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� Nanobubbles (NBs) are generated
with tubular ceramic membranes.

� Injected gas pressure affects bubble
size and zeta potential of NBs.

� NBs size increases with membrane
pore size.

� Hydrophobic ceramic membrane
surface reduced bubble size and zeta
potential of NBs.
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Generation of gaseous nanobubbles (NBs) by simple, efficient, and scalable methods is critical for
industrialization and applications of nanobubbles. Traditional generation methods mainly rely on hy-
drodynamic, acoustic, particle, and optical cavitation. These generation processes render issues such as
high energy consumption, non-flexibility, and complexity. This research investigated the use of tubular
ceramic nanofiltration membranes to generate NBs in water with air, nitrogen and oxygen gases. This
system injects pressurized gases through a tubular ceramic membrane with nanopores to create NBs. The
effects of membrane pores size, surface energy, and the injected gas pressures on the bubble size and
zeta potential were examined. The results show that the gas injection pressure had considerable effects
on the bubble size, zeta potential, pH, and dissolved oxygen of the produced NBs. For example, increasing
the injection air pressure from 69 kPa to 414 kPa, the air bubble size was reduced from 600 to 340 nm
respectively. Membrane pores size and surface energy also had significant effects on sizes and zeta
potentials of NBs. The results presented here aim to fill out the gaps of fundamental knowledge about
NBs and development of efficient generation methods.
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Fig. 1. Schematic diagram of the NBs generator system (upper) and the photo of the
bench top set up (lower).
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1. Introduction

Nano Bubbles or Nanobubbles (NBs) have recently gained
increasing attention due to their unique physicochemical proper-
ties and many potential applications such as detergent-free clean-
ing processes (Wu et al., 2007), tertiary oil recovery (Bortkevitch
et al., 2006; Xue et al., 2014), foam fractionation (Hofmann et al.,
2015), mineral flotation (Hampton and Nguyen, 2009; Maoming
et al., 2010b), food processing (Oshita and Liu, 2013), intracellular
drug delivery (Wang et al., 2010; Lukianova-Hleb et al., 2012),
biomedical engineering (Wen, 2009), medicine (Surendiran et al.,
2009), and environmental applications (Yamasaki et al., 2010;
Tsuge, 2014) (e.g., water aeration) (Agarwal et al., 2011). Some
unique properties of NBs include long residence times in the so-
lutions (Uchida et al., 2011), large specific areas (Bowley and
Hammond, 1978; Agarwal et al., 2011; Uchida et al., 2011), high
gas internal pressure (Tyrrell and Attard, 2001; Agarwal et al.,
2011), charged surface (Tsuge, 2014), and excellent stability
against coalesces, collapse or burst, and the formation of bulk
bubbles (Ushikubo et al., 2010; Uchida et al., 2011).

NBs are frequently generated in aqueous solutions by creating a
cavitation through four common mechanisms: hydrodynamic,
acoustic, particle, and optical type (Agarwal et al., 2011). Hydro-
dynamic cavitation is caused by variations in the liquid flux that can
be produced through different system geometries such as venture,
orifice plate, and throttling valve (Gogate and Pandit, 2005). In
acoustic cavitation, ultrasonic waves pass through the liquid and
induce the pressure variations that lead to the formation of bubbles
(Hielscher, 2007). Optical cavitation is generated by passing high
intensity (e.g., laser) light beam into the liquid (Tomita and Shima,
1990). Similarly, passing particles (e.g., proton and neutrinos) (Shah
et al., 1999) in the liquid causes particle cavitation (Maoming et al.,
2010a; Agarwal et al., 2011; Manickam and Ashokkumar, 2014). For
example, a high speed swirl flow first dissolve the gas into the
liquid by compressing air flow in the liquid, then release the mixed
compressed flow through a nozzle to create NBs (Ikeura et al.,
2011). In the depressurization-recirculation method, the gas
dissolution in the liquid is increased at high pressure between 0.25
and 0.27MPa that causes supersaturation, and then the mixed gas
water solution is decompressed to the atmosphere pressure that
causes the nucleation of bubbles. Another study also depressurized
the air-saturated solution through the needle valve (2mm of inner
diameter) to generate NBs diameters between 200 nm and 720 nm
(Calgaroto et al., 2014).

