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Bubble-particle attachment is a key factor in various material processing such as waste-
water treatment and flotation separation. Nanobubble's formation and its stability on
hydrophobic surfaces with and without surfactants have been scientifically proven and
extensively studied in various investigations. However, the influence of particle roughness
on the hydrophilic particle-air bubble attachment, which could be completely different
from hydrophobic particle-bubble attachment in the presence of nanobubbles, has not
been addressed. For tackling this gap, the present work investigated the impact of nano-
bubbles on the roughed surfaces of glass bead particles. The temperature rise technique as
a known method was used for micro/nanobubble size generation. The glass beads were
modified by the commonly applied abrasion method to create different roughness mag-
nitudes. The particle-bubble assessment results indicated that the particle roughness could
potentially affect the bubble attachment of hydrophilic glass beads while the attachment
area of smooth particles was almost zero. Outcomes also were revealed that the modified
attachment rate constant increased from 0.1180 to 2.2802 s~ with the increase of particle
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surface roughness, indicating a shortening of attachment performance by enhancing the
particle surface roughness. However, it was observed that the temperature rise method
could improve the particle-bubble attachment only to a marginal extent.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The attachment of solid particles in aqueous solutions to air
bubbles (conventional size mostly in the millimeter range) is
critical in various industrial processes, including wastewater
treatment, mineral processing, and pharmaceuticals [1]. Par-
ticle attachment to air bubbles is determined by different fac-
tors, including particle and bubble sizes [2], their surface
physicochemical properties [3—6], particle density [2], hydro-
dynamic parameters [7], and bubble surface mobility [8,9].
These factors further influence the force between particles and
bubbles involving the van der Waals, electrostatic double-
layer, and hydrophobic forces (only for hydrophobic particles)
[10,11]. The predominant function of hydrophobic force facili-
tates the attachment of hydrophobic particles to air bubbles
[12,13]. Nevertheless, some studies have revealed that hydro-
philic solid particles can still attach to bubble surfaces without
hydrophobic interaction [1,14,15]. Derjaguin and Landau [16]
attributed hydrophilic particles captured by the bubble to long-
range electrostatic attraction and named the process “con-
tactless flotation”. The attachment between particles and
bubbles does not form three-phase contact through this pro-
cess. Uddin, Li, Mirnezami and Finch [14] could enhance the
attachment of hydrophilic particles to the bubbles by intro-
ducing surfactants, which changed the surface potential of
bubbles [14]. Their findings opened the possibility of manipu-
lating bubble charges to depress gangue minerals. Fan, Zhang,
Li and Rowson [1] believed that the attachment of purified
quartz particles to air bubbles in surfactant-free aqueous so-
lutions may have occurred due to the hydrogen bondings. In
addition, it was reported that the shape of hydrophilic particles
also affected their attachment to the bubble surface [17].
Irregular glass beads had greater adhesion than spherical ones
since the irregular glass beads could easily rupture the water
film between the particle and bubble [18].

The effect of surface roughness on the interaction between
particles and bubbles can be easily obtained using the recent
advancement in photographic techniques. It was documented
that nanoscale roughness positively affects the flotation re-
covery of magnesite (hydrophilic particles), and the adhesion
force for air bubbles with hydrophilic surfaces could reduce
with increasing roughness on the hydrophilic surfaces [19].
Notably, plates are frequently used to investigate the influence
of roughness on the attachment of particle-bubble. However,
Sygusch and Rudolph [20] proved that the morphology affects
the hydrophobicity and wetting behavior, but contact angle
results from glass slide measurements cannot be transferred
directly to particle-bubble attachment results.

In addition to wettability, the existence of micro/nano-
sized surface roughness may unavoidably cause implications

