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Keywords: The presented work investigates particle-induced nanobubble generation in order to extend the applicability of
Nanobubbles material-selective pressure flotation towards nanoscale materials. During a gas treatment procedure, filtered
Flotation compressed air in the range of 0bar-2bar overpressure was introduced into colloidal suspensions in ultra-
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purified water until saturation was obtained. Nanobubble formation in the suspension occurred after slow de-
pressurization with a gas vent. Suspensions of platinum nanoparticles and polystyrene beads were used to ex-
amine the effects of particle hydrophobicity and roughness. Using nanoparticle-tracking-analysis (NTA), the
evaluation of particle size and scattered light intensity showed the occurrence of nanobubbles, both, as a se-
parate phase (bulk nanobubbles) and attached to the particles’ surface. The sharply separated nanobubble peak
was observed in number density NTA plots of gas treated platinum nanoparticles. The size of the hydrophilic
platinum particles remained unchanged. In contrast, for hydrophobic polystyrene particles, the hydrodynamic
diameter increased during a gas treatment procedure. The experimental results are understood, on the one hand,
as the nucleation of bulk nanobubbles in the cavities of hydrophilic platinum particles and, on the other, as
surface-growth of nanobubbles attached to the hydrophobic polymer particles.
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Nomenclature n Total number of classes i within a PSD (-)
Nrep Number of replications (-)
Cn Number concentration (# ml™ ') P Pressure (bar)
Cy, i Number concentration in class i within a PSD (# ml™ %) Qo* Cumulated particle concentration (# ml™1)
D Diffusion coefficient (m s~2) Q5™ Cumulated particle volume mm®ml™1)
dup Hydrodynamic particle diameter (m) T Temperature (K)
dup,i Hydrodynamic particle diameter of class i within a PSD t Time (s)
(m) Vi Volume of particles in class i within a PSD (nm®)
d; Inner diameter (mm) X, y Coordinates (-)
d, Outer diameter (mm) n Dynamic viscosity (Pa s)
i Class within a PSD (-) A Wavelength (m)
kg Boltzmann constant (J K™ 1) T1/2 Half-life of exponential pressure drop (s)
1. Introduction than NBs re-attached to a surface. Bubble generation due to pressure

During the last years, liquids containing gas bubbles in micro- and
nanoscale range (microbubbles MBs and nanobubbles NBs) have been
intensively investigated because of their special properties and wide
range of applications. Next to investigations regarding the existence as
well as the generation of bulk NBs created by different methods and
gases [1-4], there is strong interest in surface-attached NBs since they
open up new applications in process engineering. For example, cavi-
tation bubbles in flotation, generated by ultrasonic waves, were found
to increase the yield of flotation processes [5,6] although according to
Falcon [7] the effect is limited to particles with sizes above a few mi-
crometers. It has been demonstrated that the presence of NBs led to the
flotation of model particle systems in micrometer range [8], ad-
ditionally, the effective parameters of NBs in froth flotation were in-
vestigated [9]. It is assumed that surface-attached NBs modify the hy-
drodynamic properties of particles during a collision with macroscopic
bubbles. However, for further flotation applications towards recovering
material in a nanoscale range, the critical step is the attachment of bulk
NBs to the particles’ surface. Although high relative movement between
particles and bubbles improves the yield of finer particles by increasing
inertial forces [10], a flotation of nanoscale material is still unattain-
able.

In contrast to collision-based flotation, this work focusses on pres-
sure (release) flotation, i.e. on particle surface-generated NBs rather

reduction also occurs in ultrasonic and cavitation flotation mentioned
above, but in both cases, there is a strong mechanical agitation. In our
apparatus, however, there is no input of mechanical energy beyond a
gentle bubble flow, which will be explained in detail. The growing NBs
can remain on the particles’ surface or detach from it, which then
contributes to the production of bulk NBs. The mechanism assumed to
be relevant for NB formation and growth is related to heterogeneous
nucleation with nanoparticles’ surface as nuclei for dissolved gas mo-
lecules [11-14]. For the intended application of our process to the
sorting of different materials, the key question is how surface growth of
sessile NBs depends on nanoparticle hydrophobicity and surface
roughness. Here, platinum and polystyrene particle materials were used
in model particle systems aiming at future separation processes of
precious metals from, for example, electronic waste.