The current NBs generators suffer some limitations, including
(1) the need of injecting liquid at high pressures, which consumes
intensive energy; (2) the liquid-gas mixing inside the generators
could be inconvenient for in situ water remediation (e.g., under-
ground water) or other applications (Li et al., 2014); (3) the re-
circulations of the gas-liquid mixture may contaminate the
generator system; (4) lack of control of bubble size and unifor-
mity; and (5) low resistance to corrosive chemicals, which re-
stricts the use of reactive gases and solutions. Ceramic membranes
with uniform and nanometer pores has been reported to generate
NBs with potential to overcome these disadvantages (Kukizaki
and Goto, 2006; Kukizaki, 2009). Ceramic membranes is
commonly used as bubbling diffusers in wastewater treatment
(Kausley et al.; Suzuki et al., 2002), landfill leachate treatment
(Chaturapruek et al., 2005), and activated sludge treatment
(Stasinakis et al., 2009). Commercial ceramic diffusers generate
bubbles in millimeters scale with the smallest bubble size of
0.51mm (Siswanto et al., 2014). However, there is a paucity of
fundamental information about the bubble size control and
dependence on ceramic membrane properties (e.g., pore sizes and
surface characteristics).
To develop simple, cost effective, and scalable methods of NBs
generation, we explored the prodution of three gaseous NBs (air,
nitrogen and oxygen) with ceramic tubular nanofiltraiton mem-
branes (100 nm pore size). The dependance of size and zeta po-
tential (ZP) of NBs on injected gas pressure, tubular pores size, and
tubular surface energy have been investigated. The injected gas (air,
oxygen, or nitrogen) pressure was varied between 69 and 414 kPa,
the associated variation of size and ZP of NBs, dissolved oxygen, pH,
and temperature were monitored. The influences of two different
pores size (100 nm and 1000 nm) on bubble size and ZP of NBswere
examined. The effect of the surface energy was examined by
treating the ceramic surface with hydrophobic coating.

2. Materials and methods

2.1. Description of nanobubbles generation system

The major components of the NBs generation system are a
pressurized gas cylinder, a gas pressure regulator, a gas flowmeter,
a ceramic tube (model WFA0.1- Refractron, USA) as shown in Fig. 1.
The NBs ceramic tube has the nominal pore size of 100 nm, outer
and inner diameters of 13mm and 8mm, and a length of 51mm.
The pressurized gas was filtered with a 0.02 mm-filter (Whatman
Anotop 25 Plus syringe filter -Sigma Alorich, USA) to eliminate all
potential particulates or impurities in the gas flow and then passed
through the ceramic tube into a 500-ml water reservoir, where
Milli-Q deionized (DI) water (Direct-Q UV Millipore water) was
used for the all experiments. To ensure the DLS detection on NBs
and avoid potential interferences, we oversaturated the Milli-Q DI
water with the tested nanobubbles via extended hours of injection
(1.5 h) and we also employed blank DI water as a negative control
during the DLS measurement.

2.2. Examination of the bubble size dependence on the injected gas
pressure

Compressed air (Ultra zero grade air, Airgas Inc.), oxygen (purity
99.999%, Airgas Inc.), and nitrogen (purity 99.999%, Airgas Inc.)
gases were used to produce air nanobubbles (ANBs), oxygen
nanobubbles (ONBs), and nitrogen nanobubbles (NNBs) respec-
tively. The air injection pressure ranged from 10, 20, 30, 40, 50, and
60 psi (69,138, 207, 275, 345, and 414 kPa). The injection pressure of
oxygen and nitrogen was 414 kPa. Milli-Q water deionized water



