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A B S T R A C T

Surface roughness affects the interactions of solids with droplets and bubbles. In this study, natural magnesite
lumps were polished by a series of sandpapers and diamond to produce four magnesite specimens having 2 to
240 nm root-mean-square roughness. The dynamic measurements of attachment, spreading, adhesion, and se-
paration with a high-sensitivity microelectronic mechanical balance revealed the effect of surface nano-scaled
roughness on the induction time and forces of spreading, adhesion and separation for both water droplets and air
bubbles. It was found that the increasing nano-scaled roughness enhances the spreading of water on hydrophilic
magnesite and strengthens the water-magnesite adhesive contact. Nano-roughness also causes delays in at-
tachment of air bubbles to magnesite surface, inhibits displacement of water by adhering air bubbles, and re-
duces the adhesive strength of air bubbles to the magnesite surface, factors that might slow down the flotation
separation.

1. Introduction

Flotation is a complex physicochemical process involving at least
three phases (solid, liquid and gas), and was invented to selectively
separate targeted particles from other particles suspended in the pulp
(Crabtree and Vincent, 1962). Selectivity of flotation separation is
driven by differences in particle natural or induced hydrophobicity,
combined with a control over the particle–particle and particle-bubble
colloidal interactions (Chau et al., 2009; Drelich and Marmur, 2018).
Although the process may appear relatively simple, there are up to 100
variables that can impact the flotation process (Shean and Cilliers,
2011).

The effect of surface roughness on flotation of mineral particles has
been in focus among several research laboratories in the last two dec-
ades, but the published reports often lead to contradicting conclusions,
as already reviewed in the previous paper (Guven et al., 2015). For
example, Ulusoy and Yekeler (2005) reported that the increased surface
roughness leads to a reduced water contact angle and floatability of
quartz, talc, barite, and calcite particles. In another study, Hicyilmaz
et al. (2005) reported enhanced floatability of barite particles with
smoother surfaces in the presence of A-845 (Cytec) succinamate sur-
factant; autogenous milling was used to lower both barite particle

roughness and acuteness. Ahmed (2010), on the other hand, found that
particles with rough surfaces, containing a larger number of micro-
structural defects, stabilize the froth, and improve the flotation kinetics.
Guven et al. (2015) studied the influence of particle roughness on flo-
tation of methylated glass beads and demonstrated that particle surface
roughness benefits the flotation recovery. Later, Hassas et al. (2016)
confirmed this finding for glass beads but using hexadecyl trimethyl
ammonium bromide as a collector. Li et al. (2019) also demonstrated
the facilitating effect of micro-sized surface roughness on the float-
ability of malachite particles. The effect of surface roughness on the
bubble-particle induction time was also analyzed. Chen et al. (2018),
Xia (2017) measured the attachment time for air bubbles in contact
with natural coal particles. The authors reported that as surface
roughness increases, the attachment time increases and at the same
time, the bubble-coal adhesion contact area decreases. Xing et al.
(2019) additionally reported that hypobaric treatment can mitigate the
adverse effects of surface roughness on attachment time.

Although the effects of particle surface roughness on flotation and
bubble-particle attachment are reported in the literature quite well,
understanding the factors that drive these effects appears incomplete
yet. In AFM colloidal force measurements, Karakas and Hassas (2016)
demonstrated higher repulsions between smooth particles as compared
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to rough particles. Feng and Aldrich (2000) reported that the rough
surfaces with a high concentration of microstructural defects provided
more active centers for accelerated dissolution of particles, benefiting
the adsorption of reagents onto the particle surfaces, and leading to
enhance flotation performance. Theoretical modeling revealed that
nano-scaled asperities can reduce energy barriers in interactions be-
tween rough particles and gas bubbles (Drelich, 2018; Drelich and
Bowen, 2015). Micro-scaled roughness, on the other hand, does not
have the same effect, and it can stabilize a water film, particularly for
hydrophilic substrates with the water contact angle is less than 65–70°
(Drelich et al., 2011).

Previously, we demonstrated the positive effect of particle nano-
scaled roughness on flotation recovery of magnesite (Zhu et al., 2020).
We also speculated through theoretical modeling that nano-scale as-
perities lower energy barriers during particle-bubble interactions. In
this study, we examine directly the effect of nano-scaled magnesite
surface roughness on the attachment, spreading, adhesion and separa-
tion of both the water droplets and air bubbles to understand whether
there are other factors than energy barriers that could be accounted to
flotation performance of rough particles. The measurements were car-
ried out using the high-sensitivity microelectronic mechanical balance
equipped with a camera and data acquisition software, which can in-
stantly record the adhesion force and image a shape of the droplet/
bubble, from which both contact angles and dimensions are extracted.
The results reveal that with increasing surface nano-scaled roughness,
the adhesion of water increases, delaying attachment of air bubble and
decreasing bubble adhesion.