such as nanobubbles' nucleation and effects on particle-bubble
(conventional size) attachment [19]. It was demonstrated that
nanobubbles could be formed on the hydrophobic surface
[21,22]. Nanobubbles could also form on hydrophilic surfaces,
and their generations could be linked to the particle surface
roughness [23]. Wu, Zhang, Zhang, Li, Sun, Zhang, Li, and Hu
[21] explored the effect of nanobubbles produced by the
alcohol-water exchange on the adsorption of bovine serum
albumin (BSA) on Mica. Their experimental results have clearly
shown that the nanobubbles influenced the adsorption of BSA.
Maheshwari, vanKruijsdijk, Sanyal and Harvey [23] quantified
nanobubbles' nucleation and growth behavior as a function of
surface roughness and surface reaction rate. Recently, adding
nanobubbles to the involving conventional bubble processes
has been extensively examined and discussed as a technique
for increasing the probability of hydrophobic particle-
conventional air bubbles attachment [24—27]. Moreover,
some studies have also shown that the existence of nano-
bubbles will slightly lead to the increase of kaolin entrainment
in the process of coal flotation [28]. Therefore, it is very
important to study the attachment between hydrophilic par-
ticles and bubbles in the presence of nanobubbles. However,
surprisingly the nucleation of nanobubbles on hydrophilic
particles and their influences on the of particles to bubbles
attachment remains unknown. This is of great significance for
a comprehensive understanding of the mechanism of nano-
bubbles and roughness in the flotation process.

In this work, for filling the gap, as an innovative approach,
the effect of nanobubbles (generated by temperature rise
method) on the attachment between hydrophilic glass bead
particles and conventional size bubbles was investigated. The
attachment of glass beads with different roughness magni-
tudes on bubbles was quantitatively estimated. The syner-
gistic effect of nanobubbles and surface roughness on the
particle-bubble attachment was explored for further assess-
ment. And finally, the results have been systematically dis-
cussed to highlight the role of surface nanobubbles and
surface roughness in the particle-bubble attachment. Out-
comes of this investigation could open a new window for
understanding surface nanobubbles' impact on the attach-
ment between bubbles and rough hydrophilic particles.

2. Materials and methods
2.1. Materials

Hydrophilic glass beads (Biospec, US), all with a diameter of
0.1 mm, were employed for the particle-bubble attachment ex-
periments. The contact angle of glass beads was about 19—-22°.
The glass plate was provided by the same manufacturer was
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used to characterize the contact angle of glass beads, and the
contact angle is measured by sessile drop. A Powereach
JC2000D1 contact angle measurement apparatus (Shanghai
Zhongchen Digital Technic Apparatus Co., Ltd., Shanghai,
China) was used for water contact angle measurements. The
measurement procedure has been described by Bu et al. (2019)
[3]. Silicon carbide particles (SiC) (Baowei Jewelry Ltd, China)
were used as the grinding medium in various sizes to create
several degrees of roughness. Fig. 1 demonstrates the shape
and surface properties of four different sizes of SiC particles
given by scanning electron microscopy (SEM). The mean size
(dso) of the SiC was 39.55, 16.69, 2.72, and 1.52 um, respectively,
which was measured by a laser particle size analyzer (GSL-
1000, Liaoning instrument research institute Co., Ltd, China). A
significant amount of ultrapure water was stored and
employed for all experimental works, with a conductivity of
around 18.2 MQ cm.

2.2. Roughness

To create various roughness on the particles and isolate the
effect of shape from roughness, two morphological modifi-
cation procedures can be considered: etching glass particles
using hydrofluoric acid solution [29] and abrasion method
[30—32]. In this study, the abrasion method modified the
roughness of glass bead particles [33]. 30 g of glass beads along
with 30 g SiC with a variety of mean sizes and 10 g stainless-
steel balls with 1 mm diameter were weighed and placed in
a 1 L vertical nylon cylinder. Due to the small size of silicon
carbide particles, to facilitate the abrasion mechanism and
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interaction of the glass bead particles with the SiC during
grinding, stainless-steel balls were added to the mill. The
sample's nylon was then sealed with a fresh-keeping film and
placed on the counter roller stirring at 100 rpm for 3 h of
grinding. Subsequently, wet screening with a mesh size of
0.074 mm was applied to separate the glass beads from the SiC
particles. After that, the glass beads were ultrasonically
(40 kHz) cleaned up in alcohol for 5 min to remove any possible
remaining SiC particles from their surface. Finally, the sam-
ples were dried overnight in a vacuum drying oven with a
temperature of 105 °C. Smooth glass beads and glass beads
ground by SiC with the dso of 39.55, 16.69, 2.72, and 1.52 um
were marked as GBO, GB1, GB2, GB3, and GB4, respectively. The
particle size distribution obtained from the laser particle size
analyzer of glass beads before and after roughness treatment
is shown in Fig. 2. It can be seen from Fig. 2, the particle size
distribution of glass beads has not changed.