A.K.A. Ahmed et al. / Chemosphere 203 (2018) 327e335 329
generated from Direct-Q UV Millipore water system was used for
the all experiments. Over different elapsed injected times, the NBs
in water was characterized to determine the particle size distri-
bution (PSD), ZP, pH, dissolved oxygen, and temperature of the
suspension. PSD of NBs was measured by Dynamic light scattering
(DLS) on a Zetasizer Nano ZS instrument (Malvern Instruments).
The PSD were performed at a scattering angle of 173 and a tem-
perature of 25 �C (Ushikubo et al., 2010; Calgaroto et al., 2014). The
refractive index of “NBs”was set to 1.0 (Ushikubo et al., 2010). ZP of
NBs were determined by the same Zetasizer Nano ZS instrument
(Malvern Instruments). U-shape (DTS1070) cuvettes were used.
Automatic runs (10e100) for each tested sample was performed in
triplicate with no delay between them. The average and standard
division for each measured sample were calculated. All tests were
performed at a temperature of 25 �C.

Dissolved oxygen, pH, and temperature of the NBs suspension
were measured to evaluate the impacts of NBs on solution char-
acteristics. These parameters were detected continuously with 1-
min intervals during the gas injection. DO concentrations and pH
values were measured with Orion Star A329 Multi-Parameter Me-
ters (Thermo-Fisher Scientific, USA).

2.3. Influence of the pores size of tubular ceramic membranes on
PSD and ZP of NBs

Two different tubular ceramic membranes (WFA0.1 and WFA1,
Refractron, USA) were used in the NBs generation system. The two
ceramic tubes have nominal pore sizes of 100 and 1000 nm
respectively with other information shown in Table S1. Fig. S1
shows a photo for the ceramic tubular membranes with different
pore sizes. The gas injection pressure (414 kPa) or higher injection
gas pressurewere tested and shown to yield the stable and uniform
sizes of the NBs inwater suspension. Thus, the injected gas pressure
(414 kPa) was consistently used to produce all NBs in this test. The
pressurized high purity air (Ultra zero grade air, Airgas Inc.) passed
through the ceramic tubes at 0.45 and 15 Lmin�1 for WFA0.1 and
WFA1 respectively from both sides and the outflow released radi-
ally through the tubular pores. The generated NBs were directly
dispensed into 500ml of Milli-Q water for 90min to reach stabili-
zation. Stabilization heremeans that the hydrodynamic diameter of
NBs inwater suspension remains almost constant. With injection of
less than 90min we observed some fluctuations of the measured
hydrodynamic diameter of NBs perhaps due to the presence of
some large bubbles. Regarding the stability of NBs in water, some
plausible explanations are that NBs are in constant exchange of gas
molecules at the gas/water interface. As illustrated in Fig. S2, NBs
are under excess internal pressures as the large surface tension
causes a tendency to minimize their surface area and volume. The
increased surface charge density in Helmholtz charge accumulation
layer causes strong charge repulsion force to resist the surface
tension force and reach an equilibrium ultimately (Seddon et al.,
2012; Weijs et al., 2012). Thus, there is a critical time needed to
reach this equilibrium and a stable state of NBs in water.

2.4. Effect of tubular surface energy or hydrophobicity on ZP and
PSD of nanobubbles

To investigate the influence of surface hydrophobicity, the two
ceramic membranes (WFA0.1 and WFA1) were coated with stearic
acid (SA). All NBs were generated under the same conditions
(414 kPa and stabilization for 90min), unless indicated.

2.4.1. Functionalization of ceramic tubes surface to super-
hydrophobic surface

The outer surface of the tubular ceramic membranes (WFA0.1
and WFA1) were coated with stearic acid (or octadecanoic acid)
(Fisher Scientific, USA), which is a saturated fatty acid with an 18-
carbon chain as shown in Fig. S3. The ceramic tubes were first
sonicated for 15min to remove possible surface contaminants and
followed by rigorous water cleansing. Rubber caps were used to
block the two sides of the tubes, so the interior surface of tubes was
isolated from the solution. Then, the tubes were placed in 0.35M
steric acid (Fisher Scientific, USA) that was dissolved in ethanol at
40 �C. The exposure last for 24 h under mild stirring to maintain
good dispersion and effective chemisorption. The tube was taken
out and washed three times with Milli-Q water and ethanol to
remove excessive steric acid adsorbed on the ceramic tube surface.
Then, the resultant tube was vacuum dried at 60 �C for 24 h.

