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ABSTRACT

Surface roughness of solid affects its interactions with gas bubbles in water. Here, we investigate the effect of
surface nano-scaled (random) roughness, quantified with the root-mean-square (RMS) roughness from about 3 to
260 nm, on the adhesive strength of air bubble with natural hydrophilic hematite and pyrite surfaces using a
microelectronic balance-camera system. The recorded values include bubble-mineral adhesion forces, water
contact angles, and bubble base diameters during stages of air bubble attachment and spreading, maximum
adhesion, and detachment. The results confirm weakening of adhesive forces for air bubble with hydrophilic
surfaces of increasing nano-scale roughness. The study reveals a linear dependency between adhesion force and
RMS roughness. The adhesion force was also found to be in a linear correlation with contact angle and its sine
function, providing evidence for the surface tension force dominance in adhesion of bubble to hydrophilic
surface with nano-scaled surface roughness characteristics of random nature.

1. Introduction

separation and purification of particulates including processing of mi-
neral ores [1-3], deinking of wastepaper [4,5], plastics recycling [6-8],

Interactions of gas bubbles with solid surfaces play a pivotal role in wastewater treatments [9,10], bitumen extraction [11-14], and coal
many industrial applications. For example, through the use of froth upgrading [15,16]. Many food products [17-21] and cosmetics [22-25]
flotation, gas bubbles have been used for decades in a selective are formulated through engineering of bubbles into structured foams
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stabilized with fine particles. Bubbles also attract interest in designing a
new generation of microfluidic devices for transport of materials or
even to perform logical control operations [26,27]. Bubble-driven mi-
cropumps have shown the potential to reduce fabrication cost and
improve reliability and could be used in microanalytical systems, mi-
croelectronic cooling systems, drug delivery applications, and che-
mical-reactors [28-34]. Therefore, understanding the bubble-solid
surface interactions and factors that control them is not only of fun-
damental scientific interest, it has implications into designing more
efficient industrial operations and technologies.

Mainly through fundamental research on froth flotation of minerals,
it is now well documented that interactions between gas bubbles and
solids are governed by chemical and physical characteristics of inter-
acting surfaces, combined with composition and physical properties of
liquid surrounding gas and solid phases [35-44]. One factor that re-
ceived more attention in recent years is surface roughness of floated
particles as recording of changes in flotation recovery and kinetics is
not complicated and most of the time reproducible [45,46]. With new
and improved imaging characterization tools, it is now often possible to
link nano-scaled surface roughness with its effect on interactions with
particulates including gas bubbles. Indeed, our most recent report de-
monstrates a positive effect of surface nano-scaled surface roughness on
flotation recovery of (hydrophilic) magnesite particles [46]. Theoretical
analysis of colloidal forces suggests that the nano-sized asperities re-
duce energy barrier during interactions of gas bubbles with solid sur-
faces [45-47]. It remains, however, unexplored whether any other
factors in bubble-surface interactions are affected by nano-sized aspe-
rities.

Here, two hydrophilic natural specimens, hematite (Fe,O3) and
pyrite (FeS,) were selected, both having different chemistry but similar
affinity to water in term of contact angle (66 = 3° vs. 58 + 2° for
hematite and pyrite, respectively). Both specimens were polished
through multi-stage protocol to produce fresh surfaces of varying nano-
scaled roughness characteristics (RMS = 3-260nm), imaged and
quantified using atomic force microscopy (AFM). Then, the measure-
ments of interacting forces between air bubble and mineral surface
were carried out in water using a microbalance during bubble attach-
ment, spreading, adhesion, and detachment. The results confirm en-
hanced interactions of hydrophilic minerals having increasing nano-
scaled surface roughness with water at the expense of interactions with
air bubble. A linear dependence of adhesion force with root-mean-
square (RMS) roughness is reported for both minerals. Also, the ex-
perimental adhesion forces depend linearly on contact angle and its sine
function, suggesting that the three-phase contact line follows closely
the roughness profile of the hydrophilic solid and the surface tension
force dominates the bubble adhesion to hydrophilic surface in water.

2. Experimental
2.1. Sample preparation

Natural high-quality hematite and pyrite lumps were manually se-
lected from Anshan ore mined in Liaoning Province, China. The he-
matite (Fe,O3) and pyrite (FeS,) lumps were of 96+ wt.% and 99 + wt.
% purity, respectively, as determined through x-ray fluorescence
spectrometry (XRF) and x-ray diffraction (XRD). The XRD pattern
shown in Fig. 1 was recorded with the X’ Pert Pro multifunction dif-
fractometer (Panalytical, Netherlands) using Cu Ka radiation. The re-
sults of XRF analysis (ZSX Primus II, Rigaku, Japan) are shown in
Table 1.

