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Hypothesis: The stability of colloidal suspensions can be influenced by supersaturation of the supporting
electrolyte with gas. It has been proposed that this effect can be attributed to the formation of nanobub-
bles on the surface of the colloidal particles, in turn influencing DLVO forces. While previous interpreta-
tions have focused primarily on van der Waals interactions, probing positively charged particles can
provide complementary insight into electrostatic interactions.
Experiments: High-power water electrolysis creates an aqueous solution supersaturated with oxygen and
hydrogen. We study the ability of this solution to influence the electrophoretic properties of positive
nanoparticles as a function of the particle-gas ratio. Both the f-potential and the effective hydrodynamic
diameter of the resulting nanoentities were studied using dynamic light scattering for a range of
nanoparticle sizes.
Findings: Gas-saturated solution interacts strongly with positive nanoparticles by decreasing and ulti-
mately reversing the sign of their f-potential, which we attribute to the nucleation of negatively charged
bubbles at the solid-liquid interface. This leads to re-entrant condensation of the particles near their point
of zero charge, as directly observed via an increase in hydrodynamic diameter and macroscopic aggrega-
tion. These results indicate that modulation of electrostatic interactions can be the dominant mechanism
for gas-particle interactions in these systems.

� 2018 Elsevier Inc. All rights reserved.
1. Introduction tions following water electrolysis [1–4]. The existence of these
Gas supersaturated solutions have attracted a lot of recent
attention with the observation of stable colloids in saturated solu-
nano-sized gas bubbles was first proposed by Parker et al. to
explain the long-range (�100 nm) attractive force between two
hydrophobic surfaces immersed in water [5]. Since then, evidence
of both surface nanobubbles (nanoscopic gaseous bodies formed at
solid/liquid interface) [1,6,7] and bulk nanobubbles (gas filled
nanoscopic spherical bodies in bulk liquids) [2,6,8–11] was
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reported extensively utilizing various techniques that include
atomic force microscopy (AFM) [12–14], infrared spectroscopy
[15],transmission electron microscopy (TEM) [16], Cryo-EM [17],
and light scattering [18,19]. The general observation is that gas
filled spherical particles are formed with a diameter ranging from
tens to hundreds of nanometers that can survive for hours or even
days in aqueous solution [2,11,20].

Much attention has been focused on nanobubbles’ promise for
potential applications such as wastewater treatment, mineral sep-
aration in froth flotation, ultrasound contrast agents in biomedical
imaging and drug delivery in targeted chemotherapy.[9,16,21–28]
However, the elucidation of the detailed mechanism for the inter-
actions of even a simple bulk nanobubble–nanoparticle system
remains incomplete [29,30].

Recently we have shown the interactions of bulk nanobubbles
with negatively charged gold nanoparticles [18]. Our experiments
employ high-power water electrolysis, which generates a large
amount of supersaturated oxygen and hydrogen gas that can par-
ticipate in bubble nucleation. This results in stable, nanobubble-
like bodies with properties consistent with other reported findings
[1,2] and which we therefore refer to as bulk nanobubbles here. We
emphasize that our primary focus here is not on the stability mech-
anism, however, but rather on studying the interactions between
gas supersaturated solutions and charged nanoparticles. Unlike
froth flotation, where bubbles and particles interact mainly via
attachment, we previously demonstrated that bulk nanobubble
solutions interact with gold nanoparticles through nucleation on
the gold surface, forming a new single population of particles with
a diameter intermediate between those of the original nanoparti-
cles and nanobubbles. This effect is highly dependent on the size
of the gold nanoparticles, with particles sized 30 nm or less
exhibiting no effect.

If our hypothesis is true that nucleation of bubbles on particles
is the main mode of interaction, then interactions with positively
charged particles can be expected to be significantly stronger. This
is because the surface of nanobubbles, like their larger counter-
parts, has been shown to exhibit a negative charge [27]. Any
change in net surface charge can be straightforward monitored
through measuring the electrophoretic mobility of nanoparticle–
nanobubble mixture solutions to extract their zeta potential.

