characteristics such
as the size distribution, surface potential, and the stability of
bulk nanobubbles generated via the hydrodynamic cavitation
method. The effects of frother type and concentration, solu-
tion pH value, hydrodynamic cavitation conditions (air pres-
sure, liquid flow rate of the cavitation tube, air flow rate, and
internal structural parameters of the cavitation tube), and oth-
er factors on the characteristics of nanobubbles were invest-
igated in depth, providing a scientific basis for fully under-
standing the mechanism and performance of nanobubbles in
enhancing mineral flotation.

2. Experimental
2.1. Materials

One of the nonionic surfactants used in the test was
methyl isobutyl methanol (MIBC), with a molecular weight
of 102.2 g/mol and a purity of 99%. The other nonionic sur-
factant, n-pentanol, has a molecular weight of 88.15 g/mol
and was of analytical purity. Anionic surfactant sodium
oleate, with a molecular weight of 304.44 g/mol, was of
chemical purity. HCl and NaOH used to adjust the pH value
were also of analytical purity. In addition, the water used in
this experimental study was deionized water with a conduct-
ivity of 0.14 pS/cm, produced by an ultrapure water system
from Shenyang Xinjie Technology Co., Ltd.

2.2. Generation and size measurement of nanobubbles

The device for generating and measuring nanobubbles is
shown in Fig. 1. A homemade hydrodynamic cavitation tube
was used as a nanobubble generating device, and a circulat-
ing closed-circuit system was formed by connecting a circu-
lating water pump (New Territories 25WBZ6-18) and a
homemade cavitation tube through a plastic pipe with an in-
ner diameter of 11 mm.

The efficiency of hydrodynamic cavitation is affected by
many parameters, including the inlet pressure, physical and
chemical properties of the liquid, structure of cavitation tube,
and the solubility of the gas. When liquid flows at a high
speed, hydrodynamic cavitation will occur because the pres-
sure at a certain point drops below the vapor pressure in-
stantaneously [33]. When the liquid flows through the throat
of the cavitation tube at a certain speed, the speed of the li-
quid increases rapidly and the pressure of the liquid de-
creases sharply, thus generating a certain pressure difference
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Fig. 1. Schematic of the nanobubble generation and size and

the potential measuring system.

and finally generating a large number of nanobubbles. To in-
duce high-intensity cavitation, the outlet pressure of the
pump should be high. The suction of the circulating water
pump makes the aqueous solution containing frothing agent
flow through the specially designed cavitation tube where the
internal pressure of the liquid flow is lower than the satur-
ated vapor pressure of dissolved gas and the gas nuclei are
precipitated in the form of nanobubbles.

To eliminate the influence of larger bubbles rising in the
measurement process and to control the nanobubble concen-
tration in water for optimum laser size analysis, the nano-
bubble reservoir at the right bottom of Fig. 1 consisted of an
inner cell and an outer cell. The inner cell had a small hole
for nanobubbles to diffuse to the outer cell to form a dilute
nanobubble solution that was used as the sample for laser
size analysis. The inner cell solution had a nanobubble con-
centration that was too high to be used directly for laser size
analysis. The nanobubble solution in the outer cell was trans-
ferred to the size analyzer using a peristaltic pump or trans-
ferred manually using a pipette.

The bubble size detection device used in this study was a
Malvern Nano ZS 90 particle size potential analyzer with a
particle size measurement range from 2 to 36 um. Accord-
ing to Mie’s theory [34-35], the refractive indexes of bubbles
and water were set to 1.0 and 1.33, respectively, and the size
was measured at 22°C. Fifteen milliliters of cavitation solu-
tion was collected for measurement, and each group of
samples were measured three times, with the average value
being taken as the final value.

2.3. Zeta potential measurements

The surface zeta potential of nanobubbles was measured
using a zeta potential analyzer (Malvern Nano ZS 90) to
characterize the surface charge of nanobubbles in solution
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under different conditions. The bubble size for surface poten-
tial measurement ranged from 5 nm to 10 pm; each meas-
urement was repeated three times, and the average was taken
as the final value of zeta potential under a given condition.

3. Results and discussion

3.1. Effect of frother dosage on nanobubble size and zeta
potential

The presence of frother affects the number and size of
bubbles and it is necessary to investigate the effect of frother
dosage on the size of bubbles. Fig. 2 shows the variation of
nanobubble size as a function of the concentration of frother
(MIBC) at 10, 20, 30, 40, and 50 mg/L.