A diamond cut-off saw (SYJ-40, MTI corporation, USA) was used to
cut the hematite and pyrite lumps into smaller specimens having ap-
proximate dimensions of 10 X 10 X 5mm. Then, hematite and pyrite
surfaces were polished using silicon carbide papers (Hudson Supply,
USA) with mesh from #120 to #1200, followed by 6 pm diamond and
1 pm alumina powders (Allied High Tech Products, Inc., USA) as per
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sequence listed in Table 2 to produce minerals of varying surface
roughness. At each stage, the manual polishing of samples was carried
out without tracking the time and directions of polishing, which re-
sulted in hematite and pyrite surfaces having not identical roughness
characteristics described by roughness parameters — defined in the
following section.

2.2. Surface roughness measurement

The mineral surfaces were imaged wunder the MFP-3D
Origin + atomic force microscope (Asylum Research, Oxford
Instruments, USA) using the tapping mode and the ACT cantilevers
(length 125 um, width 35 pm, thickness 4.5 um) with a silicon tip (ra-
dius < 10 nm, height 14-16 nm) obtained from Applied NanoStructures
(Mountain View, CA, USA). At least three different locations were
randomly selected for imaging 10 X 10 pm areas.

The root mean square (Rrus), average deviation (R,), surface area
ratio (Rsa), skewness (Rg), and kurtosis (Ry,) were analyzed and their
average and standard deviation values are presented in this contribu-
tion. The Rrys, Ra, Rsa, Rsk, and Ry, parameters are defined through the
following equations:

1 N
Rus = | p 2y & )
1 N =
Ra = Nzi=l |Zl - Zl (2)
Rsa = Sa
S, ®)

i=1 o @

1wN Zi—2Z
R = — el
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where o = ﬁ f;l (Z; — Z)?, Z; is the height at a given pixel i, N is

the total number of pixels in the image, and Z is the average height of
the entire image. S, and S, refer to the actual and projected surface
area, respectively.

The correlations for experimental forces and contact angles versus
surface roughness plotted and presented in further part of this con-
tribution are limited to root mean square roughness (Rgrys) parameter
because this parameter is more sensitive to large deviations such as
occasional highs and lows as compared to R, and Rgs4 values [48]. Both
skewness and kurtosis are only used to describe normality of surface
roughness.

2.3. Measurement of adhesion force and contact angle

A high-sensitivity microelectronic mechanical balance (DCAT 21,
Dataphysics, Germany), equipped with a charge-coupled device (CCD)
camera was used in measurements of adhesion forces between air
bubbles and sample surfaces, and recording the bubble-mineral inter-
action events [49-53]. Fig. 2 shows the schematic of the system (a),
example of recorded force curve (b), and recorded images of air bubble
during attachment and adhesion (c). All of the experimental values are
the average of at least five independent measurements.

A mineral sample was placed in a transparent rectangular cell which
was filled with deionized (DI) water. A ~ 3 pL volume air bubble was
then produced using a pipette and placed in a platinum/iridium ring
with the internal and external diameter of 2.06 and 2.42 mm, respec-
tively, connected to the microbalance. The net force of this balance
system was zeroed before force measurements. In this study, the mi-
neral sample was raised up under a given velocity of 0.03 mm/s toward
the air bubble, and then the velocity was reduced to 0.01 mm/s when
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Fig. 1. XRD pattern for hematite (a) and pyrite (b).

Table 1
Multi-element chemical analyses of mineral sample (wt. %).

Samples Total Fe S Si0, Al,03 MgO CaO P
Hematite 68.9 0.04 1.78 0.24 0.03 0.08 0.03
Pyrite 46.2 52.9 0.73 0.02 0.01 0.02 0.03
Table 2
Polishing steps used in this study.
Sample Code Polishing steps
Sandpaper (mesh) Powder
120 400 1200 6um 1pm
S + + + + +
R1 + + + + -
R2 + + + - -
R3 + + - _ -
R4 + - - - -

the sample surface contacted the air bubble. The sample moved upward
to the compression distance (0.1 mm) pre-given by the system, after
which, the sample was retracted at a constant velocity of 0.01 mm/s
until a detachment of the air bubble from the sample surface.