2.4.2. Assessing the surface hydrophobicity using water contact
angle

A drop of water (~5 mL) was placed on a dry tubular membrane
surface before and after coating to measure the water contact an-
gles as an indicator of surface hydrophobicity. The image of the
liquid drop was taken within 10 s to determine the air-
eliquidesurface contact angles. The analysis details are provided in
the SI.

2.4.3. Characterization of the tubular surface compositions
Morphology of the ceramic membranes was determined by a

JEOL JSM-7100FA scanning electron microscope (SEM) before
coating. Surface compositions of the ceramic tube were assessed by
Fourier Transform Infrared (FTIR) on a Nicolet Thermo-Electron
FTIR spectrometer combined with a Miracle attenuated total
reflectance (ATR) platform assembly and a Ge plate.

3. Results and discussion

3.1. Influences of injection pressure on bubble size

Fig. 2 shows the hydrodynamic diameters of ANBs as a function
of the elapsed time at different injection air pressures. The ANBs’
hydrodynamic diameter generally decreased over the elapsed time
of the continuous air injection, presumably because at the begin-
ning of air injection, the passage of air through ceramic pores was
unstable, resulting in large variations of bubble sizes. Due to the
buoyancy force large bubbles tend to float and leave the suspension
(Zhang et al., 2015).With the continuous injection, small NBs would
be retained in the suspension, which explains the declining trend of
bubble sizes during the stabilization time. Another possible reason
for the decline of bubble size is that NBs are in constant exchange of
gas molecules at the gas/water interface. NBs are under excess in-
ternal pressures as the large surface tension causes a tendency to
minimize their surface area, and hence volume. This result also
implies the critical time needed to generate stable NBs for the
current generation method.

The ANBs' hydrodynamic diameter was quite unstable and
fluctuating at the injected air pressure lower than 40 psi (275 kPa),
even after more than 1 h of continuous air injection. This is
probably because low injected gas pressures led to bubbles with
low internal pressure and bigger sizes of NBs or bulk bubbles. Bulk
sized bubbles undergo stronger dynamic changes in shape due to
deformation or collapse (Koukouvinis et al., 2016; Sukovich et al.,
2017). Therefore, the measurement of bubble sizes is more sub-
jected to uncertainties and fluctuations. The stability of ANBs'
hydrodynamic diameters was improved at the injected air pres-
sure of 50 and 60 psi (345 and 414 kPa), especially after at least
30min of continuous air injection. The injected air pressures of
345 and 414 kPa resulted in a mean diameter of 350 and 340 nm
respectively. The injection pressure impacts on bubble size are



Fig. 2. Hydrodynamic diameter of ANBs during continuous air injection at different injected pressure.
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probably due to the facts that (1) increasing the gas pressure was
associated with the increase of injected gas flowrate and the
decrease of the detachment time of bubbles from the ceramic
pores. Detachment time was found to directly control the bubble
size (the lower the detachment time, the smaller bubbles di-
ameters) (Afzal and Kang, 2012); (2) the internal pressure of NBs
(Pin) is inversely proportional to the bubbles’ radius (a) according
to the Laplace - Young Equation (Oguz and Prosperetti, 1993;
Attard, 2013):

a ¼ 2g
ðPin � P0Þ

(1)

where g is the surface tension coefficient, P0 is the static pressure at
the surface of ceramic tube due to the atmospheric pressure and
water head. The internal pressure of NBs is equal to or less than the
injected gas pressure (Pinj), because of the energy dissipation (e.g.,
via the volume expansion of NBs, friction and heat generation or
transfer on nanobubble interface) and conversion into the surface
energy of NBs (Brenner and Lohse, 2008; Ducker, 2009; German
et al., 2014). On the other hand, it is commonly believed that NBs
cannot be thermodynamically stable due to the increased solubility
of gas in solution at high internal pressure (Alheshibri et al., 2016).
Thus, the existence of NBs was attributed to super-saturation,
under which the surface tension of the water-air interface de-
creases with the increasing super-saturation, which is supported by
computational simulation and some experimental evidence
(Attard, 2013).