SEM images of glass beads with different roughness levels
were presented in Fig. 3. Non-treated glass bead surfaces are
extremely smooth, whereas the surface of glass beads ground
with SiC becomes rough, and the roughness enhances with
increasing SiC size. Pits emerge on the surface of glass beads
ground by SiC with the mean size of 39.55 or 16.69 um, while
the pits on the glass bead surface ground by 39.55 pm SiC.
Although there are no significant pits on the surface of the
glass beads ground by 2.72/1.52 um SiC, there are numerous
scratches. The density of scratches rises as the SiC size de-
creases. The surface roughness of glass beads ground by SiC
was estimated approximately by the length x width of pits.
For counting the size of pits, 30 photos were selected. 30 glass
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Fig. 1 — SEM images of silicon carbide particles for different size ranges.
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Fig. 2 — Particle size distribution of glass beads before and
after roughness treatment.

beads in each photo were randomly selected for statistical
assessments, and the pits on 900 particles under each condi-
tion were counted. The length x width of glass beads ground
by SiC with the dso of 39.55, 16.69, 2.72, and 1.52 pm were
approximately 37.21 x 19.63, 19.86 x 7.53, 3.42 x 2.74, and
3.08 x 2.39 um, respectively. In other words, the surface
roughness of glass beads increased significantly by increasing
the SiC size during the abrasion process of glass beads.

2.3. Particle-bubble attachment tests

An approach developed by Li et al. [34] was considered to
assess the particle-bubble attachment. The experimental

setup was primarily composed of the following components: i)
a CCD camera, ii) a sample tank, iii) a magnetic stirrer, and iv)
a syringe. The experimental processes of different solutions
prior to particle-bubble attachment tests were shown sche-
matically in Fig. 4. At the beginning of the conventional con-
dition (Fig. 4-condition A), a blind attachment test was
performed in ultrapure water at room temperature (25 °C). A
sample tank containing 60 mL ultrapure water was filled with
1 g glass beads with a varied roughness degree. Glass beads
were placed in water at room temperature and stirred for
40 min to serve as a control group (Fig. 4-condition B), and
compared with the conventional condition (condition A of
Fig. 4).

To investigate nanobubbles' effect on the bubble-glass
beads attachment, two typical methods were considered,
which have been commonly used to generate nanobubbles
[35—37]. In the first method, ultrapure water was kept in air-
tight glass vials in the fridge at 4 °C for 72 h. Then, 1 g glass
beads were dispersed in 60 mL cold water (4 °C) and stirred for
40 min with a magnetic stirrer, gradually bringing the sus-
pension to room temperature (Fig. 4-condition C). Here the
solubility of the dissolved gas is expected to be reduced and
eventually nucleate nanobubbles. In addition, nanobubbles
(Fig. 4-condition D) were produced by a nanobubbles gener-
ator (Langpai Technology Co., Ltd, Jinan, China), which was
also used in the attachment test. The running time of the
generator was 2 min, and the aeration rate was 0 mL/min.
After preparing water containing numerous nanobubbles, it
was allowed to stand for 10 min for testing. The concentration
and size distribution of the bulk nanobubbles were measured
by the nanoparticle tracking analysis (Nanosight-NS300,
Malvern, the United Kingdom).

Fig. 3 — SEM photos of glass beads with different roughness magnitudes (smooth glass beads and ground ones by SiC with
the ds, of 39.55, 16.69, 2.72, and 1.52 pym were marked as GBO, GB1, GB2, GB3, and GB4, respectively.).
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Condition A

Syringe
needle

Room temperature
water

Condition C
Syringe
needle

Increasing 4 °C water
to room temperature
by stirring

Condition B
Syringe
needle

Room temperature
water and 40 min
stirring

Condition D
Syringe
needle

Nanobubble water
prepared by a
nanobubble generator

Fig. 4 — A schematic view of the experimental processes of different solutions prior to particle-bubble attachment tests.

