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ABSTRACT: Nanobubbles (NBs) in liquid exhibit many intriguing properties such as low
buoyancy and high mass transfer efficiency and reactivity as compared to large bulk bubbles.
However, it remains elusive why or how bulk NBs are stabilized in water, and particularly,
the states of internal pressures of NBs are difficult to measure due to the lack of proper
methodologies or instruments. This study employed the injection of high-pressure gases
through a hydrophobized ceramic membrane to produce different gaseous NBs (e.g., N2, O2,
H2, and CO2) in water, which is different from cavitation bubbles with potential internal low
pressure and noncondensed gases. The results indicate that increasing the injection gas
pressure (60−80 psi) and solution temperatures (6−40 °C) both reduced bubble sizes from
approximately 400 to 200 nm, which are validated by two independent models developed
from the Young−Laplace equation and contact mechanics. Particularly, the colloidal force
model can explain the effects of surface tension and surface charge repulsion on bubble sizes
and internal pressures. The contact mechanics model incorporates the measurement of the
tip−bubble interaction forces by atomic force microscopy to determine the internal
pressures and the hardness of NBs (e.g., Young’s modulus). Both the colloidal force balance model and our contact mechanics model
yielded consistent predictions of the internal pressures of various NBs (120−240 psi). The developed methods and model
framework will be useful to unravel properties of NBs and support engineering applications of NBs (e.g., aeration or ozonation).
Finally, the bulk NBs under sealed storage could be stable for around a week and progressively reduce in concentrations over the
next 30−60 days.

1. INTRODUCTION
The colloidal longevity and stability of bulk nanobubbles
(NBs) in liquid still remains largely debatable.1 According to
the Young−Laplace equation prediction,2 NBs with a radius of
200 nm may have a high internal pressure of 728 kPa. Thus,
the lifetime of the bubbles is believed to be extremely short
(e.g., microseconds to milliseconds) as a high internal gas
pressure should lead to instant dissolution of the gas bubble
into the bulk solution.3 On the other hand, some studies have
indicated that the gas pressure inside NBs may be lower than
predicted.1,4 For instance, anions (e.g., hydroxide ions) on the
NB surface reduce water surface tension.5 The unusual stability
of bulk NBs in liquid could be attributed to many potential
factors such as surface coating,1,6 high surface zeta potentials
(ZPs),7,8 formation of surface barriers,9−11 and high-density
mechanisms.12,13 For example, surface adsorption of organic
substances (e.g., sodium dodecyl sulfate and dodecyl trimethyl
ammonium chloride)14 or other amphiphilic particles in liquid
can lower the surface tension and stabilize NBs.15 Based on the
Derjaguin, Landau, Verwey, and Overbeek theory, NBs are
usually negatively charged (−15 to −45 mV) in water at a
neutral pH and thus could have electrostatic repulsion between
neighboring NBs.7,16

The electric double layer may also prevent gas diffusion and
bubble coalescence.9,10 More recently, studies have indicated

that under a gas supersaturated environment, a strong
hydrogen bond may form among water molecules on the
surface of NBs.11,16,17 This hydrogen-bonded water layer acts
as a tight network of “skin” that reduces the gas diffusivity from
NBs.12 Moreover, the inside gas surface NBs are suspected to
be highly condensed (1−3 orders of magnitude greater than
that under the standard temperature and pressure).13,18 Recent
studies using atomic force microscopy (AFM) and molecular
dynamics simulation have verified the high internal pressures
of NBs.19,20 Wang et al. employed the spectroscopic force
measurement and observed that the surface of a NB is
kinetically stable against high internal pressures and the gas−
water interface has great diffusive resistance.19