2. Experimental

2.1. Mineral samples

High quality magnesite lumps were selected from an ore mined in
Dandong, Liaoning Province, China. The x-ray fluorescence analysis
confirmed a high purity of specimens with more than 97 wt.% MgCO3.
The magnesite lumps were cut into approx. 10 × 10 × 5 mm speci-
mens using a metallographic saw. The grinding and polishing of sur-
faces were carried out by abrasive sandpaper of 120, 400, and 1200
mesh and 1 μm diamond powder. The polished magnesite samples were
washed with ethanol and deionized water several times and then dried
before adhesion force measurements.

2.2. Surface roughness measurement

In this study, 10 × 10 µm AFM (atomic force microscopy) images of
magnesite surfaces were collected with an MFP-3D Origin+ AFM in-
strument (Oxford Corporation, United States) using the AC Air
Topography mode. Three to five different locations on the magnesite
specimen surface were randomly selected and imaged. The reported
roughness values include root-mean-square roughness (Rq), arithmetic
roughness (Ra), surface area ratio (RSA), skewness (Rsk), and kurtosis
(Rku) defined as follows:
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2 , Zi is the height at a given pixel i, N is
the total number of pixels in the image, and Z̄ is the average height of
the entire image. Sa and Sp refer to the actual and projected surface
area, respectively. The reported are the calculated average and standard
deviation values.

2.3. Adhesion force and contact angle measurements

A high-sensitivity microelectronic mechanical balance, called
Dynamic Contact Angle Meter and Tensiometer instrument by the
manufacturer (DCAT 21, Dataphysics, Germany), equipped with a CCD
camera was used in this study to record adhesion forces between water
droplet and air bubble and magnesite samples (Fig. 1). Fig. 2 presents
examples of typical recordings for water droplet/magnesite and air
bubble/magnesite systems. About 4 µL-volume water droplet or gas
bubble was suspended with a micro-syringe on a ring (internal and
external diameter of 2.06 mm and 2.42 mm, respectively) connected to
a microbalance and the initial balance force was set to zero (point A in
Fig. 2). The force versus distance loop comprised five distinctive steps
(Fig. 2): i) the sample was approached to either water droplet or gas
bubble without any recordable interactions (from point A to B), ii)

Fig. 1. Experimental system used in this study.
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process of attachment between water droplet/gas bubble and mineral
surface causing spreading (point C), iii) mechanical compression of
attached phases (from point C to D), iv) stretching of droplet/bubble
(from point D to E), and v) separation of ring-hosted droplet/bubble
from the mineral surface (point F). The moving speed of mobile stage
with mineral sample was 0.03 mm/s and 0.01 mm/s before and after
attachment processes, respectively.

The sample was lifted upward toward the droplet (or bubble) by a
programmed motor movement until the microbalance detected the
suspended droplet (or bubble) (point B). Because of a continuing sub-
mersion of air bubble into water (from point A to B), a small negative
force caused by hydrostatic pressure was recorded before the bubble
attached to the mineral surface.

An attractive force was measured at point C, which reflects the force
for the droplet (bubble) to spread spontaneously on the mineral surface
after attachment. The attachment of water droplet to the mineral spe-
cimen was instantaneous whereas it was delayed for air bubble and
delay increased with increasing mineral surface roughness. The time of
delay is called induction time in this contribution.

The force curve section from point C to D represents the compres-
sion of droplet (bubble) against the mineral surface. The compression
distance was set at 0.1 mm in this study, and was used to secure en-
larged contact area between droplet (bubble) and mineral surface,
useful for reproducible adhesion force measurements.

At point D, the movement of stage with the mineral sample was
reversed, causing the water droplet (air bubble) to be stretched and its
base diameter to reduce. The maximum value at point E in the force
curve represents the maximum adhesion force. The continuation of
stretching beyond point F concludes with separation of droplet (bubble)
from the mineral surface at critical point F, at which pull-off force is
recorded.