For an investigation of suspended nanoparticles, bulk NBs and
surface-attached NBs, several measurement techniques like dynamic
light scattering (DLS) and resonant mass measurement method (RMM)
are commonly applied [2,4,15,16]. Since DLS is not able to resolve
binary particle systems with almost the same diameter [17,18] and
since RMM cannot distinguish between surface-attached and bulk NBs
in a sample, more precise measuring techniques are necessary. The
alternative that has been used in this work is the nanoparticle-tracking-
analysis (NTA) coming up with the unique feature of measuring two
particle properties at the same time: tracking of individual particles
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comes up with their mobility-equivalent size distribution and in parallel
their scattering intensity recorded. The instrument can, therefore, dis-
tinguish between different kinds of particles of similar size. As de-
scribed by Hu et al. [19] and Alheshibri et al. [20], for example, NTA is
increasingly being used in characterization and detection of NBs. This
trend shows the relevance in the analysis and detection of NBs and in
combination with the multidimensional measurement of parameters,
the NTA technique is considered to be extremely suitable for the in-
vestigations presented in this work.

2. Materials and methods
2.1. Bubble generator setup

A self-constructed small-scale pressurization system (SSPS) for ap-
proximately 50 ml of suspension was used as an NB generator (Fig. 1).
Compressed air entered the SSPS through a mass flow controller (GSC-
A9ST-BB22 Vogtlin Instruments GmbH) with pressures up to 10 bar and
a constant flow rate of 2 liters per minute. Two inlet filters, an activated
carbon filter, and a particle filter ensured contamination and particle-
free gas stream into the SSPS cell and the sample, respectively (acti-
vated carbon element multifix FAO6&FA11 RIEGLER & Co. KG, absolute
filter DIF-BN-40 99,999 % Headline Filters GmbH). A check-up of the
filtered air with a condensation particle counter (CPC, GRIMM Aerosol
Technik Ainring GmbH & Co. KG, Model 5.403) proved a particle-free
airflow into the pressure cell and liquid sample, respectively (CPC
concentration profile as an insert in Fig. 1). The gas was bubbled
through the liquid sample from a stainless steel tube (d; = 1.5mm, d,
=3.0 mm).

After reaching the intended pressure in the SSPS-cell, the pressure
was kept constant with a relief valve (SRV30 Hansun Engineering Co.
LTD.) at a constant gas flow rate. In each batch, 50 ml of suspension
were gas treated for 10 min at O bar, 1 bar and 2 bar overpressure. A gas
pressure of 0 bar means in this context that saturation of the suspension
with filtered air occurred at ambient pressure with the relief valve in
wide-open position. There was no need for a depressurization step. This
operation was carried out for pressure levels of 1bar or 2bar by
opening a needle valve to a predefined position. Thus, in all experi-
ments discussed in the following the pressure in the cell decayed in an
exponential manner. This pressure release rate avoided any dynamic
effects in the sample such as cavitation caused by ultrasonic or de-
pressurization of a liquid sample through a valve. Uprising bubbles (e.g.
MBs) did not induce any relevant shear stresses in the sample while cell
depressurization, hence, dynamic effects are neglected for the con-
ducted experiments. For an analysis of gas treated suspension, 5ml of
sample were taken for an offline measurement by NTA at ambient
pressure after a gas treatment procedure. Thereby, an evaluation of NB-
formation kinetics was not intended here.

2.2. Nanoparticle-tracking-analysis NTA

Investigations regarding the hydrodynamic diameter of both, par-
ticles and NBs were performed using a nanoparticle tracking analyzer
(ZetaView® BASIC PMX-120 Particle Metrix GmbH). An NTA-device
consists of a laser illuminating particles of a colloidal suspension within
a flow-through measurement cell and a video camera system equipped
with a microscopic lens. With ZetaView®, particles in a range from
10nm up to 1000 nm can be detected depending on sample material
and the used laser system [21]. The measurement cell including the
sample was set to a constant temperature of 20 °C for all investigations
reported. By detecting the Brownian diffusion of single particles in the
suspension, nanoparticle-tracking-analysis determines the mean square
displacement for those particles per time interval. Thus, during a single
NTA measurement, hundreds to thousands of particles are tracked si-
multaneously to calculate a particle size distribution. From the analysis
of the Brownian diffusion, which is measured here in two dimensions,
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the diffusion coefficient for a single particle can be calculated by Eq.
(1). The Stokes-Einstein equation correlates the diffusion coefficient
with the hydrodynamic particle diameter at a specific temperature and
dynamic viscosity (Eq. (2)).