This study evaluated the effects of internal gas pressure and
solution temperature on bubble-size distribution and NBs’
mechanical properties in water. We generated four different
gaseous NBs (N2, O2, H2, and CO2) in water by injecting
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pressurized gases through a hydrophobized porous ceramic
membrane as we have previously reported.21,22 The dynamic
formation and detachment of NBs from the membrane pores
was analyzed previously16 and could be affected by factors such
as injection gas pressure, pore sizes, surface tension of water,
and membrane materials. AFM and dynamic light scattering
(DLS) were used to measure the Young’s modulus and
stiffness of NBs, as well as the bubble sizes and ZP.
Furthermore, the bubble concentration was analyzed using a
nanoparticle tracking analysis (NTA) to provide new insights
into the longevity of NBs in liquid. Finally, this work
demonstrated two independent modeling approaches to
analyze the relationship of bubble size with internal pressure
and solution temperatures. One model was established based
on the modified Laplace−Young equation that considers
colloidal forces acting on the NB water/gas interface. The
other model was built upon contact mechanic theories that
could estimate the internal pressure and Young’s modulus by
measuring the indentation. The two model predictions yielded
consistent and comparable results of internal pressures of bulk
and surface NBs.

2. MATERIALS AND METHODS
2.1. Production and Characterization of Bulk NBs in Water

under Different Injection Gas Pressures and Different Storage
Temperatures. Nitrogen NBs (N2 NBs), oxygen NBs (O2 NBs),
hydrogen NBs (H2 NBs), and carbon dioxide NBs (CO2 NBs) were
separately generated by injection of their compressed ultrahigh purity
gases (99.999%, Airgas Inc.) into deionized (DI) water through a
tubular ceramic membrane (140 nm pore size, MSKTB01014UM,
Sterlitech, U.S) under a room temperature. The outer surface of the
ceramic membrane was coated with stearic acid (octadecanoic acid)
as previously detailed.23 The gases were dispersed via the ceramic
membrane into DI water (500 mL) under a flow of 0.45 L·m−1

continuously for 90 min to reach the stable bubble size distribution in
water, as we have reported previously.23 The injection gas pressure
was adjusted by cylinder-compatible regulators in the range of 60 psi
(∼414 kPa) to 80 psi (∼552 kPa). To investigate the effect of
temperature on NBs’ size distribution in water, O2 NBs and N2 NBs
were generated in DI water as mentioned above and stored in sealed
sample tubes without exposure to room light. The DI water was
precooled or preheated under different temperatures (6, 20, and 40
°C). Bubble size distribution, ZP, and bubble number concentration
in the stored NB suspensions were measured at different times (e.g.,
1−3 months). These measurements were conducted on multiple
paralleled samples. All the liquid samples of NBs were no longer used
and discarded after conducting any measurement.
DLS was performed on a Zetasizer Nano ZS instrument (Malvern

Instruments) to measure the bubble size distribution of NBs in water
suspensions immediately after preparation. The same Zetasizer
instrument was used to measure the NBs’ ZP. Furthermore, the NB
concentrations in water were measured by a nanosight NTA
instrument (NS300, NanoSight) with a 532 nm laser light source.
We obtained each result from the average of at least five independent
measurements, and each measurement lasted for up to 60 s. The
solution viscosity was set as 1 cP (1 cP = 10−3 Pa·s), the camera level
was set at 10, and the threshold was set at 30.
2.2. Modeling Analysis of Colloidal Stability of NBs in

Water. According to our previous study,16 the suspended or bulk
NBs in water could be stabilized by the outbound and inbound
pressures from a number of interfacial forces. The outbound pressure
(Pout) is ascribed to surface charge repulsion and internal gas pressure
(Pint).
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+P
D

P
2out

2

0
int

(1)

where D is the relative dielectric constant of the gas bubbles (assumed
unity) and σ is the surface charge density (C·m−2), which is calculated
by the Gouy−Chapman equation when the ZP is less than 80 mV24
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where ε0 is the dielectric permittivity of a vacuum, 8.854 × 10−12 (C·
V−1·m−1), ε is the dielectric constant of water, 80.36 (20 °C), ζ is the
ZP of NBs (V), z is the distance from the particle’s surface to the
slipping plane (0.335 nm), r is the bubble radius (nm), and λD is the
Debye length (nm).16