The entire process of attachment, spreading, compression,
stretching, and separation was continuously recorded with the CCD
camera, having a resolution of 0.133 s. From recorded images, the
droplet (bubble) dimensions, shapes and contact angles were de-
termined (Fig. 1). All the experimental values of contact angles, base
diameter and forces reported in this study are the average of at least
four reproducible tests. All measurements in this study were carried out
at a room temperature of about 22 °C.

3. Results and discussion

3.1. Surface roughness

Fig. 3 shows the representative 3-dimensional (3D) AFM images of
10.0 × 10.0 μm2 magnesite surfaces after grinding and polishing. The

3D AFM images confirmed a reduction in surface roughness of mineral
surface after each step of polishing using the sandpaper with increasing
mesh number and then using a fine diamond powder. The average
values for surface roughness parameters (Rq and Ra) and surface area
ratio (RSA), together with their standard deviation values, are listed in
Table 1.

The Rq and Ra roughness values for magnesite surface decreased
from 240 ± 26 nm and 202 ± 14 nm, respectively, for mineral po-
lished with 120 mesh sandpaper to 42 ± 8 nm and 31 ± 7 nm, re-
spectively, after final polishing with sandpaper having 1200 mesh
(Table 1). At the same steps of polishing with sandpaper of increasing
mesh, the surface area ratio for magnesite surface decreased from
1.113 ± 0.034 to 1.011 ± 0.002. Final polishing of magnesite with
1 μm diamond powder made the surface smooth with
Rq = 2.3 ± 0.2 nm, Ra = 1.8 ± 0.1 nm and RSA = 1.006 ± 0.001. It
should be noticed that RSA values determined through AFM roughness
analysis are typically underestimated because the cantilever tip cannot
image surface features that are smaller than the tip dimension, and due
to a tip deconvolution effects (Lai and Irene, 1999; Ramon-Torregrosa
et al., 2008).

Both skewness (Rsk) and kurtosis (Rku) values for polished magnesite
samples were close to zero (Table 1), suggesting that polishing of
magnesite produced nano-rough surfaces with spatial distribution of
asperity variations that is symmetrical and follows a normal distribu-
tion. Low values for Rku indicate on uniformity of asperity variation for
all samples polished with sandpapers. After final polishing with 1 µm
diamond powder, both Rsk and Rku values were elevated indicating that
some non-uniform scratches produced by sandpaper were most likely
left on the surface.

3.2. Water droplet on magnesite surface

Fig. 4 shows sequences of images during water droplet interactions
with magnesite samples of varying nano-roughness at key points of
force curve (A through G; Fig. 2) including: i) sample approaching the
water droplet (A), ii) water droplet attachment to the sample (B), iii)
spontaneous spreading of the water droplet (C), iv) droplet compression
(D), followed by v) stretching (E), and the final vi) split of the droplet
(F). For all four samples, the droplet attachment and spreading events
took place spontaneously, soon after the first contact of droplet with
mineral, within 0.133 s, and could be captured on one CCD camera
frame only (Table 2); therefore, no water droplet spreading kinetics
could be analyzed in detail. Stretching the water droplet led to a critical
diameter of ring-magnesite water bridge that ruptured before separa-
tion of entire droplet from the magnesite sample. A large adhesion force
prevented detachment of water from the mineral surface. As shown in

ba

Fig. 2. A typical force curves for: a) water droplet, and b) air bubble in interactions with magnesite surface.
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column F of Fig. 4, the shape of capillary water bridge formed was
influenced by the water contact angle at the mineral surface (base of the
water bridge). Because the contact angle decreased with increasing Rq

value (as will be shown later), the separation time, which included time
to form unstable capillary bridge, increased with increasing Rq value
(Table 2).

After rupturing, a portion of water droplet remained in the holding
ring and rest remained on the magnesite surface in shape of a lens. The
shape of the water lens remaining on the magnesite surface was affected
by surface roughness. The lens diameter increased with increasing
roughness of the magnesite surface at the expense of its height, clearly
indicating on decreasing water contact angle.

Fig. 5 summarizes the force and contact angle values measured
during each sequence of water droplet spreading, stretching and pull-
off using the magnesite samples of different nano-roughness char-
acteristics, plotted as a function of RMS roughness (Rq). The force va-
lues are presented as both raw (F) and normalized data (force per
contact perimeter = F/πd, where d is the droplet base diameter).