(x,y)? =4Dt @

- kT
3 "N dHD (2)

NTA also determines particle concentration (number based) of a
sample from the total number of illuminated particles detected in the
laser cross-section divided by the radiated volume (~3nl) [21]. This
evaluation, however, requires knowledge of the detection efficiency
which must be provided from calibration experiments. For unknown
samples or mixtures of known materials, the number concentration is
only of relative use. Reproducible experiments under these conditions
require strict procedures for the settings of all the optical parameters.
For all NTA-measurements in this work, video camera settings like
camera sensitivity (Sen) and camera shutter (Shu) were set to constant
values, Sen = 80 % and Shu = 7.5 %.

Within the analyzed particle size range and the wavelength of the
used NTA-laser (A = 520nm), Rayleigh scattering applies. Rayleigh
scattering intensity depends on the relative complex refractive index,
i.e. both, its scattering and absorption coefficient in relation to those of
water. The quantitative effects of optical constants can be quite sur-
prising since shiny metallic particles have a high absorption coefficient.
By using NTA, information about the scattered light intensity of each
tracked particle can be recorded additionally to particle size and con-
centration. Based on video raw data, a scattering intensity can be
analyzed, averaged over the diffusive displacement (so-called “mean
intensity”). In the following, however, particle brightness is used only
in a qualitative manner to discriminate between nanoparticles and NBs.
As mentioned before, different intensity per particle volume results in a
material-dependent detection threshold and a counting efficiency. By
using NTA, a particle size distribution and a mean intensity distribution
can be measured in one single step.

In this work, particle size distributions (PSDs) are presented as
particle number concentration (Cy) over hydrodynamic particle dia-
meter (dgp). The particle size of a species describes the diameter of a
solid particle and an NB, respectively. In particle literature it is con-
venient to address "solid particles" and "fluid particles" (i.e. "drops" /
"droplets" and "bubbles") all together as "particles". Scatterplots indicate
for each particle the track-averaged scattered light intensity in arbitrary
units versus particle size, with each tracked particle represented by a
marker. All gas treatment experiments at a specific pressure were per-
formed in five replications in order to obtain statistically verified results
by means of NTA measurements. Thus, PSDs showing the mean values
of particle diameter in each size class as calculated in terms of ar-
ithmetic average. Standard deviations are presented as error bars of
particle concentration in PSDs plots below.

2.3. Medium

Ultra-purified water (UPW) at room temperature with constant
electrical conductivity of 0.055 uS cm™' was used for sample pre-
paration and dilution. It was provided by an ultrapure water system
(arium®pro UV TOC Sartorius AG) applying filtration through activated
carbon and ion-exchange resin. UPW was degassed under vacuum for
20 min before use (pressure difference of 800 mbar to atmosphere).

Reference materials

The suspensions used in the experiments were prepared from
commercially available particle size standards. Platinum particles
(30 nm Platinum Nanoparticles Citrate NanoXact™ nanoComposix Inc.)
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with a raspberry-like shape were used to provide a hydrophilic metallic
particle surface. The undiluted standard was stabilized in 2mmol 17!
aqueous citrate and the particles showed a hydrodynamic diameter of
39nm [22]. A second hydrophilic particle material, spherical gold
particles (30 nm Gold Nanospheres Citrate NanoXact™nanoComposix
Inc.) with a smooth surface were also used for gas treatment experi-
ments aiming at the influence of the particle surface morphology on NB
production. Identical to Pt30 particles, Au30 was stabilized in 2 mmol
17! aqueous citrate and displayed a hydrodynamic diameter of 38 nm
[23].