Using a syringe, a 2.5 mm diameter air bubble was created
at a depth of 30 mm below the water's surface. Such bubble
diameter was selected to ease controlling the consistency of
bubble sizes in each experiment. Detailed information
regarding this procedure can be found elsewhere [34]. The
magnetic stirrer was set at 500 rpm, and the CCD camera was
used to capture the attachment of glass beads to the bubble
surface after a specific attachment time (10, 30, 60, 90, and
180 s). Finally, the glass beads attached to the bubble surface
were analyzed using Image J software. In each experiment, an
image of bubble-particle attachment was taken to determine
bubble-particle attachment area (A,) (Fig. 5b). All tests were
repeated three times, and the mean value was calculated
following the Image ] analysis software.

L

Aq=mL(R—/R2 - (5)2) (1)

where A, is the attachment area (the shadow region in Fig. 5b),
L is the base length of the spherical crown, R is the bubble
radius, and H is the height of the spherical crown.

(a)

500 pm
(S

3. Results and discussions

3.1. Attachment

Fig. 6 illustrates the area covered by smooth glass beads on the
surface of bubbles in various pretreatment procedures. Based
on these results, by increasing attachment time from 10 to
180 s, the area covered by smooth glass beads increased in all
situations and reached a stable level at 180 s. Under condition
C, the attachment rate of smooth glass bead particles on the
bubble surface was remarkably faster than in the other con-
ditions. The maximum A, of 0.4 mm? was obtained when the
attachment time was 60 s. However, under conditions A, B,
and D, the A, gently promoted by prolonging the attachment
time. In other words, the A, of smooth glass beads at condition
C was the greatest (0.4 mm? at 60 s), followed by condition B
(0.28 mm?, 180 s), condition D (0.21 mm?, 180 s), and the least
was captured under condition A (0.1 mm?, 180 s). A compari-
son between the rising temperature results, stirring for 40 min

Fig. 5 — A schematic view of the bubble-particle attachment area determination: (a) image from the test, and (b) definition of A,.
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Fig. 6 — The A, of smooth glass beads on the surface of
bubbles after different pretreatment conditions (i.e., A: at
room temperature water, B: room temperature water
stirred for 40 min, C: water conditioned by the temperature
rise method, and D: water contains nanobubbles).

(condition C), and the rest conditions indicated that the
nanobubbles produced by the temperature rise method could
potentially promote the attachment of smooth hydrophilic
glass beads to the bubble surface. Another plausible reason
could be attributed to the role of temperature on the adsorp-
tion rate of particles to the bubble surface.

3.2 Roughness

Evaluating A, of glass beads with different roughness in con-
dition A (Fig. 7) indicated that the A, of smooth glass beads
was varied from the rough surfaces. The A, was almost
constant for smooth surfaces and equaled approximately
0 (Fig. 7). However, the Aa was increased for rough glass
beads when the surface roughness expanded under the
same attachment time. The classical first-order model can
characterize the kinetics of bubble-particle attachment and

14

124

104
o 89 :
=
Eﬁ 6- —o—GBO
< —o— GBI

44 —2—GB2

—v— GB3
21 —o—GB4
04— > 7 > 2

0 30 60 90 120 150 180
Attachment time (s)

Fig. 7 — Estimated A, for glass beads with different
roughness on bubbles in the room temperature water
(condition A).

detachment at a single-bubble scale [38]. To better evaluate
the attachment behavior of particles with different roughness
on bubbles, the first-order attachment equation (Aq(-
t) = Aq oo(1-€7%)) was used to calculate the ultimate attachment
area (As.) and attachment rate constant (k, s ). This
attachment equation could be referred to the classical first-
order flotation kinetic model (R(t) = Ro.(1-™) [39].

The evaluation outcomes (Table 1) demonstrated that the k
of glass beads to bubbles surface was varied from 0.0096 to
0.1995 s~ ! based on the various surface roughness. Rezai,
Rahimi, Aslani, Eslamian, and Dehghani [40] reported
improved flotation rate constant related to the roughness
characteristics. Similar results were addressed by Guven,
Celik, and Drelich [33], which confirmed a positive effect of
particle surface roughness on quartz flotation kinetics and
recoveries. The reported k values (Table 1) as a roughness
function would be in line with the reported studies; however,
the A, ., decreased with an increase in the surface roughness.
The relatively small R? (the coefficient of determination) of
0.9124 somewhat indicated that the first-order attachment
kinetics model is not applicable for such a system in some
conditions. For such an assessment and fitting models for the
flotation process, the R? value should be greater than 0.99 [41].
Moreover, different surface roughness resulted in variations
of both A, ., and k; comparing the attachment kinetics under
various surface roughness would be challenging. For flotation
kinetics, numerous studies have used the modified attach-
ment rate constant (ky = Ag. X k) as an alternative for
comparing the overall flotation responses under different
conditions [42—47]. The value of ky increased from 0.1180 to
2.2802 s~! with the growth of particle surface roughness,
indicating that the attachment performance would be shorter
with the increase in the particle surface roughness.