The surface tension pressure of NBs (Pr) exerted from the
surrounding water molecules, the atmospheric pressure (P0), and the
water head pressure (Ph) contribute to the inbound pressure (Pin)
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where γ is the water surface tension (72.80 mN·m−1 at 20 °C),25 r is
the radius of NBs (m), g is the gravity acceleration (9.80 m·s−2), ρ is
the density of water (kg·m−3), and h is the height of water (m). When
the bulk NBs are stabilized in water (i.e., Pin = Pout), their radius can
be related to the NB’s internal pressure and other factors
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By measuring the colloidal properties such as bubble’s hydro-
dynamic radius (r) and ZP (ζ) of NBs, we could potentially estimate
or predict the internal pressures of NBs (Pint). This model equation,
however, assumes that NBs are at a quasisteady state without
significant dissolution or other forms of changes that destabilizes their
sizes or internal pressures, which was achieved in our experimental
condition, where NBs were produced and stored in sealed gas-
saturated solutions with minimum disturbances or agitation.

2.3. Visualization and Mechanical Properties Assessment of
NBs in Water. 2.3.1. Visualization of Surface NBs by AFM. Silicon
wafers (Ø3″ Silicon wafer, Type P/⟨111⟩, TED PELLA) were used as
substrates to produce surface N2 and O2 NBs that were first produced
in water under an injection pressure of 60 psi at 20 °C. To deposit
NBs on silicon substrates, we dropped 0.15 mL of the NB water
droplet onto the clean substrate surface and waited for around 10 min
to allow the NBs to attach to the substrate surface, which was placed
under the AFM instrument. We used PeakForce quantitative
nanomechanical mapping (PF-QNM) on a dimension icon AFM
instrument (Bruker, Santa Barbara, CA) with NanoScope version 9.4
software and NanoScope V to analyze the topography and mechanical
properties of surface NBs in liquid. Silicon nitride cantilevers
(ScanAsyst-fluid, Bruker) with a nominal tip radius of 20 nm and a
nominal spring constant of 0.7 N·m−1 were used to directly immerse
into the droplet and sweep the surface NBs at a scanning rate of 1 Hz
to avoid tip−sample interactions or induce any bubble deformation,
as a bubble-height decrease was observed when the scan rate was high
(e.g., 50−100 Hz).16 The set point was carefully selected to yield a
low loading force (500 pN) that applied to the surface NBs.1,26 The
spring constant of the cantilever was calibrated via thermal tuning
after deflection sensitivity calibrated by a PF-QNM Ramp on the
silicon surface in water. The calibration of the spring constant was
carefully performed before experiments.

2.3.2. Mechanical Property Assessment of NBs in Water. The two
common contact models, Derjaguin−Muller−Toporov (DMT) and
Johnson−Kendall−Roberts (JKR), are typically used to calculate the
Young’s modules and stiffness of soft or deformable materials such as
living cells and colloids.27−32 A sharp AFM probe was used to
compress a local sample surface to induce the indentation (δ), as
illustrated in Figure 4a.33 The internal pressure of the soft sample
body can be calculated by eq 7, where the loading force (Floading) is the
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compression force that the AFM probe tip exerts on the sample
surface and a is the radius of the spherical contact area, which is
related to the indentation (δ) and the AFM tip radius (R) in eq 8
according to the contact geometry shown in Figure 4b. Floading was
controlled by AFM at a level of 500 ± 50 pN, and δ was directly read
from the force−distance curve. Thus, the internal pressure of NBs can
be calculated by the applied loading force (Floading) and the
corresponding indentation (δ). It is worth noting that in addition
to the internal gas pressure, the surface tension force (∼5 × 10−5 pN)
may also contribute to the force balance with the applied loading
force. However, compared to the loading force, this surface tension
force is negligible. Furthermore, the Young’s modulus of NBs could
be calculated by eq 9.34,35