Hydrophobic particle suspensions were prepared from a 70 nm
mean diameter NIST-traceable polystyrene size standard (PS70 3070A
Nanosphere™ Thermo Scientific Inc.). These polystyrene (PS) nano-
particles showed a smooth particle surface (see TEM micrographs
Fig. 2). Pt30, PS70 and its binary mixture were used as main model
systems for this work, while investigations with Au30 only supple-
mented the mentioned main model systems. Fig. 2 depicts the TEM
micrographs, particle size distributions and scatterplots of Pt30 as hy-
drophilic particle material and PS70 as hydrophobic particle material.
Information about Au30 is given in Fig. 5. Agglomerates in all these
TEM micrographs are attributed solely to sample preparation.

In contrast to Pt30, PS70 particles were stabilized with an anionic
surfactant, chemically similar to sodium dodecyl sulfate (SDS), to in-
hibit agglomeration in the undiluted suspension [24]. Despite dilution
factors of 1000 for Pt30/Au30 and 250,000 for PS respectively, all
suspensions were stable for the duration of the conducted tests as
confirmed by NTA measurements of blank samples before and after
each test series.

For gas treatment experiments of particle-free stabilizer solutions
(named “citrate” and “SDS”), tri-sodium citrate dihydrate (p.a., Merck
KGaA) and sodium dodecyl sulfate (70 % GC, Fluka Chemie AG) were
used.

3. Results and discussion
3.1. Pressurization of ultra-purified water

The NTA measurement of gas treated UPW showed a low con-
centration of background particles or bubbles, whereas blank UPW

PS70 E
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2
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Fig. 3. Averaged PSDs (N, = 5) for gas treated sodium dodecyl sulfate solu-
tion (SDS), sodium citrate solution, and ultra-purified water (UPW) at ambient
pressure. Cy, peak sps = 2.5 X 10° # ml ™%, Cy. peak citrate = 6.3 X 10° # ml ™",
Cn, peak upw = 2.3 X 10° # ml~ 1. Insert: Number of tracked particles after
pressurization for background measurements and chemical structure of SDS and
citrate.

appeared background-free. In the following, analyzed particles in gas
treated UPW will be called NBs since other sources of contamination
were carefully excluded.

NBs in a size range from 50 nm to 300 nm were found with a peak
concentration of 2.3 x 10° # ml~! for gas treatment at 0 bar (see UPW
Fig. 3). The measured particle size distributions appeared consistent
with investigations by Ushikubo et al. [4] who performed NB genera-
tion and NB stability experiments with NBs formed by a micro-bubble
generator with pure oxygen and air. In our work, a higher gas pressure
did not increase the number of generated bulk NBs after sample pres-
surization. In support of these results, Azevedo et al. [3], who in-
vestigated NBs in a surfactant-enriched aqueous system by forcing the
gas-saturated liquid through a needle valve, detected a decreasing NB
concentration at increasing pressure as well. Venting the SSPS after
pressurization led to the formation of rising visible microbubbles (MBs)

Fig. 2. TEM micrographs of platinum particles
Pt30/PS70 Pt30, polystyrene spheres PS70 and a binary
‘ mixture of both materials. Pt30 showed a rough

‘ and uneven surface with cavities, PS70 parti-
‘ cles appeared perfectly spherical and presented

a smooth surface morphology (first row of fig-
ures). Particle size distributions and scatter-
plots of blank diluted reference materials
(second and third row of figures). Error bars in

PSDs are given for every tenth size class,
number of replications for error bars Ny, = 5.
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while the pressure in the SSPS-cell slowly decreased. These MBs were
presumably responsible for NBs being entrained from the suspension as
described by Azevedo et al. [3].

In order to preclude stabilizer molecules like SDS for PS70 nano-
particles and sodium citrate for Pt30 nanoparticles respectively, from
being responsible for NB formation, particle-free stabilizer solutions
were gas treated and analyzed by NTA at a dilution typical for the
conducted experiments. The results in Fig. 3 for ambient pressure
showed significant production of bulk NBs, most of all with SDS. The
hydrophobicity of the alkyl tail of SDS can be considered responsible for
a NB nucleation while a citrate ion appears hydrophilic due to the
spherically arranged charges. These experiments were repeated under
pressure release conditions and showed a significantly lower NB pro-
duction, which can be seen from a decreasing number of tracked par-
ticles at increased gas pressure (inserted table in Fig. 3). Thus, only
PSDs at ambient pressure are given in Fig. 3. The mean particle sizes of
NBs in samples at overpressure did not differ from those PSDs shown in
Fig. 3 for ambient pressure. The amount of formed bulk NBs for UPW
and citrate can be considered insignificant. The appearance of bulk NBs
for gas treated SDS samples needs to be compared and discussed with
experimental results for gas treated PS70 afterwards.