There are three different sets of force and contact angle values, si-
milar to what was reported and discussed in details in our previous
contributions (Drelich, 2019; Jiang et al., 2018; Sun et al., 2018a, b;
Sun et al., 2020; Wang et al., 2020). The force measured at point C of
the force curve represents the spreading force, and the contact angle

measured at this point refers to advancing (water) contact angle (see
Fig. 2 for identification of key points on the force curves). At point E,
the maximum adhesion force is measured and the contact angle mea-
sured is called most stable contact angle. Finally, at point F, the pull-off
force is typically measured, with the contact angle that represents the
receding (water) contact angles. Because water-magnesite adhesion
forces exceeded water cohesion forces in these experiments, the water
droplet split for two portions before it was separated (pull-off) entirely
from the mineral surface. This means that the pull-off force measured in
these experiments does not represent the force necessary to separate
water from mineral surface. Also the contact angle value measured at
point F is likely higher than the receding contact angle value that could
be measured during a complete separation of two phases. For that
reason, the interpretation and meaning of data captured at point F and
presented in Fig. 5 are limited here.

As shown in Fig. 5, the forces increase with increasing roughness.
The spreading, maximum adhesion, and pull-off forces (and their nor-
malized values) increase from 0.5 mN (59 mN/m) to 0.6 mN (63 mN/
m), 0.7 mN (79 mN/m) to 0.8 mN (85 mN/m), and 0.10 mN (13.0 mN/
m) to 0.14 mN (13.5 mN/m), respectively, when the Rq increases from
2 nm to 240 nm. The normalized force values are only slightly affected
by roughness suggesting that the three-phase contact line length is one
of key parameters in interpretation of experimental force values. The

Fig. 3. Examples of 3D AFM images of magnesite surfaces after polishing with: a) 120 mesh sandpaper; b) 400 mesh sandpaper; c) 1200 mesh sandpaper; and d) 1 μm
diamond.

Table 1
Surface roughness parameters for magnesite surfaces after four stages of polishing.

Polishing media Rq (nm) Ra (nm) RSA Rsk Rku

120 mesh sandpaper 240 ± 26 202 ± 14 1.113 ± 0.034 0.0 ± 0.3 −0.2 ± 0.6
400 mesh sandpaper 69 ± 12 52 ± 10 1.031 ± 0.012 −0.3 ± 0.1 0.2 ± 0.6
1200 mesh sandpaper 42 ± 8 31 ± 7 1.011 ± 0.002 −0.6 ± 1.0 1.4 ± 1.7
1 μm diamond 2.3 ± 0.2 1.8 ± 0.1 1.006 ± 0.001 −1.4 ± 1.7 11 ± 15
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experimental forces consist of two components (6) (Chen et al., 2016;
Qian and Gao, 2006): i) one is the vertical component of liquid–gas
interfacial tension acting along the perimeter of triple contact line,
known as surface tension force (FT), ii) the other is the Laplace pressure
force (FL) which is induced by the pressure difference across the li-
quid–gas interface for a stretched droplet:

= − = −F F F lγ θ A Psin ΔT L (6)

where l is the droplet base perimeter, A is the droplet base projected
contact area (A = πr2 for a circle), γ is the liquid–gas interfacial ten-
sion, θ is the contact angle, ΔP is the Laplace pressure defined as

= +P γΔ ( )D R
1 1 where D and R are the principal radii of the water–air

interface.
The three-phase contact line perimeter for a droplet on a smooth,

homogeneous and flat solid surface becomes circular and equal to
l = 2πr (r is the radius of droplet base). For rough hydrophilic surface
l > 2πr, whereas it is l < 2πr for rough hydrophobic surface. A
random roughness of hydrophilic solid, such as magnesite in this study,
reinforces a contortion of the water droplet line in both vertical and
lateral directions, both of which are difficult to quantify experimentally
and theoretically. It is however, safe to conclude that the increase in the
contact line length (l) is the primary cause of increasing the surface
tension force component in Eq. (6), without any major effect on the
capillary pressure force component, and on total adhesion force, in
agreement with data in Fig. 5.

Eq. (6) also indicates that the adhesion force measured for water
droplets on roughened magnesite surface is affected by contact angle.
As shown in Fig. 5c, the advancing, most stable, and “receding” contact
angles decrease from 51 ± 2° to 21 ± 2°, 28 ± 2° to 20 ± 2°, and

24 ± 2° to 8 ± 1°, respectively, when Rq increases from 2 nm to
240 nm. The effect of surface roughness on contact angle is predicted by
the Wenzel equation (Wenzel, 1936):

= ∙θ R θcos cosSAW (7)

where θ and θW are equilibrium contact angle on a smooth and rough,
respectively, (and flat) solid surface; RSA is the “real to projected surface
area ratio.” It should be recognized that in modern literature the
roughness factor represents changes in the contact line on a rough
surface compared to the changes in the contact line on a smooth and
flat surface. Unfortunately, measurements of the contact line length and
its contortion are beyond experimental capabilities in our laboratory at
present. Therefore, we use original approach as proposed by Wenzel
with understanding that it can provide only a rough estimate of contact
angles on rough surfaces.