In this work, we comparatively study the interactions of gas
supersaturated solutions with both positive and negative nanopar-
ticles employing amidine-modified polystyrene (PS) latex nanopar-
ticles as positive nanoparticle model. We demonstrate the ability of
bulk nanobubble solutions to tune the electrophoretic properties of
positive nanoparticles by tuning the particle–nanobubble ratio. This
effect can be so pronounced as to cause charge inversion. In a finite
range of concentrations near the point of zero charge, the particles
lose colloidal stability andaggregate.Webelieve that understanding
these interactions between charged colloidal particles and charged
nanobubbles can help elucidate both the phase behavior of charge
stabilized colloids and proposed applications of nanobubbles such
as the mechanism behind nano cleaning [31].
Fig. 1. (a) Photograph of 100 nm amidine latex nanoaprtice–nanobubble mixture
with amidine nanoparticle concentration (1) above C� , (2) between C� and C�� and
(3) after crossing C�� . Phase separation occurs between C� and C�� . (b) Average f-
potential and (c) apparent hydrodynamic diameter of 60 nm amidine nanoparticles
and their assemblies as a function of amidine nanoparticle concentration. Note that
increasing the dilution level of nanoparticles means lower nanoparticle concentra-
tion. The numbers 1,2,3 in (a) represent qualitative regions rather than specific data
points in (b).
2. Results and discussion

2.1. Re-entrant condensation and inversion of surface charge

2.1.1. Re-entrant condensation
Electrostatic interactions are ubiquitous in polyelectrolytes, col-

loids and biological systems.[32–35] In mixtures of multivalent
ions and macromolecules, a typical feature of phase diagrams is a
phase separation regime in which macroion aggregation takes
place near the isoelectric point. A subsequent restabilization and
redissolution on further increasing salt concentration however
takes place. This phenomenon is known as re-entrant condensation
[32,33,36,37].

We now address the interactions between positively charged
nanoparticles and nanobubble solutions. Fig. 1(a) is a photograph
of three 100 nm amidine nanoparticle–nanobubble mixture sam-
ples at decreasing nanoparticle concentrations. Note that we do
not want to overly dilute the nanobubble solution, as supersatura-
tion would no longer be sustained. Cuvette 1 is a nanoparticle–
nanobubble mixture solution with a nanoparticle concentration
just above a threshold C� where the colloids are monodisperse
and stable. Cuvette 2 shows a mixture solution with nanoparticle
concentration below C�, where the positively charged latex beads
aggregate. Cuvette 3 is a mixture solution with a still lower
nanoparticle concentration below a second threshold C��. The
aggregates redissolve and the solution becomes stable and
monodisperse again. Control experiments where the amidine
nanoparticles are mixed with an untreated 10 mM NaCl solution
do not exhibit this behavior.

This observation can be further confirmed by measuring the
effective hydrodynamic diameter of the particles in mixtures, as
shown in Fig. 1(c). The figure depicts a typical size evolution of
60 nm amidine latex beads mixed with gas solution at different



Fig. 2. Phase diagram of amidine latex nanoparticles with respect to nanoparticle
sizes. The symbols represent individual samples in the respective regimes.

Fig. 3. Hydrodynamic diameter of amidine nanoparticles and their assemblies as a
function of zeta potential with different nanoparticle sizes. The different symbols
correspond to amidine nanoparticles of the following diameters: � 20 nm, � 40 nm,
4 60 nm and O 100 nm.
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ratios. The evolution of size starts with a time- and concentration-
independent average size in the range of 60–100 nm above C�.
However, after the concentration passes C�, a dramatic increase
in size occurs (�1.5 lm), which is due to the formation of amidine
beads aggregates. Once the nanoparticle concentration crosses C��,
a sharp transition towards a smaller size, but larger than the orig-
inal 60 nm nanoparticle size, is observed. This suggests that aggre-
gates disappear and a stable colloidal suspension is restored. Upon
further decreasing nanoparticle concentration, the hydrodynamic
size does not vary significantly anymore, indicating that, under
these conditions, the resulting nanoparticle–nanobubble nanoenti-
ties are stable against further aggregation.