3.2. Pressurization of rough hydrophilic Pt30 particles

In contrast to the previous experiments (gas treatment of UPW
Fig. 3), nanoscaled platinum particles (Pt30) present in the gas treated
sample were able to enhance the formation of bulk NBs significantly
which is shown by the appearance of a second peak in PSD for gas
treated samples (Fig. 4). The blank Pt30 suspension showed a mono-
modal particle size distribution with a peak concentration of 8 x 10° #
ml~ 1. After gas treatment of Pt30 suspensions at ambient pressure, a
bimodal particle size distribution appeared with a NB-concentration of
approximately 2.7 x 10° # ml~'. Compared to gas treated citrate so-
lution at ambient pressure, the NB-concentration increased by a
factor > 4. By raising the pressure up to 2 bar, the NBs in a size range
from 70 nm to 200 nm remained constant in concentration while the
Pt30 peak appeared to be constant in size.

As summarized in Fig. 9, the comparison of the calculated cumu-
lative particle concentration Qq* for Pt30 experiments showed an in-
crease in total concentration for gas treated samples. Furthermore,
under the assumption of spherical particles, the cumulative particle
volume Qs* (Fig. 10) increased nearly by a factor of five due to the
appearance of a second, so-called NB peak at larger sizes. All presented
data clearly indicated that both, in terms of number and volume, bulk
NBs were generated due to the presence of Pt30 particles.

This conclusion is underlined by taking the scatterplots into con-
sideration for the discussion (see inserts to Fig. 4). After gas treatment,
a new cloud of large (about 70 nm-200 nm) bright signals appeared in
the scatterplot. By comparison, the scatterplot representing the Pt30
particles experienced hardly any change. Since platinum is hydrophilic
the results correspond with the findings of Ditscherlein et al. [25] who
used atomic force microscopy (AFM) for the characterization of NBs on
alumina substrates in water. They found hardly any bubbles on plane
hydrophilic surfaces, but they showed that grooves and cavities of a
hydrophilic surface are preferred sites for the formation of NBs as well.
Nail et al. [26] also reported those surface defects as nucleation sites for
bubbles on metallic surfaces.

Combining these results, it is concluded that the rough hydrophilic
surface of Pt30 generated bulk NBs in the conducted pressure release
experiments. The variations of the peak concentration of Pt30 particles
in PSD (Fig. 4) were not systematically correlated with the pressur-
ization visible as the overlapping of error bars at the Pt30 peak size. An
increase in pressure followed by a venting step may result in an un-
changed generation of bulk NBs. In addition, the non-constant con-
centration of platinum particles pointed to tearing-off mechanisms of
NBs from the particle surface while venting the sample. Based on a

Colloids and Surfaces A 592 (2020) 124576

dynamic model for bulk NBs as shown by Yasui et al. [27], NB-clusters
with hydrophilic particles cannot exist stably in a suspension with
surface-attached NBs unless a NB is fully covered with hydrophilic
particles. This theory underlines the appearance of bulk NBs for gas
treated hydrophilic Pt30 suspensions and implies that NBs might be
responsible for inconsistency in platinum particle concentration. Hence,
a detachment of formed NBs from the rough platinum particle surface is
a realistic scenario since the cumulative particle concentration Qu*
increased with constant Pt30 particle size.

Regarding the Pt30 suspensions, which contained a small amount of
ionic stabilizer (citrate), it was observed that a mixture of UPW with an
equal concentration of citrate displayed the same behavior of NB for-
mation as gas treated UPW. Thus, the citrate ions were not linked to the
generation of NBs, as can be shown by NTA measurements (see Fig. 3).

3.3. Pressurization of smooth hydrophilic Au30 particles

As shown for rough platinum particles, dissolved gas molecules
nucleated at grooves and cavities on particles’ surface forming un-
attached bulk NBs. Assuming only the hydrophobicity/hydrophilicity to
be relevant for bulk NB production, a smooth hydrophilic particle
material is supposed to show a similar NB production effect. In order to
prove the surface morphology to be relevant, smooth gold nanoparticles
with 30 nm in diameter (Au30) were gas treated under the same con-
ditions like Pt30 particles. The surface of those Au30 particles is shown
in a TEM micrograph as an insert in Fig. 5, the PSDs of blank and gas
treated Au30 suspensions and corresponding scatterplots are given as
well.