The obtained A, values (at 60 s attachment time) for the
glass beads with different roughness (Fig. 8) showed that for
smooth or rough glass bead particles, the presence of nano-
bubbles created by the temperature rise method slightly
increased the A, of glass beads on the bubble surface. This
assessment released that the A, of glass beads had the highest
increase after pretreated by condition C at various roughness
magnitudes. Although the A, improved after being pretreated
by condition B before the attachment test, the lifting was
relatively smaller than the condition C. This phenomenon
could most likely attribute to the fact that the nucleation of
nanobubbles on the particle surface was more intensive after
condition C than condition B. Since the water was only
moderately stirred at room temperature under condition B,
the gas nucleation probability caused by the low speed would
be minimal. However, the temperature was adopted to

Table 1 — The classical first-order equation provided the

outputs of non-linear regression fitting for various
surface roughness of glass beads.

Sample k(s Ag (%) Adj.R? R (577)
GB1 0.1995 11.43 0.9830 2.2802
GB2 0.0677 11.69 0.9938 0.7917
GB3 0.0127 11.88 0.9604 0.2052
GB4 0.0096 12.24 0.9124 0.1180
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Fig. 8 — The A, of glass beads with different roughness on
the bubble surface under different studied conditions (the
attachment time is 60 s).

condition C, in which the dissolved gas content of low-
temperature water is significantly higher than that of room
temperature water. During the heating process, releasing
dissolved gas in cold water was induced gas nucleation, and
its content was considerably more significant than the stirring
condition. Additionally, roughness substantially affected the
attachment of glass beads to the bubble surface (higher than it
does on nanobubbles).

4, Discussion

The degree of attachment between air bubbles and hydro-
phobic particles would function the interaction energy gov-
erned by the dispersion, electrostatic double layer, and
hydrophobic forces [15]. The hydrophilic particles-bubbles
attachment could be different from and is mainly attributed
to the long-range electrostatic attraction (contactless flota-
tion) [1,14—16] and the presence of hydrogen bonds [48,49].
Due to the hydrophilic nature of particles, the particles and
bubbles are most likely attracted to each other at the deep
primary minimum of interaction potential without forming a

GBO

GB1/GB2

three-phase contact line [15]. In the case of quartz, the
attachment of purified particles to air bubbles in surfactant-
free aqueous solutions was possibly due to hydrogen bond
formation. The OH™ ions on air bubble surfaces formed
hydrogen bonds with silicon and oxygen atoms in =Si—0—Si=
or with the adsorbed OH group on quartz surfaces [1,48,49].
The formation of hydrogen bonds would increase by
increasing contact area [1]. Furthermore, it was documented
that when particles with specific kinetic energy collided with
bubbles, their contact area affected the particle-bubble
attachment [4]. Therefore, the hydrophilic particles-bubble
attachment could also be significantly affected by the sur-
face roughness of particles. The outcome of this investigation
approved that by increasing hydrophilic particle surface
roughness, their A, on the bubble surface boosted gradually. It
is well understood that by increasing roughness, the hydro-
phobicity of hydrophobic surfaces generally increases as well
as the hydrophilicity of hydrophilic surfaces [50]. However,
the wetting behavior of droplets on a rough plate would be
entirely different from the attachment between bubbles and a
smooth surface. For smooth glass beads (GBO), the contact
area between particles and bubbles would be quite small and
almost point contact (Fig. 9). In contrast, some pits on the
particle surface of rough glass beads increased the contact
area between particles and bubbles (GB1/GB2). This phenom-
enon indeed manifested that the contact area could improve
by raising the surface roughness. By improving the contact
area, the particles-bubble attachment could increase, which
was intensified by forming the hydrogen bond.