This Wenzel equation predicts a decrease in contact angle value for
water droplet on any hydrophilic surface, when surface is roughened
(RSA > 1); in a qualitative agreement with the data in Fig. 5c. Justi-
fication of Eq. (7) can only be pursued with the most stable contact
angle values, which are close to the “equilibrium” contact angles de-
fined by the Wenzel equation. So if experimental (average) AFM RSA

data from Table 1 are used to calculate the contact angle (θs) on a
smooth magnesite surface, the values are: 32 ± 4° for Rq at 240 nm,
25 ± 2° for Rq at 69 nm, 27 ± 1° for Rq at 42 nm, and 28 ± 1° for Rq

at 2 nm (Table 3). A spread in contact angle is only about 7°, providing
a reasonable support here for the Wenzel model, when applied to hy-
drophilic magnesite with nano-scaled roughness.

3.3. Air bubble on magnesite surface

Fig. 6 shows sequences of images of air bubble during its attach-
ment, spreading and separation from magnesite samples having varying
nano-roughness. There are two important differences in these se-
quences as compared to what was presented for water droplets in the
previous section. First, attachment of air bubble to magnesite was not
spontaneous. The bubble attachment to smoothest surface (Rq = 2 nm)
was recorded on one frame (0.133 s), indicating that the induction time
for the air bubble was ≤ 0.133 s. However, the induction time in-
creased to 5.3 s (41 frames) for the magnesite surface with Rq = 42 nm,
8.0 s (60 frames) for Rq = 69 nm, and 12.0 s (90 frames) for

Fig. 4. Images of water droplets during interactions with magnesite surface of different roughness.

Table 2
Interaction time between water droplet/air bubble and magnesite surfaces with
varying surface roughness.

Rq (nm) Induction time (s) Spreading time (s) Separation time (s)

Droplet Bubble Droplet Bubble Droplet Bubble

240 ± 26 ≤0.13 12.0 ≤0.13 0.40 89 0.53
69 ± 12 ≤0.13 8.0 ≤0.13 0.40 87 1.6
42 ± 8 ≤0.13 5.3 ≤0.13 ≤0.13 80 7.1
2.3 ± 0.2 ≤0.13 ≤0.13 ≤0.13 ≤0.13 75 8.1
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Rq = 240 nm (Table 2). The recorded delay in attachment of air bubble
clearly indicates on increasing stability of water film on magnesite
surface with increasing surface nano-roughness. In relation to flotation,
the data indicates on a possible delay in attachment of mineral particles
to air bubbles. However, it should be recognized that the induction
times recorded for air bubbles with macroscopic specimens are typi-
cally at least one-to-two orders of magnitude longer than induction
times recorded for sub-millimeter particles typically floated during
flotation tests (Drelich and Miller, 2012). Therefore, this effect might be
of a negligible significance to flotation kinetics of fine particles. Further
study is needed to quantify a correlation between induction times
measured for macroscopic specimens and sub-millimeter sized parti-
cles.

Second, detachment of air bubble from magnesite was relatively
easy as compare to detachment of water droplet. Entire bubble could be
detached from mineral surface whereas only portion of water was re-
moved during detachment of water droplet (see Section 3.2). Also time
between maximum adhesion (E) and pull-off (F) points was shorter.
From a few to several frames were recorded when the bubble was
stretched beyond the point of maximum adhesion force, and the

separation time, as defined between points E and F, decreased with
increasing Rq value (Table 2, separation time). Therefore, an adhesive
contact between air bubble and magnesite surface appears more vul-
nerable to separation for nano-rough surfaces. However, it has very
little, if any, effect on instability of gas bubble – magnesite particle
aggregates. Detachment of a mineral particle from attached air bubble
would only be possible when receding (water) contact angle established
during bubble attachment (at point C in Fig. 2b) changes to advancing
(water) contact angle (characteristic to point F; Fig. 2b). Such a tran-
sition is against the adhesion forces (between points C and E) that can
only be overcome by deformation of gas bubble surface due to either
gravity effects (associated with big particles, which elongate air bubble)
or unusually strong hydrodynamic effects that increase shear stresses
locally, in the area of particle-bubble contact.