Obviously, the gas treatment step neither affected the particle size
of the gold particles nor the amount of bulk NBs. Only a few bulk NBs
were measured for ambient gas treatment since the gas treated citrate
showed some background effects. Belova et al. [28] indicated for ul-
trasonic cavitation experiments that only a hydrophobic aluminum
surface was affected by cavitation bubbles. Untreated aluminum dis-
played no change due to the absence of ultrasonic induced bubbles.
Therefore, as a result of gas treatment, it can be stated that a smooth
hydrophilic metal surface, like Au30, did not produce surface attached
NB or bulk NBs as can be seen in Fig. 5. By analyzing AFM images of
titanium boundaries on silicon, Nishiyama et al. [29] found surface
attached NBs on rather hydrophobic silicon but many NBs were iden-
tified in the vicinity of the hydrophilic titanium boundary close to si-
licon. Therefore it can be assumed that an edge of hydrophilic material
is similar to a rough surface and enhances NB nucleation. Thus, con-
cluding the gas treatment experiments, it can be summarized that for
hydrophilic particle materials only the surface morphology is relevant
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Fig. 4. Averaged PSDs (N, = 5) of Pt30 suspensions. Inserts: Standard de-
viation (SD) of Pt30 peak concentration at 36.1 nm and scatterplots of gas
treated and blank Pt30 suspensions.
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Fig. 5. Averaged PSDs (N,e, = 5) of Au30 suspensions. Inserts: TEM micro-
graph and scatterplots of gas treated and blank Au30 suspensions.

for NB production. For both sample series, Pt30 and Au30 respectively,
the applied pressure had no effect on NB concentration.

3.4. Pressurization of smooth hydrophobic PS70 beads

The experiments discussed above were repeated using particles with
substantially different surface properties. PS70 particles showed a hy-
drophobic, compact, and smooth surface with a spherical shape. As can
be seen in Fig. 6, the gas treatment of PS70 particles shifted the whole
particle size distribution to larger sizes without affecting the peak
particle concentration. The averaged peak concentration of PS70 at
2 bar seemed decreased due to gas treatment. However, the standard
deviation, represented as error marks, pointed to a non-systematical
effect. The peak particle size was found to increase from 67.1 nm for the
blank sample to 84.3nm (arithmetic average for all gas treated sus-
pensions from 0 bar-2 bar). The shift in the number based PSD seemed
to be independent of the applied pressure and suggested a gradual in-
crease. Yet, a doubling in cumulative volume distribution Qs* (see
Fig. 10, blank versus gas treated samples) of particle volume from
0.5 x 10" nm®ml ™! to 1.0 x 10"*nm®ml~! was observed. Agglom-
eration nor flocculation was observed in gas treated PS70 particle
suspensions.

The scatterplots of gassed PS70 (inserts in Fig. 6) confirmed small
changes to the pre-existing cloud of markers, but no significant ap-
pearance of bulk NBs. This is quite remarkable since the ionic surfactant
(similar to SDS) used by the manufacturer showed some background
effects in the pre-examination (cf. Fig. 3). Therefore it is concluded that
the major part of the surfactant was adsorbed onto the particles’ surface
and gas nucleated only at the particles’ surface. Presumably, due to the
thin gas layer surrounding each particle, the surface attached NBs did
not change the scatter signals of the ambient gas treated PS70 particles
and the measured scattered light intensity can be analyzed as such from
polystyrene.