2.1.2. Inversion of surface charge
Changes of the surface charge of the nanoparticles, as probed by

electrophoresis and expressed as a f-potential, were also observed.
The f-potential of a series of nanoparticle–nanobubble solutions as
a function of nanoparticle concentration at 25 �C is presented in
Fig. 1(b). At high nanoparticle concentration, the nanoparticle–
nanobubble solution exhibits a positive charge. Conversely, as
nanoparticle concentration decreases, the absolute value of the
net charge decreases. The f-potential eventually crosses the point
of zero charge, at which point the particles become negative. This
indicates the formation of negatively charged nanoparticle–
nanobubble structures, suggesting bubble nucleation on particle
surfaces. This trend eventually saturates and further decreases of
nanoparticle concentration do not vary the surface charge signifi-
cantly. This indicates that positive particles are maximally covered
by bubbles nucleated at their surfaces.

A third order polynomial fit was used to extract the point of
zero charge Co from the overall f-potential results. Note that the
last two data points in Figs. 1(b) and (c) are plotted as open sym-
bols. This is because once the nanoparticle concentration passes
below 1� 109 particles/mL, the DLS instrument is measuring near
its sensitivity threshold. Therefore, we use only the data points
before 1� 109 for fitting the point of zero charge. Unsurprisingly,
we find that the point of zero charge Co always lays between the
two phase boundaries of the phase separating regime, i.e. C� and
C��, as seen by comparing Fig. 1(b) and (c).

2.1.3. Relation of charge inversion to re-entrant condensation
The evidence in Fig. 1 suggests that charge inversion represents

the fundamental mechanism allowing residual attraction to cause
agglomeration once electrostatic repulsion vanishes at Co. We pro-
pose that gas nucleates at the positive particle surface, thus screen-
ing part of its overall charge and replacing it with a negative
surface. Near neutrality, electrostatic interactions can no longer
provide sufficient repulsion, allowing shorter ranged attractive
forces to take over. This is the basic trade-off that dictates the sta-
bility of most colloids. To what extent the gas bubbles may con-
tribute to these short-ranged interactions remains unclear.

We further systematically extended our experiments to three
other different sizes of amidine nanoparticles, i.e., 20 nm, 40 nm
and 100 nm. All particles show consistent aggregation and
f-potential trends with the 60 nm particles (see supporting infor-
mation for primary data). In particular, we observed re-entrant
condensation for all sizes tested. The condensation boundaries C�

and C�� as well as the concentration at the point of zero charge
were extracted for each size. A phase diagram for amidine
nanoparticle solution with respect to nanoparticle diameter is
shown in Fig. 2. Three regimes are recognized: regime 1 (C > C�),
one liquid phase exists; regime 2 (C� > C > C��), two phases exist;
regime 3 (C�� > C), re-entrant solution, the first phase is restored.

The apparent size with respect to f-potential of all four
nanoparticles are presented in Fig. 3. The different sizes of
nanoparticle collapse onto a single master curve within scatter.
The maximum effective diameter of the condensation product for
each size is independent of the particle size under the conditions
measured. This further proves that re-entrant condensation is
mainly caused by charge inversion.

2.2. Influence of size of amidine nanoparticles on re-entrant
condensation

2.2.1. Concentration at point of zero charge Co

To further understand the size dependence data in Fig. 2, we
extracted the nanoparticle concentration at the point of zero charge
from the f-potential data for each particle size (third order polyno-
mial fitting) and the resulting four data points are shown in Fig. 4.



Fig. 5. Energy barriers of 100 nm amidine–nanobubble solutions calculated from
DLVO theory as a function of nanoparticle concentration. The measured zeta
potentials were employed as surface potentials of the nanoparticles in the
calculation.