Fig. 2 shows that the average size of nanobubbles is neg-
atively correlated with the concentration of MIBC. When the
dosage of MIBC was increased from 10 to 50 mg/L, the peak
value in the particle size distribution was observed to shift to-
ward smaller particle sizes and the average size of the nano-
bubbles decreased from 248 to 154 nm. Finch et al. [36]
showed that increasing frother concentration can reduce sur-
face tension and thus reduce bubble size. Azgomi [37] ex-
plained the effect of frother on bubble size on the basis of the
mechanism of bubble coalescence prevention. He speculated
that the frother molecules at the air-liquid interface formed
hydrogen bonds with water, making the liquid film on the
bubble surface more stable and thereby preventing bubble
coalescence and reducing bubble size. Notably, surface ten-
sion is not the only factor that affects bubble size. Gupta et al.
[38] studied the relationship between bubble size and surface
tension in the presence of two frothers: MIBC and DF-1012.
They demonstrated that, when DF-1012 was used as a froth-
er, the bubble size was larger than when MIBC was used at
the same concentration although its surface tension was
lower. Moyo et al. [39] also found that adding some salt to
the aqueous solution reduced bubble size but increased
bubble surface tension.

Electrostatic force plays an important role at the gas—li-
quid-solid interface; thus, measurement of the zeta potential
of bubbles is indispensable. However, researchers in the re-
search field of froth flotation devote more attention to the
charge on the surface of solid particles; very little research
has been conducted on the surface charge of bubbles. Fig. 3
shows the change in zeta potential of nanobubbles when the
MIBC concentration was varied from 0 to 50 mg/L.

The zeta potential decreased substantially as the nonion-
ic surfactant (MIBC) concentration was increased from 0 to
10 mg/L in the solution but leveled off thereafter. Karraker
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Fig.2. Effect of MIBC dosage on the size distribution of nanobubbles (flow rate: 84.4 L/min; pH 6).

and Radke [40] proposed that, in pure water, bubbles are
negatively charged mainly because of the special adsorption
of OH™ at the gas—liquid interface. The change in potential is
mainly due to the change in OH concentration in the solu-
tion, and the negative value of the surface potential increases
with increasing OH ™ concentration. When the concentration
of nonionic surfactant increases gradually, OH and nonion-
ic surfactant molecules compete for adsorption at the gas—li-
quid interface, reducing the gas—liquid interface potential.

3.2. Effect of the solution pH value on the nanobubble
size and zeta potential

The electric double layer on the bubble surface plays an
important role in the interaction between bubbles and the
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Fig. 3. Effect of MIBC concentration on the zeta potential of
nanobubbles (flow rate: 84.4 L/min; pH 6).

generation and stability of bubbles. The zeta potential is an
important factor affecting electrostatic repulsion and should
therefore be studied. Fig. 4 shows the change of the nano-
bubble size generated by the cavitation tube as a function of
the pH value when the concentration of the MIBC surfactant was
50 mg/L. In this study, sodium hydroxide and hydrochloric
acid were used to adjust the pH value. As evident from Fig. 4,
the size of nanobubbles decreases consistently with increas-
ing pH value. When the pH value increases from 3 to 12, the
average diameter of nanobubbles decreases from approxim-
ately 620 to approximately 250 nm.

Fig. 5 shows the relationship between the nanobubble
zeta potential and size and pH value under the condition of
50 mg/L MIBC frother. Obviously, when the pH value was
increased from 3 to 12, the zeta potential changed from a
positive value to a negative value of =9 mV and the nano-
bubble size decreases from 652 to 251 nm. Elmahdy ez al.
[41] have reported that the bubble surface generated in water
using nonionic frother MIBC has a negative charge. When
the aqueous solution containing bubbles is alkaline, the con-
centration of OH ™ in the solution also increases. Wu et al.
[42] have shown that increasing the OH™ concentration in the
aqueous bubble solution will increase the bubble surface
charge and make the bubbles more stable through electro-
static repulsion. Obviously, the results in Fig. 5 show that
higher pH values resulted in greater bubble surface charge,
greater electrostatic repulsion, and, consequently, smaller
bubbles. Calgaroto et al. [12] found that OH ™ usually exists
at the gas—liquid interface to form an electric double layer,
which provides repulsive force and plays an important role in
the generation and stability of bubbles.
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tential of nanobubbles (flow rate: 84.4 L/min; MIBC concentra-
tion: 50 mg/L).