Assuming that surfactant molecules are being adsorbed with their
hydrophobic tail pointing towards the particles’ surface, the PS particles
might appear to be hydrophilic when looked at from a macroscopic
point of view. In this case, the behavior of PS70 particles should be
similar to those of hydrophilic Pt30 particles. A simple estimate based
on SDS surface density experiments carried out by Pisarcik et al. [30]
showed that even if all the surfactant molecules were attached to the
particles, their surface would still not be fully covered. As discussed by
Mitchell et al. [31], the geometric shape of the polar hydrophilic head
group of a surfactant molecule is responsible for repulsive forces. As a
result, the SDS molecules are assumed to be adsorbed with a certain
distance to each other. Thus, spaces between the adjacent surfactant
molecules may allow dissolved gas molecules to form NBs in the so
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formed hydrophobic patches, which together with the neighboring
hydrophobic surfactant tails could be named “surfactant induced pores”
of the particle. Following the experimental results in Fig. 6, they would
be flooded with gas in an all-or-nothing process under any conditions,
i.e. independent of the applied pressure in the conducted experiments.
This assumption is supported by atomic force microscopy experiments
by Fang et al. [32], who proved the existence of so-called interfacial
nanobubbles on highly ordered pyrolytic graphite. Fang et al. stated that
a surface-attached NB grows preferred in lateral size on a hydrophobic
surface until an obstacle, i.e. a hydrophilic edge, is reached. Then,
additional gas adsorption results in an increase in NB-height only. In
the experiments described in this work, an adsorbed SDS molecule can
be considered as such an obstacle that the bubble grew upwards re-
sulting in an increased particle size (cf. Fig. 6). Consistent results were
also reported by Ditscherlein et al. [25] and Kniipfer et al. [33] who
found surface attached NBs on hydrophobized alumina substrates with
AFM. In summary, it is concluded that, due to gas treatment, a hy-
drophobic PS surface and hydrophobic surfactant pores were able to
form surface-attached NBs between adjacent stabilizer molecules
without producing bulk NBs whereas the major effect with Pt30 is bulk
NB production.

As a comparison to NTA size measurements of gas treated PS70
suspensions, a rough calculation of particle size based on geometrical
assumptions should give a note to the validity of the sketch depicted in
Fig. 7. Assuming the surface area of spherical PS70 particles covered
with surfactant molecules, the number of adsorbed SDS molecules can
be estimated to 15,394 based on a surface density of 1 nm? per SDS
molecule [30] and a particle size of 70 nm. Then, the volume of the gas
film around the solid particle (mentioned as surface-attached NBs) may
be seen as the volume of a single surfactant induced pore multiplied by
the number of adsorbed SDS molecules. It is critical to assume one SDS
molecule to form one surfactant induced pore, here it was considered to
be correct as a rough estimation. As a result, the volume of gas in terms
of surface-attached NBs is 121,080.3nm> and the volume-based re-
calculated particle size with surface-attached NBs is 83.1 nm. In com-
parison to 84.3nm by NTA, a small error is apparent underlining the
NTA measurements and the assumed appearance of surface-attached
NBs (cf. Fig. 7) to be correct.

3.5. Binary mixture of Pt30 and PS70 particles

The described experimental work aimed at the development of a
flotation process of the separation of nanomaterials. With respect to
this, the observed differences in the behavior of Pt30 and PS70 particles
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Fig. 6. Averaged PSDs (N;c, = 5) of PS70 suspensions. Inserts: Standard de-
viation (SD) of PS70 peak concentration at 67.1 nm for blank, and 83.3 nm for
all gas treated suspensions and scatterplots of gas treated and blank PS70 sus-
pensions.
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Fig. 7. Schematic of the PS70 particle surface with attached SDS molecules and
gas-filled surfactant induced pores. Distances between adjacent SDS molecules
and chain length in accordance with Pisar¢ik et al. [30].
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were encouraging. The hydrophilic particles would remain unchanged
in size in a gas treated suspension while hydrophobic particles would
acquire a lower overall density due to surface-attached NBs allowing for
future separation in a centrifuge. It remained to be shown that the
observed favorable results persist in gas treated binary mixtures of the
materials. The blank suspension of Pt30 and PS70 as a mixture ap-
peared stable without any separation or agglomeration.

Restrictively, this process assumes the NB-generation by platinum
and an attachment mechanism of bulk NBs to PS surfaces. The inter-
action of bulk NBs with nanoparticles was discussed by Zhang et al.
[16]. It was presumed that the collision of NBs with nanoparticles could
not explain the growth in nanoparticle size after mixing NB-containing
solution with nanoparticles. In fact, a re-nucleation of surface NBs
caused by bulk NBs was proposed by Zhang et al.