To analyze the bubble size evolution of ONBs and NNBs, the
injection pressure of 414 kPa was consistently used to avoid the
artifacts and instability of bubble sizes at low injection pressures.
Fig. S4 shows the hydrodynamic diameters of ONBs and NNBs as a
function of the continuous gas injected time. The hydrodynamic
diameters of ONBs and NNBs were stabilized around 150 and
300 nm respectively. The differences of hydrodynamic sizes of
three kinds of gases are probably resulted from different surface
tension and surface charges of NBs (He and Attard, 2005; Khaled
Abdella Ahmed et al., 2017). Zeta potentials of different NBs var-
ied due to the adsorption of ions (Manciu et al., 2016), which might
be related to their different ionization energies (Hao et al., 2016).
Surface tension clearly regulate the bubble size according to the
above-mentioned Laplace - Young Equation. By contrast, surface
charge at the interface of NBs in aqueous solution may indirectly
dictate the bubble size as shown in Fig. S2. Surface tension decrease
the bubble size and bubble surface by exerting inbound forces,
whereas as bubble sizes shrink surface charge induces outbound
forces to counter balance the compression force from surface ten-
sion (Duval et al., 2012).
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3.2. Influences of injection pressure on zeta potential in Milli-Q
water

Fig. 3 shows the ZP of ANBs in pure water as a function of the
elapsed injected time at different injected air pressures. ZP of ANBs
was negative and decreased in magnitude with the injected air
pressure. At the injected air pressure of 10, 20, and 30 psi (69, 138,
and 207 kPa), ZP was unstable with a large fluctuation. At 60 psi
(414 kPa), ZPs of ANBs apparently stabilized at the order of
magnitude between �25 and �30mV after 30min of continuous
injection, which was significantly lower than those at lower
injected air pressures. This reduction in magnitude could be related
to the reduced bubble size at high injected air pressures . The same
decline of ZP over the injection time was observed in the suspen-
sion of ONBs and NNBs as shown in Fig. S5. The stable ZPs of ONBs
and NNBs under the injection pressure of 60 psi were �38mV
and �45mV respectively, which were more negative than that of
ANBs. The differences in ZP among different gases are attributed to
affinity of different NBs in surface adsorption of ions or surface
ionization energies or polarity (Hao et al., 2016). The gaseous NBs
Fig. 3. Zeta potential of ANBs during continuous
with a higher ionization energy requires higher external energy to
remove an electron from its outer surface and thus has a lower
affinity toward charged ions such as cations. Conversely, low ioni-
zation energy gases tend to attract eOH or other anions onto their
surfaces of NBs, leading to negative surface charges in water
(Karraker and Radke, 2002; Beattie et al., 2009). Clearly, air, oxygen
and nitrogen gases exhibit different ionization energies, whichmay
explain their different surface charges and ZPs in aqueous solutions.
For example, the ionization energy of nitrogen and oxygen is
14.5 eV and 13.6 eV, respectively, compared to 34 eV for air (Roos,
1996; Shimada et al., 2007). Thus, air NBs would require more
ionization energy to remove an electron from its outer shell and
thus have less affinity than nitrogen or oxygen to adsorb eOH on
their surfaces of NBs.
3.3. Influences of injection pressure on dissolved oxygen in the NBs
suspension

Dependence of dissolved oxygen (DO) and pH on the injected air
pressure is shown in Fig. S6. The DO at low injected air pressures of
air injection at different injected pressure.