The interactive force with respect to the surface position was re-
corded automatically. Fig. 2b shows the example of force curve. The
force curve starts at the zero-background level. A sensitivity of the
microbalance to vibrations causes the force curve to departure from a
straight line. Because of a continuing submersion of air bubble into
water, a small negative force caused by hydrostatic pressure is typically
recorded before the bubble attaches to the mineral surface. Attachment
and then spontaneous spreading of the air bubble results in measure-
ment of the spreading force (SF). Passing the SF point in Fig. 2b, the
mineral sample is pressed against the bubble to mechanically enlarge
the bubble-mineral contact area over the predefined distance. As the
next step, the sample is retreated from the compression end point
causing the bubble to stretch until the maximum point at which max-
imum adhesion force is measured (MAF). Continuation of stretching
leads to a decrease in bubble base diameter and spontaneous detach-
ment of bubble from the mineral surface at point POF (pull-off force
point). Concurrently with force measurements, the individual frames
are captured by a CCD camera with the frame rate of 7.2 fps from which
the contact angle (6) and base diameter (2r) are measured (Fig. 2c).
Examples of images of air bubbles at their multiple stages of approach,
attachment, adhesion, and detachment to the magnesite mineral having
varying nano-rough surface characteristics were provided in our earlier

publication [54].
3. Results
3.1. Surface roughness

The examples of 3D morphologies of hematite and pyrite surfaces
are shown in Fig. 3. Table 3 summarizes the average and standard
deviation values for roughness parameters determined in this study for
both minerals polished according to the similar protocols. As expected,
the surface roughness of minerals decreased at each step of polishing.

To prepare nearly smooth mineral surfaces, fine polishing with
powder (after coarse polishing) was required. The final root-mean-
square roughness of minerals varied between about Rgys = 3 and 4 nm
(R, = 2-3nm, Rg4 = 1) (Table 3). By eliminating the final fine pol-
ishing, the Rgrys, Rq, and Rsy values increased to about 50 nm, 39 nm,
and 1.017, respectively, for hematite and to about 18 nm, 14 nm, and
1.002, respectively, for pyrite. These roughness parameters increased to
246 nm, 193 nm, and 1.093 for hematite, and 255nm, 178 nm, and
1.178 for pyrite, when the coarsest polishing was carried out alone
(Table 3).

Low values for skewness (Ry) and kurtosis (Ry,) in Table 3 suggest
that the polishing produced symmetrical rough surfaces at almost every
step of polishing. The Ry values are very close to zero (with exception
of pyrite S), suggesting that spatial distribution of asperity variations is
symmetrical and follows a normal distribution. Low and positive values
for Ry, indicate on uniformity of asperity variation. Larger values of Ry
and Ry, for pyrite S indicate the less symmetrical spatial distribution of
nano-scaled asperities caused by non-uniform scratches that are pro-
duced by silicon carbide papers and left on the surface after the final
fine polishing.

3.2. Force and contact angle measurements

Fig. 4 shows the adhesion forces, contact angles, and bubble base
diameters of air bubbles measured on hematite and pyrite surfaces
plotted with respect to Rrys. The changes measured at the spreading
point, maximum adhesion point, and pull-off point are discussed in the
following subsection separately.

3.2.1. Spreading forces and receding contact angles

The (bubble) spreading force (F;) was only detected on the
smoothest surface where Rgys is 3 nm for hematite and 4 nm for pyrite.
As shown in Fig. 4a and b, the spreading force was only 12 pN for
hematite and 8 uN for pyrite. The forces were too weak to be detected
by the microbalance when the values of surface roughness were above
20 nm. This is because roughness of hydrophilic minerals induces a
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Fig. 2. (a) Schematic of the adhesion force measurement method for air bubble. (b) The typical force-distance curve recorded for the air bubble on the hematite
surface, symbols include: SF - spreading force, MAF - maximum adhesion force, and POF - pull-off force. (¢) Images of air bubble in contact with hematite surfaces
(Rrms =93 nm) at spreading point (c-i), compression end point (c-ii), maximum adhesion point (c-iii), and pull-off point (c-iv). The scale bar is 1.00 mm.

wider spreading of water on their surfaces [55] that prevents air bubble
from attachment over larger contact areas; during the attachment
process, the air bubble attempts to replace a water that covers the
mineral. The contact angle measured for water after bubble attachment
refers to the receding contact angle (6), since the bubble forces the
water to recede and open mineral area for attachment [50].