π
=
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where W is the adhesion energy per unit area (J·m−2) and E* is the
reduced Young’s modulus (MPa). W could be calculated by eq 10
with the tip−sample adhesion force (Fadh) read directly from the
force−distance curve. Rearranging eqs 9 and 10 leads to eq 11, which
corresponds to the JKR model. By contrast, the DMT model in eq 12
has a slightly different form relating the Young’s modulus to the
interface forces and indentation.
After the determination of the reduced Young’s modulus (E*), the

sample’s Young’s modulus (Es) was calculated by eq 13, which shows
that E* is related to Poisson’s ratios (υs and υT) and the Young’s
moduli (Es and ET) of the sample and tip, respectively. Since the AFM
probe has ET of typically 160−290 GPa, which is significantly greater
than that of NBs, the deformation of the tip could be neglected when
engaged against the NB’s surface. Thus, eq 13 is simplified to allow
the determination of samples’ Es with E*.36
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To ensure reproducibility and accuracy of the experimental results
(e.g., the force−distance curves obtained from the tip−NB contact),
morphological mapping of surface NBs was repeated at least 3 times
on each sample with a scan area of 1 × 1 μm. Several force
measurements were obtained on the center of one discrete NB surface
to produce stable and reproducible values of Young’s modulus and
stiffness. To ensure the stability of the AFM tip during the mechanical
measurement, modulus and stiffness measurements are carried out on
the silicon substrate surface before each sample. The measured
modulus values should have variations of less than 15%. Otherwise,
the cantilever tip would be changed. We extracted all the force−
distance curves and recalculated the Young’s modulus of NBs using
the JKR and DMT models in eqs 11 and 12. The tip−bubble contact
is defined as the point when the tip experiences a significant attractive
force that usually causes a jump-in peak in the force−distance curve.37
The adhesion force (Fadh) was obtained from the force curves,
whereas other parameters with variables used in JKR or DMT model
calculations include the following: (1) the tip of curvature (R) is ca.
20 ± 5 nm; (2) Poisson’s ratio of NBs (υs) is 0.3, as typically used for
soft colloids;37 (3) the measured indentation (δ) varied slightly (9 ±

3 nm) under the current loading force and was used in eqs 11 or 12 to
calculate the reduced Young’s modulus (E*) to obtain the JKR or
DMT model results.

3. RESULTS AND DISCUSSION
3.1. Effect of the Injection Gas Pressure on Bubble

Size Distribution of NBs in Water. The bubble size
distribution of four types of gaseous bulk NBs (Figure S1)
exhibits evident dependence on the injection gas pressure
changes. Figure 1 further demonstrates that the average bubble

size monotonously decreased with an injection gas pressure
increase from 60 to 80 psi. For example, the average
hydrodynamic diameters of O2 NBs reduced from 294 to
199 nm after the injection gas pressure increased from 60 to 80
psi. The influence of injection gas pressure on NBs’ size also
implies that the DLS detected NBs instead of other
nanomaterials or nanoparticles that should not vary in sizes
with the injection gas pressure.37 This dependence of bubble
size on internal pressure is supported by the colloidal stability
model in eq 6. Tables 1 and 2 summarize the major parameters
we used in the model calculation.
Figure 1 shows the model predictions (solid and dotted

lines) of bubble diameters (2·r) decrease when the internal gas
pressure increased. However, the predicted results of bubble
sizes deviated from the measured hydrodynamic diameters,
probably because the DLS-measured hydrodynamic diameters
are the colloidal sizes of NBs in water with interferences from
electric double layer formation, coalesces, and other detection
variations or artifacts. Additionally, the model calculation
employed the injection pressures as the internal pressure of
NBs, which may not be valid due to bubble expansion or
shrinkage. Thus, we varied the internal pressure between one
and three times that of the injection gas pressure in the
calculation and yielded the prediction results (red and blue
dotted lines) that match the experimental data. This implies
that the internal pressure of NBs could be 1−2 times higher
than the injection pressure, although they are at a similar order
of magnitude.