Some investigations were reported that the temperature
rise method could produce nanobubbles [37,51-53]. Further-
more, the mechanical stirring process has also been used to
generate nanobubbles [15,54]. Experimental results also
demonstrated that the presence of nanobubbles was likely to
enhance the attachment of smooth hydrophilic glass beads to
thebubble surface. Experiments with 40 min stirring treatment
at room temperature (condition B) and room temperature rise
method (condition C) could promote the attachment of smooth
hydrophilic glass beads to the bubble surface compared to
condition A. It was also observed that the A, of particles with
different roughness on the bubble surface improved in the
presence of nanobubbles. However, nanobubbles showed a

GB3/GB4

Fig. 9 — Schematic demonstration of particle roughness affecting particle-bubble attachment.
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Fig. 10 — The (a) concentration and (b) size distribution of bulk nanobubbles at four different pretreatment conditions.

negligible effect on the attachment of hydrophilic glass beads
to the bubbles compared to particles' roughness. It was re-
ported that a nanoscale gas state could also occur on a smooth
hydrophilic mica or silica surface. However, the population
and volume of nanoscale gas state on hydrophilic surfaces are
substantially smaller than that on hydrophobic surfaces.
Because for hydrophilic surfaces, nanobubbles cannot exist
stably, they can quickly spread and coalesce and form micro-
bubbles, which eventually escape from the hydrophilic sur-
faces [21].

The A, was much smaller when using commercial nano-
bubbles (condition D). To investigate this phenomenon, the
concentration and size distribution of nanobubbles in the bulk
phase were measured in each condition (Fig. 10). As shown in
Fig. 10, the size distribution of bulk nanobubbles under
different conditions is concentrated between 50 and 200 nm.
But the size distribution range of nanobubbles under condi-
tion 4 is wider, and some bubbles with size in the range of
200—350 nm appear. This is because, under such high con-
centration, some nanobubbles will aggerate to form a nano-
bubble cluster [55]. Results illustrated that the bulk
nanobubbles concentration in condition D is significantly
higher than conditions B and C (Fig. 10). Although the con-
centration of bulk nanobubbles was low under condition C,
condition C could produce several surface nanobubbles when
the water contains glass beads. Wu, Wang, Harbottle, Mas-
liyah, and Xu [15] reported a similar trend that the attachment
of hydrophilic nanoparticles to sub-micron size bubbles might
be enhanced by in-situ gas nucleation (surface nanobubbles).
It could be induced by hydrodynamic cavitation for the weakly
interacting systems, where mixing of the two individual
components results in negligible attachment. Thus, the
presence of surface nanobubbles under condition C might be
a vital factor for the higher A, value.

It should be noted that large bubbles could adhere to hy-
drophilic particles, while it would be complicated for bulk
nanobubbles to adsorb on the hydrophilic particle surface.
This contradictory phenomenon originated from the differ-
ences in the interaction mechanisms. The attachment be-
tween large bubbles and hydrophilic particles included
various processes, from the free-rise of a small, clean single
bubble, to the collision [49]. However, bulk nanobubbles could
be stable, and their state of motion would be Brownian motion

according to the stability mechanism of bulk nanobubbles
[52]. The motion state of bulk nanobubbles indicated that bulk
nanobubbles might not receive enough opportunities to con-
tact with particles. In addition, large bubbles had enough en-
ergy to overcome the viscous resistance and collide, attaching
with particles during its rising process compared to bulk
nanobubbles.

5. Conclusions

Exploring the effect of roughness and nanobubble on particle-
conventional air bubble attachment indicated that although
the temperature rise method generated nanobubbles on the
surface of hydrophilic smooth and rough glass beads, it
showed little impact on the attachment of hydrophilic glass
beads to the bubble surface. The overall increase of attachment
area (A,) induced by nanobubbles was less than 1%, contrib-
uting to the unstable nature of the nanobubbles formed on the
hydrophilic surface. Rough glass bead particles attached more
strongly to the bubble surface than the smooth glass beads. In
other words, bubble = particle attachment could be improved
byincreasing the particle roughness. This enhancement would
be because rough glass beads had a wider contact area with the
bubbles, hence attached more easily.
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