Fig. 4. DO concentrations and temperature values in 500ml water by injecting (a)
ANBs, (b) ONBs and (c) NNBs at flow rate 0.45 Lmin�1.

Fig. 5. DO concentrations and pH values of (a)
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10 and 20 psi (69 and 138 kPa) had some minor fluctuations over
the injected time. At high pressures, the DO in the suspension of
ANBs slightly decreased from 8.6 to 7.8mg L�1. This is probably
because the dissolution of ANBs results in a higher flux of nitrogen
than that of oxygen as air is composed of about 70% nitrogen gas
and 20% oxygen. The dissolution of gases is proportional to the
partial pressure of the gas. According to the Fick's Law, as O2 dis-
solves from ANBs, the concentration gradient decreases between
bubble and water interfaces, which slowed down the dissolution of
oxygen from ANBs (Jaynes and Rogowski, 1983). Conversely, pure
ONBs have relatively greater concentration gradient and stable flux
or dissolution of oxygen molecules into water.

Another possible cause of DO decline is the increase of solution
temperature as shown in Fig. 4a. With the ANBs purging, the so-
lution temperature increased from 21 �C to 24 �C after 100min,
because of the high surface energy dissipation from the collapse of
ANBs or the friction between the passing gases and ceramic pores
(Masuda et al., 2015). The same temperature increase was observed
in the suspension of ONBs and NNBs in Fig. 4b and c. As opposed to
ANBs and NNBs, the solution DO increased with the increasing
purging time in the suspension ONBs.
3.4. Influences of injection pressure on dissolved oxygen and pH of
the NBs suspension

The Milli-Q water used in this experiment had an initial pH of
5.6. After purging by ANBs, the solution pH slightly increased to
above 6 especially at high injection pressures. The pH increase is
also observed in suspension of ONBs and NNBs as shown in Fig. 5,
likely due to the removal of dissolved CO2 or carbonic acids (Good
et al., 1970; Zang et al., 2011).

Fig. S7 shows the effect of continuous injection of different NBs
in pure water on the water pH. The results show that all NBs
increased the solution pH over the injected time likely because the
initial population of large bubbles stripped the dissolved CO2 or
carbonic acids from the solution (Good et al., 1970; Zang et al.,
2011). However, ONBs has a higher impact on water acidity
comparing to ANBs and NNBs, probably because the
oxidationereduction reaction [O2ðgÞþ 4Hþ þ 4e�⇔2H2OðaqÞ]
shifted to the right side and reduced Hþ (Wang et al., 2001; Zang
et al., 2011).
ONBs and (b) NNBs versus injection time.
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3.5. Theoretical analysis of pores size and surface energy effects on
PSD and ZP of NBs

The dynamic formation of NBs across the membrane pores
could be complicated and affected by factors such as pressure,
pore sizes, surface tension of water and membrane materials. In
our study, we simplified the formation geometry of NBs with
some acceptable assumptions (Di Bari and Robinson, 2013): (1)
the properties of all fluids are constant and assessed at room
temperature; (2) the formation of bubble is adiabatic and axis
symmetrical process; (3) the change rate of vertical momentum of
the bubble can be neglected compared to the vertical forces
magnitude; (4) the bubble has a uniform gas pressure and the
impacts of gas inertia and viscosity are negligible; (5) the contact
line stays fixed to the rim of the pore.

Fig. 6 shows the potential bubble formation process through the
membrane pores, and the influences of pore sizes and surface en-
ergy or hydrophobicity, where NBs are at a critical metastable state
of detachment from the ceramic pore. At this solidevapor interface,
Young equation can be used to describe the relation of solidevapor
interfacial energy (gSV), the solideliquid interfacial energy (gSL), the
Fig. 6. The formation process of NBs through the pores of ceramic membranes and
geometry relating the radius of NBs to the pore diameter and surface energy of ceramic
membranes.
liquidevapor interfacial energy (gLV) and the equilibrium contact
angle (q):

gSV¼ gSL þ gLV cosq (2)

From the geometry relation shown in Fig. 6, the following
equation can be derived to show the dependence of the radius of
NBs (a) on the pore size (D) and contact angle (q):

2 a∙sinq¼D or a¼D/(2∙sinq) (3)

Clearly, if the pore size (D) increases, the generated bubble
radius (a) should proportionally increases. Also, the bubble sizes
decrease if the outer surface of the ceramic membrane become
more hydrophobic or q increases. After detachment, the depen-
dence of bubble size of suspended NBs in the solution will be
governed by the Laplace - Young Equation.