3.2. Visualization and Assessment of Mechanical
Properties of Surface NBs in Water. The spontaneous
attachment of bulk NBs on hydrophobic surfaces (e.g., silicon

Figure 1. Hydrodynamic diameters of four kinds of NBs in DI water
under different injection gas pressures. The solid and dotted lines
indicate model predictions with different internal pressures used in eq
6.37 The difference in the NB hydrodynamic diameters produced
under 80 psi and the data under 60 or 70 psi were analyzed by one-
way ANOVA (t-test, two-sided, a significance level of 0.05). The
normality of replicate data was examined using the Shapiro Wilks W
test. *indicates a significant difference (p < 0.05) between the two
groups of data for the same NB types.
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and highly oriented pyrolytic graphite) has been reported in
literature,16,38−43 Bubble attachment on hydrophobic surfaces
is primarily due to the van der Waals attraction.44,45 The left
columns in Figure 2a,b show the AFM images of O2 NBs and
N2 NBs on a silicon wafer. The diameters of these NBs are
around 80 ± 20 nm with heights of 20 ± 5 nm, indicating that
surface bubbles deformed or spread horizontally on the surface
as reported elsewhere.45 In the AFM’s Peakforce tapping
mode, the height of NBs may further be underestimated due to
the tip-induced deformation.41,46 The reduced height in the
AFM images is a commonly observed image-processing artifact
due to the hysteresis of the servo system.47 For example, AFM-
image leveling is generated from fitting an image profile line
with polynomial equations,27 which may cause discrepancies
from a realistic objective height. Despite of these potential

errors, surface NBs are clearly different from surface and bulk
NBs according to the Knudsen number analysis, which
indicates bulk NBs are not a Knudsen gas type, whereas the
surface NBs are of Knudsen type.48 A Knudsen gas is a gas with
the mean free path of molecules (λ) greater than bubble size
(height or diameter). A Knudsen number much greater than
one indicates Knudsen diffusion is important and the internal
gas molecules in surface NBs rarely collide with each other but
interact more frequently with the solid substrate and the
liquid/gas interface.49−51

Figure 2a,b, middle and right columns, provides the mapping
of Young’s modulus and stiffness with the dark areas
corresponding to the surface NBs. AFM-generated data of
Young’s modulus and stiffness in Figure 3a,b are extracted
from Figure 2. Figure 3a,b shows that with an injection gas
pressure increase from 60 to 80 psi, the Young’s modulus of O2
NBs increased from 20.9 ± 6.0 to 27.8 ± 3.6 MPa, while the
stiffness increased from 0.32 ± 0.09 to 0.68 ± 0.03 N·m−1

(Figure 3c), which compares well with the prior literature.52

The measured Young’s moduli are greater than the predicted
level of ∼10 MPa by the classical Young−Laplace equation
because it does not consider the colloidal factors as we used in
eq 6. Moreover, both the JKR model and the DMT model
were used to verify the AFM-generated Young’s moduli of NBs

Table 1. Parameter Values Utilized in the Colloidal Model Calculation in Eq 6

four different NBs

solution type parameters O2 N2 H2 CO2

DI water water surface tension (γ) 0.0728 N·m−1

water head pressure (Ph), Pa 980
atmospheric pressure (P0), Pa 101,325
dielectric constant of water (ε) 80.36 (20 °C)
dielectric permittivity of a vacuum (ε0), C·V

−1·m−1 8.854 × 10−12

internal pressure of NBs, Pa the injection gas pressure in Figure 1
ZP of NBs (ζ), mV −40 ± 5 −28 ± 5 −20 ± 5 −20 ± 5