Fig. 4. Natural logarithm of nanoparticle concentration at point of zero charge with
respect to nanoparticle radius. Concentration at point of zero charge of each size
was estimated by a third order polynomial fitting. Four extracted concentrations
were then fitted with Eq. (2), see the red curve. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)
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Based on our hypothesis that reversal of surface charge of par-
ticles is due to gas nucleation at the particle surfaces, one could
expect that the point of zero charge is reached when the total sur-
face of the particles reaches a sufficiently small value to allow suf-
ficient coverage by the available gas. The total area available per
unit volume of solution, Atot, is given by

Atot ¼ 4pR2Co; ð1Þ
where Co is the concentration of nanoparticle at the point of zero
charge and R is the nanoparticle radius. To simplify analysis, Eq.
(1) can be expressed as

lnCo ¼ a� 2 lnR; ð2Þ
where a is the only fitting parameter. The result of a fit to this
expression is shown in Fig. 4 as the red line. The good agreement
suggests that the point of zero charge concentration is indeed lar-
gely driven by the available surface area under otherwise identical
conditions, as indicated by Eq. (2), leading to the trend that conden-
sation occurs at higher concentration for smaller particles.

2.3. Re-entrant condensation from a DLVO picture

The phase behavior of re-entrant condensation of amidine
nanoparticle–nanobubble system can be estimated from DLVO the-
ory [38]. This assumes that particles have to overcome an energy
barrier in order to aggregate. The attractive van der Waals poten-
tial of UvdW ¼ �AR=12d competes against the electrostatic double

layer repulsive potential of Uedl ¼ ðR=2ÞZe�d=kD , where A is the
Hamaker constant, R is the particle radius, kD is the Debye length,

and Z ¼ 64p�o�ðkT=eÞ2tanh2ðewo=4kTÞ is the electrostatic interac-
tion constant. For a monovalent 1:1 electrolyte e.g. NaCl in our sys-

tem at 25 �C, Z ¼ 10�10tanh2ðwo=103Þ, where z is the electrolyte
valency of 1 for NaCl, e is the unit charge of 1:6� 10�19 C, �o is
the vacuum permittivity, � is the relative static permittivity of
water, k is the Boltzmann constant, and wo is the potential of the
particle surface in mV. We use the measured zeta potential for
wo. The energy barrier is calculated as the maximum value (unit
kT) of the sum of van der Waals attraction and electrostatic repul-
sion for each nanoparticle concentration.

Unfortunately, the precise Hamaker constant for our system is
unknown. We plot the energy barrier of a series of 100 nm
nanoparticle–nanobubble mixture solutions versus nanoparticle
concentration in Fig. 5 for a typical Hamaker constant of
3:7� 10�20 J for the air-water-air symmetrical system[39]. It is
seen that the DLVO energy barrier changes in a wide range, from
a very high barrier, down towards a very low barrier (close to zero),
re-entrant to a relatively high barrier at low nanoparticle concen-
tration. This behavior is qualitatively consistent with the phase
changes observed in Fig. 1.

3. Conclusion

We have investigated the interactions between positively
charged colloidal nanoparticles and supersaturated gas solutions.
We found that gas solutions can diminish and even invert the
net charge of such nanoparticles. This leads to re-entrant conden-
sation, wherein agglomeration occurs only near the point of zero
charge while the stability of the suspension is preserved at both
low and high gas-nanoparticle ratios. We attribute this behavior
to the formation of negatively charged nanobubbles on the surface
of the nanoparticles. Our findings extend and complement earlier
experiments on negatively charged particles [18], where re-
entrant condensation was not observed. While those results were
interpreted via a mechanism based primarily on the tuning of
van der Waals forces (together with capillary forces in the case
of related experiments on hydrophobic surfaces)[40–46], the pre-
sent observations indicate that electrostatics can play a compara-
ble or even dominant role in determining interparticle
interactions. They also provide a new route for tuning the phase
transitions of colloids initiated by bulk gas solutions, in a manner
reminiscent of a series work by Drummond et al. where dissolved
gas was employed to regulate surface structure [47,48]. We antici-
pate that this mechanism can provide a means of tuning the
assembly and collective behavior of (supra) molecular systems
such as cationic lipids and polypeptides.