Nevertheless, the gas treatment experiments of binary mixtures of
Pt30 and PS70 particles provided good results which are in line with
previous hypotheses. As shown in Fig. 8, the peak particle size of pla-
tinum particles appeared constant, even after gas treatment, which is
consistent with former results of gas treatment of pure Pt30 particles
(cf. Fig. 4). Only the PS70 peak shifted in the gas treated binary mixture
towards larger sizes. Additionally, the right flanks of PSDs shifted as
well. The extension of the right flanks in PSDs was correlated with the
appearance of bulk NBs besides surface attached NBs. More counting
events at larger particle sizes and higher mean intensities in scatterplots
of gas treated suspensions also underlined the assumption of bulk NBs
in gas treated binary mixtures.

For these experiments, the peak concentration of Pt30 particles in
the binary mixture seemed to decrease with increasing pressure. A non-
negligible standard deviation for Pt30 concentration in binary mixtures
(error bars in Fig. 8) and their overlapping indicated the complexity of
particle-bubble-mixtures with bulk and surface-attached NBs. Hence,
from the decreased Pt30 concentration in a binary mixture, it cannot be
stated precisely how the platinum behaved in the mixture.

However, two essential findings might be concluded from these gas
treatment experiments: On the one hand, the shift in particle size for
PS70 in binary mixture is in the same range as for purely gas treated
PS70. So, the arithmetic average in peak particle size for gas treated
pure PS70 (0bar-2bar) was 84.3nm, 84.5nm for PS70 in binary
mixtures, respectively. The PS particles can be assumed to be flooded to
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10 100
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1000

Fig. 9. Summary analysis of PSDs for Pt30, PS70 and binary mixture as cumulated particle concentration Qp* = Zi"=l Cy,i given in 10% # ml™'.
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a maximum in pure and binary mixture experiments. Nevertheless, in
more complex particle systems, i.e. under unsaturated conditions, the
identified bulk NBs in binary mixtures could enhance a re-nucleation of
gas onto particles without surface attached NBs as considered by Zhang
et al. [16]. Thus, the appearance of bulk NBs in gas treated binary
mixtures besides NB-attached PS may open up the chance of combining
even more nanoparticles with NBs by a constant amount of platinum
particles. On the other hand, the presented results have shown a binary
particle system being changed that way, by gas treatment that the hy-
drophilic particle species remained unchanged in size and another hy-
drophobic one appeared modified. This selective change of a particle
species allows separation in future processes because of the density
modification caused by surface-attached NBs. The increase in cumu-
lated particle volume Q3* (Fig. 10) for blank and pressurized (2 bar)
Pt30/PS70 samples also demonstrated a significant change of the col-
loidal system in the meaning of free and surface-attached NBs. A first
step towards a separation procedure was done with the modification of
PS particles next to Pt30 particles. Further research is necessary in order
to investigate proper separation methods for particle-bubble-clusters in
future processes.

4. Conclusion

Based on gas treatment experiments of water-based suspensions
containing hydrophilic and hydrophobic nanoparticles, it is concluded
that the presence of particles extremely enhanced the formation of NBs.
Rough hydrophilic platinum particles came up with a bimodal PSD after
treatment, thus confirming particle surface-induced generation of free
bulk NBs. In contrast, smooth hydrophobic polystyrene particles were
found with NBs attached to their surface. Moreover, a shift in the
particle size distribution was observed. Our first results on a gas
treatment of a binary mixture of these particles showed that the size
distribution obtained was, as might be expected as a first approxima-
tion, the linear combination of the individual results. Thus, in this
model system, the key step towards a material-selective separation
process of nanostructured materials by NBs has been demonstrated.
These results will help to supplement NB- and MB-flotation experiments
already carried out for micro-range particles [5,8] with flotation ex-
periments on a nanometer scale. In contrast to investigations by Pour-
karimi et al. [9] in our work, a pressure-release process without

cavitation was demonstrated in which the usage of additives such as
frother could be dispensed with, except stabilizer surfactants added by
the particle manufacturers. The surface properties of a particle were
found playing a central role in the flotation of nanoparticles by means
of NB generation so that future investigations should focus on the in-
fluence of NB-formation, its attachment to a particle surface and a
successful separation of particle-bubble-clusters.
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