Table 2. Parameters Used in the Calculation of Bubble Size
at Different Water Temperatures Using Eq 6

water
temperature

(°C)
water surface tension

(mN·m−1)
water density
(kg·m−3)

dielectric
constant of water

6 75.13 999.90 86.40
20 72.80 998.19 80.36
40 69.47 992.25 73.28

Figure 2. Typical AFM morphological image (left), modulus mapping (middle) and stiffness mapping (right) of O2 NBs (a-c) and N2 NBs (d-f)
on silicon wafer surface generated under different injection gas pressures: (a,d) 60 psi, (b,e) 70 psi, and (c,f) 80 psi.
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under different gas injection pressures. Obviously, the JKR
model predictions of Young’s moduli for O2 and N2 NBs were
consistently less than the DMT predictions or AFM-generated
data (p < 0.05), which are close to each other. The t-test
analysis indicates that the DMT model prediction results have
no significant differences from the AFM-generated data (p >
0.05).
Figure 3d presents the calculated internal pressures of O2

and N2 NBs using eq 7 in with the indentation (δ) determined
from the force−distance curves obtained on the surface NBs as
illustrated in Figure 4. The calculated internal pressure also
increased with the increasing injection pressure when
producing bulk NBs in water, which corroborated with the
colloidal model prediction in Figure 1. Moreover, the internal
pressure is again shown to be higher than the corresponding
injection pressure. Some previous studies have also reported
high internal gas pressures of 1000−3000 psi (calculated from
the reported gas density of 100 to 280 kg·m−3).53,54 We
predicted lower internal pressures (120−240 psi) that

correspond to the gas density of approximately 10−20 kg·
m−3 at room temperature. Thus, the O2 and N2 NBs still
remain in a dense gas phase as previously reported.19

We need to admit that surface NBs and bulk NBs may differ
from each other with respect to their shapes, morphologies,
internal pressures, and stability mechanisms. For example, after
deposition of bulk NBs onto a solid substrate, they transform
into surface NBs with rapid deformation from spherical to
spherical-cap. Moreover, there could be dynamic influx or
outflux of the gaseous molecules across the liquid/gas interface
that changes the internal states such as gaseous densities,
molecular concentrations, and internal pressures. Nevertheless,
our experimental results of the internal pressures in Sections
3.1 and 3.2, independently obtained from the colloidal force
model and AFM indentation methods, both reveal that the
internal pressure varied with the injection pressure. Moreover,
the surface NBs are shown to have a similar order of
magnitude of internal pressures with the bulk NBs, although
the surface NBs may have deformed to spherical-cap compared

Figure 3. (a,b) are the Young’s moduli of O2 and N2 NBs, as measured by AFM (AFM-generated) and calculated by the JKR and DMT models;
(c) O2 and N2 NB stiffness as measured by AFM under different injection pressures; and (d) comparison of the calculated internal pressure of O2
and N2 NBs and the injection gas pressure levels. Error bars are produced from the indentation uncertainties (δ) and adhesion force (Fadh) read
from force curves measured by AFM. The significance of difference for the comparison between the Young’s moduli of NBs produced under 80 psi
and the data under 60 or 70 psi was analyzed by one-way ANOVA (t-test, two sided, a significance level of 0.05). *indicates a significant difference
(p < 0.05) between the data groups with under-80 psi data. **indicates a significant difference (p < 0.05) between the data group with the other
two sets of data using the same specific injection pressure.

Figure 4. (a) Force−distance curve showing the indentation (δ) of the AFM probe in contact with a bubble surface. (b) Illustration of the AFM tip
geometry on the NB deformed surface.
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to bulk NBs and thus may have a larger radius of curvature
than bulk NBs and a reduced Laplace pressure. As such, the
internal state changes after bulk NBs transformed to surface
NBs should be negligible.
3.3. Effect of Water Temperatures on Bubble Sizes

and NB Concentrations. Water temperatures affect water
surface tension, density, and the dielectric constant, as well as
gaseous solubility, which may indirectly change the stability of
NBs in water.14,20 Figure 5a,b show that the bubble sizes of O2
NBs and N2 NBs both decreased when the water temperatures
increased from 6 to 40 °C. This interesting result could be
attributed to the lower water surface tension at higher
temperatures that reduces the NBs’ size according to the
model in eq 6 or the classic Young−Laplace equation.
Moreover, Figure 5c shows that at higher water temperatures
(40 °C), both O2 and N2 NBs had reduced surface charges,
suggesting the bubble-size changes caused a restructured
electric double layer due to the bubble size change. Figure 5d
shows the model prediction supports the observed trend of the
average hydrodynamic diameters from DLS with water
temperatures. Table 2 lists the parameters used in the model