4. Materials and methods

4.1. Nanobubble generation

Sodium chloride solutions of concentration 10 mM were pre-
pared with milli-Q water (Millipore). The milli-Q water had a resis-
tivity of 18.2 MX�cm (at 25 �C) and a TOC value below 5 ppb. The
nanobubble solutions were then created by high power water elec-
trolysis in an electrochemical flow cell. Briefly, this employs five
macroscopic electrode plates made of platinum on etched titanium
with a plate spacing of 2.79 mm. The salt solution was delivered at



Fig. 6. (a) f-potential of 100 nm amidine nanoparticles as a function of pH in 10 mM NaCl at 25 �C. (b) pH measurements of nanoparticle–nanobubble solutions around phase
transitions, all pH values are below the isoelectric point of amidine latex nanoparticles (9.5).
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one end of the flow cell, flowed through the plates and being elec-
trolyzed in the meantime, finally exited the flow cell downstream.
During electrolysis, the aqueous solution was treated electrochem-
ically in a two-electrode circuit configuration with a cell voltage of
24 V, an average current of 3 A, and a flow rate of 500 mL min�1.
The water electrolysis process splits water into oxygen and hydro-
gen gas, both of which dissolve back into the water stream and
cause supersaturation with oxygen and hydrogen. We measured
the supersaturation level of oxygen at the outlet water stream to
be 110%–130% supersaturated (Fibox 3 trace 3, Fiber optic trace
oxygen transmitter, PreSens). The nanobubble solution is stable
on the scale of days.

4.2. Characterization of nanobubble solutions

Characterization of the nanobubble solution was carried out by
dynamic light scattering (DLS, Zetasizer Nano ZS, Malvern Instru-
ments) for sizing, electrophoresis for zeta potential (Zetasizer Nano
ZS, Malvern Instruments) and nanoparticle tracking analysis (NTA,
NS500, Nanosight, Malvern Instruments) for concentration, all
implemented at 25 �C. Detailed experimental parameters of each
technique were as follows:

DLS: The measurements were conducted in accordance with a
previous publication [18]. Briefly, five measurements of 60 s dura-
tionwereperformedoneachsample. Theaverageandstandarddevi-
ation of these measurements were used for further analysis. DLS
yields particle size in terms of hydrodynamic diameter; our solu-
tions exhibited a single-peak distribution, with peak diameter and
fullwidth at halfmaximumof 223 nmand94–529 nm, respectively.

NTA: Each measurement comprised an analysis of three movies,
each 60 s long and captured at a speed of 25 frames/s. The concen-
tration was directly determined by counting the number of parti-
cles tracked in a known volume. For the solution generated by
our commercial flow cell, we measured a concentration of �107–
108 particles/mL.

Electrophoresis: Three measurements were taken for each sam-
ple and each measurement took 60 s. The average and standard
deviation of 3 measurements were used for further analysis. Sam-
ple holder: Folded capillary cell (DTS1061, Malvern Instruments).
We measured the pristine nanobubble solution to be negatively
charged with a mean zeta potential of �19 � 3 mV.

4.3. pH of amidine latex nanoparticle solutions mixed with
nanobubbles

One possible artifact is pH changes induced when mixing
nanoparticle and nanobubble solutions. To exclude this possibility,
we monitored the f-potential of 100 nm stock amidine latex
nanoparticle solutions as a function of pH in 10 mM NaCl at
25 �C, as shown in Fig. 6(a). HCl and NaOH solutions were added
as required to adjust pH. The particles bear positive charges origi-
nating from amidine groups, but the f-potential decreases as pH
increases due to the protonation of amidine groups. A charge
change in the f-potential from positive to negative occurs at high
pH with an isoelectric point (pI) in the range of pH 9.0–10.0 (a lin-
ear extrapolation gives an estimate for the isoelectric point of pH
9.5.). This shows that the protonated amidine groups on the sur-
face of the particles can be neutralized. Above the pI, the f-
potential shows a negative sign as pH further increases which
could be attributed to the hydrolysis of amidine groups, producing
carboxylic groups at the surface. For comparison, the left and right
arrows in the figure indicate the pH values of sodium chloride solu-
tion before and after it went through the flow cell, respectively.

As a further control, we measured the pH of a series of nanopar-
ticle–nanobubble solutions with respect to different nanoparticle
concentrations (Fig. 6(b)). It clearly shows that all the experiments
described here were taking place at pH values far below the pI of
amidine nanoparticles, indicating that charge inversion is not dri-
ven by changes in the pH of the mixtures.
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