3.6. Influence of the pores size on PSD and ZP of NBs

The results of PSD and ZP of ANBs generated by the two different
ceramic membranes are presented in Fig. 7 a and b. The hydrody-
namic diameters ranged between 200 nm and 650 nm. However,
the highest frequency of intensity of NBs diameters was 340 and
390 nm for the tubular with pores sizes of 100 and 1000 nm,
respectively. This supports the prediction on pore size effect.
However, the generated NBs from the two ceramic membranes
were not 10 times different as predicted by Eq. (3). This may be
caused by the different flow rates (0.45 and 15 Lm�1) for 100 nm
and 1 mm membranes when the same pressure (414 kPa) was used.
High gas flow can decrease the bubble size (Sada et al., 1978;
Terasaka et al., 1999; Bang et al., 2015), because increasing the
turbulent intensity in a gas-liquid flow generally increases the
chance and frequency of bubble break-up generating small and
dispersed bubbles (Kalbfleisch and Siddiqui, 2017). The ZP values
were similar, although smaller NBs were a little more negative than
larger NBs (Usui et al., 1981; Bueno-Tokunaga et al., 2015). These
results coincide with Iguchi et al. (1998), who used a porous nozzle
in a water bath to generate bubbles and found the porous nozzle
reduced the size of the generated bubbles at low flow rate.

Fig. 7 c and d show the impacts of surface coating (SA) on PSD of
NBs. The coating decreases the mean hydrodynamic diameters,
which is congruent with predicted effect of surface hydrophobicity
in Eq. (3). Hydrophobic surface also was reported to enhance the
surface bubble formation (Ryan and Hemmingsen, 1993; Maoming
et al., 2010a), probably because during the formation of NBs, a high
hydrophobic surface may radically suppress the bubble outward
due to hydrophobic repulsion.

ZP of ANBs was more negative after coating for the two ceramic
membranes as shown in Fig. 8. This may return to the reduction of
bubble size after coating, which leads to higher negative value of
ZPs of NBs (Usui et al., 1981; Bueno-Tokunaga et al., 2015).

4. Conclusion

Injecting air through the nano-porous ceramic tube into the
water at different pressures over the time was found to influence
the bubble size (hydrodynamic diameter) and ZP of ANBs as well as
the solution pH and dissolved oxygen. Increasing the injected air
pressure was associated with reduction of bubble size and dis-
solved oxygen. In contrast, it increased the water pH and the ab-
solute value of ZP. In general, the increase of injected pressure, the
higher stability of generated NBs. The findings stated that the size
and ZP of generated NBs are dependent on the pores size of the
ceramic tubular membrane under same injected pressure. The size



Fig. 8. Coating effect on ZP of ANBs by different pores size ceramic tubular.

Fig. 7. PSD (a) and ZP (b) of ANBs in Milli-Q water produced by two kinds of tubular ceramic membranes with different pore sizes (nominal average diameters: 100 and 1000 nm).
PSD of ANBs generated by coated/uncoated ceramic tubular with mean pores size (c) 100 nm and (d) 1 mm.
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of NBs was observed to be reduced with increasing the hydro-
phobicity of the ceramic tubular surface by SA coating. The surface
coating has also leaded to higher negative value of ZP of NBs
from �27 (before coating) to �34mV (after coating). The current
findings add substantially to our understanding of some of several
factors that affecting the nucleation and formation of NBs. This
research will serve as a base for future research and application of
NBs.
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