calculation of the NB diameters under various water
temperatures. Moreover, the predicted diameters using 2−3
times of injection gas pressure (i.e., 3 × Pinj) well matched the
experimental data, which agrees with the abovementioned
analysis. The NBs’ size was reported to be temperature-
dependent as temperature affects the gas solubility.55 More-
over, NBs may both grow and shrink when the temperature
changes due to the Ostwald ripening (bubbles grow and burst
into small bubbles).56 This suggests the need to further
improve the model to incorporate the dissolution or solubility
factors under temperature variations when analyzing the
bubble size.

3.4. Concentration Changes of NBs under Different
Water Temperatures and Storage times. As one of the
key factors for the long-term stability of aqueous NBs, the
temperature effect on bubble concentrations and sizes is also
evident, as shown in Figure 6a. The freshly prepared O2 and
N2 NB concentrations ranged from 4 to 6 × 108 bubbles·mL−1

under room temperature, which is consistent with the literature
reports.57 Bubble concentrations were at similar levels of
magnitude at 6 and 20 °C, although the concentrations slightly

Figure 5. (a,b) are the O2 and N2 NBs’ size distribution produced under 60 psi; (c) the ZP of NBs in DI water; (d) a comparison of the observed
and model-predicted NB diameters in DI water under different water temperatures. The significance of difference for comparison between the NBs’
hydrodynamic diameter produced under 40 °C and the data under 6 or 20 °C was analyzed by a one-way ANOVA (t-test, two sided, a significance
level α = 0.05).

Figure 6. (a) O2 and N2 NB concentrations in DI water that were prepared at different temperatures and stored no more than 24 h (b) O2 and N2
NB concentrations in DI water after storage in the dark at room temperature (20 °C).
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reduced at a lower temperature. At 40 °C, the bubble
concentration was significantly reduced by 1 order of
magnitude from a few 108 bubbles mL−1 to 6.4 ± 1.4 × 107

bubbles·mL−1 for O2 NBs and 4.7 ± 1.3 × 107 bubbles·mL−1

for N2 NBs. Thus, at high temperatures, large-sized NBs may
be susceptible to expansion, bursting, or coalescing, whereas
smaller NBs shifted the size distribution to a lower range.
Furthermore, we analyzed the bubble size distribution and
concentrations in water after storage for different times. Figure
6b indicates that with the storage time, the concentrations of
both N2 and O2 NBs’ suspension decreased progressively. The
bubbles sizes measured by DLS were stable for 1−2 months, as
shown in Table 3. In the third month, the bubble size
distribution became hard to detect, and the ZP also decreased
significantly.

4. CONCLUSIONS

The presented study aims to unravel the internal pressures of
NBs in water and provide new insights into the colloidal
stability mechanisms of NBs. The dependence of bubble sizes
and mechanical properties in water on the internal gas pressure
and water temperatures were analyzed using experimental
approaches and two independent models based on colloidal
force balance and contact mechanics. The colloidal force
balance model was derived from the Young−Laplace equation,
and it correctly interpreted the effects of multiple factors (e.g.,
surface tension and surface charge repulsion) on the NBs’
stability in addition to the Laplace pressure in the classical
Young−Laplace equation. The experimental measurement and
model prediction both revealed that the bubble size decreases
at high injection or internal gas pressures. The model further
implies that NBs elicit much higher internal pressures (120−
240 psi) than the injection gas pressures (60−80 psi). Unlike
the sensitive impacts of internal pressures, the ZP of NBs was
not found to affect bubble size or distribution in our previous
study,58 which matches the model prediction. Furthermore,
this study presents another contact mechanics model that
employs AFM to directly probe the Young’s modulus of NBs
and further validated the measured and predicted internal
pressures that are is 2−3 times of the injection pressure.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03574.