Fig. 7 shows force, normalized force and water contact angle values
as a function of magnesite surface roughness. As shown in Fig. 7a−b,
all three forces including spreading force (point C), maximum adhesion
force (point E) and pull-off force (point F) decreased with increasing
roughness. For example, the normalized spreading force decreased from
about 50 mN/m for Rq = 2 nm to 37 mN/m for Rq = 42 nm to 36 mN/
m for Rq = 69 nm and to 28 mN/m for Rq = 240 nm. The normalized
maximum adhesion force decreased from about 97 mN/m for
Rq = 2 nm to 75 mN/m for Rq = 42 nm to 66 mN/m for Rq = 69 nm
and to 46 mN/m for Rq = 240 nm. The normalized pull-off force de-
creased from about 130 mN/m for Rq = 2 nm to 65 mN/m for
Rq = 42 nm to 59 mN/m for Rq = 69 nm and to 32 mN/m for
Rq = 240 nm. This is expected since the adhesion interactions between
water and hydrophilic magnesite surface are enhanced by surface
roughening (see previous section).

Fig. 5. Effect of root mean square roughness on force (a), normalized force (b), and water contact angle (c) during water droplet attachment and spreading (point C),
at a maximum adhesion point (point E), and at a pull-off point (point F).

Table 3
The calculated contact angle on a smooth magnesite surface.

RSA θW (deg) θS (deg)

1.113 ± 0.034 20 ± 2 32 ± 4
1.031 ± 0.012 21 ± 2 25 ± 2
1.011 ± 0.002 26 ± 1 27 ± 1
1.006 ± 0.001 28 ± 2 28 ± 1
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Fig. 6. Images of air bubbles in water during interactions with magnesite surface of different roughness.

a b

c

Fig. 7. Effect of root mean square roughness on force (a), normalized force (b), and water contact angle (c) during bubble attachment and spreading (point C), at a
maximum adhesion point (point E), and during the bubble separation form the magnesite surface (point F).
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As shown in Fig. 7c, the contact angles measured across water de-
creased as well. In agreement with measurements involving water
droplets. The receding contact angle (measured at point C) decreased
from about 15° for Rq = 2 nm to 14° for Rq = 42 nm to 12° for
Rq = 69 nm and less than 10° for Rq = 240 nm. The most stable contact
angle (measured at point E) decreased from about 35° for Rq = 2 nm to
27° for Rq = 42 nm to 22° for Rq = 69 nm and less than 12° for
Rq = 240 nm. The advancing contact angle (measured at point F) de-
creased from about 41° for Rq = 2 nm to 29° for Rq = 42 nm to 24° for
Rq = 69 nm and less than 13° for Rq = 240 nm.

In summary, the force and contact angle measurements provide a
solid evidence that nano-scaled roughness of magnesite weakens ad-
hesive interactions of mineral with air bubbles. Since the measurements
were carried out on large specimens, it remains to be seen whether the
weakening of adhesion has any consequences in flotation recovery and
kinetics, and under what hydrodynamic conditions. Conceptually,
weakening bubble-mineral adhesive strength might increase probability
of early detachment of mineral particles from gas bubble under intense
hydrodynamic conditions, typically observed in mechanical flotation
cells.

4. Conclusions

The direct measurements of attachment, spreading, adhesion, and
separation for water droplets and air bubbles in contact with magnesite
surfaces support the followings conclusions:

1) Magnesite mineral is hydrophilic, showing a preferential affinity of
this mineral to water rather than to air, with the most stable (water)
contact angle of 25–32 degree as determined experimentally and
calculated based on the Wenzel equation.

2) Nano-scaled roughness of magnesite surface enhances adhesive
strength with water, which becomes more resistant to replacement
with the air bubble during attachment and spreading.

3) Induction time for the air bubble to attach to magnesite surface
increased from ≤ 0.133 s for a smooth surface to 5.3, 8.0 and 12.0 s
for surfaces with root-mean-square roughness of 42, 69 and 240 nm,
respectively. It suggests an opposite effect of nano-roughness on air
bubble attachment as compared to the effect of bubble-mineral en-
ergy barrier that is reduced by nano-sized asperities.

Interplay between stability of aqueous film on nano-rough surface
and magnitude of energy barrier in bubble-particle interactions, most
likely dictates the rate at which mineral particles are picked up by gas
bubbles in flotation systems and can have an important role in flotation
kinetics.
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