3.3. Effect of frother type on the zeta potential of nano-
bubbles

Fig. 6 shows the variation of the zeta potential of the sur-
face of nanobubbles as a function of the solution pH value
when 50 mg/L of the anionic surfactant sodium oleate
(C,,H;;COONa) and the nonionic surfactants MIBC (C,¢H,,0)
and n-pentanol (CsH;,0) was used, respectively.

The results in Fig. 6 show that, when the pH value was

changed from acidic to alkaline, the surface potential of nan-
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Effect of the pH value on the average size distribution of nanobubbles (flow rate: 84.4 L/min; MIBC concentration: 50 mg/L).

obubbles generated in the presence of sodium oleate was al-
ways negative, increasing from —2.08 mV at pH 3 to —38.8
mV at pH 12. When two nonionic frothers were used, the
surface potential of the nanobubbles changed from positive
to negative with increasing pH value of the solution and the
difference in the surface potential values of the nanobubbles
generated by the two agents was not obvious. The zeta po-
tential was positive at pH 3 and became negative with in-
creasing solution pH value. The zeta potential of bubbles
changed from +1.04 mV to —9.04 mV and from +2.03 mV to
—7.98 mV as the pH value was increased from 3 to 12 in the
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Fig. 6. Effect of the pH value on the zeta potential of nano-

bubbles generated using different types of frother (flow rate:
84.4 L/min; surfactant concentration: 50 mg/L).
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presence of MIBC and n-pentanol, respectively. These res-
ults are in agreement with a previous study by Yoon and
Yordan [43], who found that different surfactants produce
different charges on bubbles. They also reported that anionic
surfactants produce negatively charged bubbles and that no-
nionic surfactants produce negatively charged bubbles in the
alkaline pH range and positively charged bubbles in the acid-
ic pH range. They further noted that the structure of the no-
nionic surfactant affects the zeta potential of bubbles and that
a higher oxygen/carbon (O/C) ratio in surfactant molecules
may lead to a more negative zeta potential. The O/C ratios
for MIBC and n-pentanol are 1/6 and 1/5, respectively; thus,
the difference in zeta potential of bubbles generated by these
two surfactants is not significant. Xiao et al. [44] recently in-
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vestigated the pH effect on nanobubble zeta potential with
and without sodium oleate and also likewise found that a
higher pH value results in a more negative zeta potential and,
more importantly, that the presence of sodium oleate in-
creases the magnitude of the negative potential, suggesting
selective adsorption of sodium oleate onto nanobubbles.

3.4. Influence of liquid flow rate on nanobubble size

Liquid flow rate is an important factor affecting liquid
pressure and the hydrodynamic cavitation effect and will
therefore affect the size of nanobubbles. Fig. 7 shows the
change in nanobubble size, as measured with the cavitation
tube, at different liquid flow rates in the presence of 30 mg/L
frother.
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Fig.7. Effect of liquid flow rate on the size distribution of nanobubbles (MIBC concentration: 30 mg/L; pH 6).

As evident from Fig. 7, the average size of nanobubbles
decreases from 631 to 191 nm with increasing liquid flow
rate from 16.6 to 84 L/min. Large quantities of micro-
bubbles and nanobubbles were generated at high flow rates.
However, when the flow rate was 16.6 L/min, very few mi-
crobubbles and nanobubbles were formed because of the low
cavitation efficiency when the flow rate was too low. Ac-
cording to the Bernoulli equation,

M

where P is the pressure, p the liquid density, U the liquid
flow rate, and C is a constant. Rearranging Eq. (1) yields
2P 2C
+—=—
p P

1
P+§pU2:C

u? )

Therefore, when the liquid flow rate U > %C, the pres-

sure becomes negative and the cavitation tube is more prone
to the cavitation effect. This equation shows that, when the
liquid flow rate increases, the jet velocity increases, the im-
pact strength between the jet fluid and the tube wall in-
creases, and bubbles are more easily broken into smaller
bubbles. Fujiwara et al. [45] postulated that a larger liquid
flow rate implies a faster velocity through the throat of the
cavitation tube, resulting in a sharp contraction and expan-
sion of bubbles. When bubbles enter the throat, jet flow will
occur. The jet flow increases the shear force on bubbles, in-
creases the turbulence intensity in the expansion section, and
is more likely to cause bubble fragmentation, thus making
bubbles smaller. In general, increasing the flow rate of the
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cavitation circulating liquid promotes the cavitation effect
and the formation of micro- and nanobubbles.