Bubble size distribution in the hydrodynamic diameter
of (a) O2, (b) N2, (c) H2, and (d) CO2 NBs under
different injection gas pressures (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Wen Zhang − Department of Civil and Environmental
Engineering, New Jersey Institute of Technology, Newark,
New Jersey 07102, United States; orcid.org/0000-0001-
8413-0598; Phone: (973) 596-5520; Email: wen.zhang@
njit.edu

Authors
Xiaonan Shi − Department of Civil and Environmental
Engineering, New Jersey Institute of Technology, Newark,
New Jersey 07102, United States; orcid.org/0000-0002-
1599-703X

Shan Xue − Department of Civil and Environmental
Engineering, New Jersey Institute of Technology, Newark,
New Jersey 07102, United States

Taha Marhaba − Department of Civil and Environmental
Engineering, New Jersey Institute of Technology, Newark,
New Jersey 07102, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.langmuir.0c03574

Author Contributions
X.S. carried out the experimental work and data analysis. S.X
and T.M. cosupervised the experiments and assisted in
manuscript preparation. W.Z. conceived and developed the
theoretical framework and models.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This research is partially supported by the United States
Department of Agriculture (USDA), the National Institute of
Food and Agriculture, AFRI project [2018-07549], and the
United States Environmental Protection Agency (US EPA)
under Assistance Agreement Nos. 83945101 and 84001901
(EPA P3 phase I and II). The USDA and the EPA have not
formally reviewed this study. The views expressed in this
document are solely those of authors and do not necessarily
reflect those of the agencies. The USDA and EPA do not
endorse any products or commercial services mentioned in this
publication.

■ ABBREVIATION
NBs, nanobubbles
O2 NBs, oxygen nanobubbles
H2 NBs, hydrogen nanobubbles
CO2 NBs, carbon dioxide nanobubbles
N2 NBs, nitrogen nanobubbles
DI, deionized
Pout, outbound pressure
Pint, internal gas pressure
D, relative dielectric constant

Table 3. Hydrodynamic Diameter, ZP, and Dissolved
Oxygen Level of N2 and O2 NBs with Different Storage
Times Under Room Temperature (20 °C)

time
(month) hydrodynamic diameter (nm) ZP (mV) DO (mg/L)

Nitrogen NBs

0 318.9 ± 43.3 −28.8 ± 6.6 5.2 ± 0.3
1 271.8 ± 54.9 −21.5 ± 6.3 9.2 ± 0.1
2 343.3 ± 92.0 −16.9 ± 5.4 9.5 ± 0.1
3 not detectable −12.9 ± 6.8 9.5 ± 0.1
4 not detectable −8.6 ± 4.4 9.5 ± 0.1

Oxygen NBs
0 224.7 ± 19.6 −40.0 ± 1.4 28.7 ± 0.5
1 226.2 ± 46.0 −24.2 ± 9.5 9.6 ± 0.1
2 not detectable or data is not

repeatable
−4.4 ± 3.5 9.6 ± 0.1

3 not detectable −1.9 ± 2.6 9.5 ± 0.1
4 not detectable −3.2 ± 3.4 9.5 ± 0.1
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σ, surface charge density
ε0, dielectric permittivity of a vacuum
ε, dielectric constant of water
ζ, zeta potential of NBs
λD, Debye length
Pr, surface tension pressure of NBs
P0, atmospheric pressure
Ph, water head pressure
Pin, inbound pressure
γ, water surface tension
r, radius of NBs
g, gravity acceleration
ρ, density of water
h, height of water
δ NB, surface indentation or deformation
a, contact area radius
W, adhesion energy per unit area
R, tip radius of curvature
E*, reduced Young’s modulus
υs, Poisson’s ratio of the sample
υT, Poisson’s ratio of the tip
Es, Young’s modulus of the sample
ET, Young’s modulus of the tip
Fadh, adhesion force
Floading, tip loading force
AFM, atomic force microscopy
DLS, dynamic light scattering
NTA, nanoparticle tracking analysis
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