3.5. Influence of air pressure on nanobubble size

The air content in a liquid strongly affects cavitation.
Fig. 8 shows the effect of air pressure on the size distribu-
tion of nanobubbles when the frother concentration is 30 mg/L
and the air flow rate is 0.1 L/min.

Fig. 8 shows that as the air pressure increases from 0.2 to
0.6 MPa, the nanobubble size increases from 248 to 581 nm.
When the air pressure is low, the change in nanobubble size
is obvious; however, when the air pressure exceeds a certain
value, the change in nanobubble size is not obvious.
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Moreover, as the air pressure increases, the inlet pressure of
the cavitation tube also increases. When the higher inlet pres-
sure increases, the energy dissipation rate and turbulence in-
tensity increase, thus intensifying cavity collapse and result-
ing in larger nanobubbles. Yang [46] found that, as the inlet
pressure continues to increase, the jet flow area will also in-
crease. Cavitation at this time will develop into supercavita-
tion, resulting in a large number of cavitation bubbles form-
ing a white mist of cavitation clouds. Water vapor near the
wall will form a continuous phase containing dispersed li-
quid droplets, blocking the initiation of cavitation. In the
blocking mode of cavitation, cavitation efficiency decreases,
resulting in larger nanobubbles.
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Fig. 8. Effect of air pressure on the size distribution of nanobubbles (MIBC concentration: 30 mg/L; liquid flow rate: 84 L/min; air

flow rate: 0.1 L/min; pH 6).
3.6. Influence of air flow rate on nanobubble size

Fig. 9 shows the effect of different air flow rates on the
size of nanobubbles when the frother concentration is
30 mg/L, the air pressure is 0.2 MPa, and the liquid flow rate
is 84 L/min.

As the air flow rate was increased from 0.1 to 0.5 L/min,
the average size of the nanobubbles gradually increases from
248 to 507 nm. Sada et al. [47] reported that at higher gas
velocities, bubbles coalesced at a certain position from the
nozzle and bubble diameter increased rapidly. Davidson and
Amick [48] proposed an empirical expression for the initial
bubble size of a single bubble:

v =0.110(gx 25"

n

3)

where V is the volume of the bubble, ¢ is the gas flow rate,

and r, is the nozzle radius. Therefore, for a given cavitation
tube, the bubble volume increases with increasing gas flow
rate. In the process of hydrodynamic cavitation, changes in
gas solubility cause corresponding changes in the number
and size of gas nuclei in the liquid, thus affecting the overall
cavitation effect. During the cavitation development stage,
the greater gas solubility will lead to more cavitation bubbles.
However, in the subsequent cavitation stage, the greater gas
solubility will cause more severe cavitation bubble collapse
and decrease the number of cavities, resulting in a decrease
in cavitation intensity. Fan et al. [23] demonstrated that, un-
der the condition where other parameters are fixed, when
oxygen or carbon dioxide is introduced during cavitation, the
dissolved gas provides a large number of gas nuclei for nan-
obubble generation, thus enhancing cavitation. According to
the Bernoulli equation, with increasing gas content, the par-
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tial pressure of carbon dioxide or oxygen will also increase,
which will reduce the pressure required to generate nano-
bubbles and lead to an increase of nanobubble size.

4. Conclusions

In this paper, the changes in the size distribution and sur-
face zeta potential of bulk nanobubbles generated by hydro-
dynamic cavitation under different bubble generation condi-
tions are studied. The following main conclusions were
drawn from the research results:

(1) The size of nanobubbles generated by hydrodynamic
cavitation is mostly distributed between 150 and 650 nm. A
higher frother concentration, higher liquid flow rate, and
higher pH value significantly reduce the size of nanobubbles.

(2) Frother concentration, pH value, and frother type
substantially influence the zeta potential of nanobubbles. The
frother molecules in the solution undergo competitive ad-
sorption with OH, thus affecting the zeta potential.

(3) When the air pressure increases to a certain extent,
hydrodynamic cavitation becomes supercavitation, which
will further develop into hindered cavitation, where the
cavitation efficiency decreases, resulting in an increase in the
size of nanobubbles.

(4) Higher air flow rates provide a larger number of gas
nuclei for the generation process of nanobubbles and may
cause excessively violent cavitation and severe cavitation
bubble collapse, resulting in a decrease in cavitation intens-
ity and larger nanobubbles.
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