Fig. 4c and d show that the receding contact angles measured at the
spreading point as a function of Rgys. They are about 32° and 30° for
hematite (Rgys =3 nm) and pyrite (Rrys =4nm), respectively. Ox
systematically decreases to 17° and 20° for hematite and pyrite when
the Rrys of hematite and pyrite increases to about 50 nm and 18 nm,
respectively. As shown in Fig. 4e and f, the bubble base diameter (271)
decreases from about 0.52 to 0.27 mm for hematite and from 0.54 to
0.26 mm for pyrite when surfaces become rougher.

3.2.2. Maximum adhesion forces and most stable contact angles

As shown in Fig. 4a and b, in contrast to the spreading force (Fj), the
maximum adhesion force (F,) decreases more profoundly with the
increasing roughness, from about 170 to 51 uN for hematite and from
174 to 38 uN for pyrite. The contact angle associated with the point of
maximum adhesion force is called the most stable contact angle (0,,4x)
(the contact angle associated with the most stable water droplet/solid
surface configuration and the state of lowest Gibbs energy for a system
[56]). The 0,4, value decreases from 66° to 27° for hematite and from
58° to 20° for pyrite (Fig. 4c and d) with increasing nano-scaled surface
roughness. Similarly, the corresponding bubble base diameter decreases
from 0.92 to 0.34 mm for hematite and from 0.90 to 0.29 mm for pyrite
(Fig. 4e and f), indicating increasing resistance to advancement of the
three-phase contact line that affects both the contact angle and adhe-
sion force.

3.2.3. Pull-off forces and advancing contact angles
The adhesive strength at separation (pull-off) point decreases with

increasing Rgrys for both hematite and pyrite (Fig. 4a and b). Specifi-
cally, with the increasing of Rgys from 3 —4 to 250 — 260 nm, the pull-
off force (Foz) decreases from 154 to 50 uN for hematite and from 150
to 36 uN for pyrite, having trends similar to those recorded for F,
(Fig. 4 and b) in previous subsection.

The water contact angle value measured at the point of pull-off force
refers to the advancing contact angle (64) [50]. The 64 value decreases
from 64° to 25° for hematite and from 56° to 19° for pyrite when the
Rrus roughness increases from 3—4 to 250 —260 nm (Fig. 4c and d).
The corresponding bubble base diameter decreases from 0.66 to
0.32 mm for hematite and 0.75 to 0.25 mm for pyrite (Fig. 4e and f).

4. Discussion
4.1. Bubble-hydrophilic surface adhesion forces

The submicroscopic mineral surface roughness with the Rgys value
less than 250—260nm reduces the adhesive attachment with air
bubble in water (Fig. 4). This is the result of increasing penetration of
the rough surfaces of hydrophilic hematite and pyrite by water that can
be explained qualitatively by the Wenzel model [57]:

cosB,, = r,,cosb; (6)

where 0,, is the contact angle on a rough solid surface, Os is the contact
angle measured on the smooth surface of the same solid, and r,, refers to
the roughness factor defined by the ratio of the actual surface area to its
projection. However, in modern literature the roughness factor re-
presents changes in the contact line on a rough surface compared to the
changes in the contact line on a smooth and flat surface [58] (failure of
original Wenzel model will be demonstrated in this contribution later).

The Wenzel equation or its modern modification clearly shows that
the water contact angle decreases with increasing roughness factor (r,,)
for any hydrophilic solid. In reverse systems as studied here, it means



D. Wang, et al.

Colloids and Surfaces A 603 (2020) 125228

1.00pm
075

0.50

0.75
050

0.25

..i
|

0.0

1500 pm
1125
0.750
0375
0.000

b-R4 -,

Fig. 3. AFM 3D-images of hematite (a) and pyrite (b) surfaces with different roughness (Rgys).

that the air bubble faces increasing resistance from water to be removed
from a rough surface when roughness features are significantly smaller
than the area of bubble attachment contact [35].

The spreading, maximum adhesion, and pull-off forces for both
hematite and pyrite are replotted on the same graphs in Fig. 5. The
spreading force values were too small to clearly differentiate them from
a noise on force curves recorded by the microbalance in this study and
no clear correlation could be recorded. On a contrary, both maximum
adhesion and pull-off forces reveal nearly a linear correlation with the
Rrus < 260 nm.

The adhesion force between the droplet and a smooth solid surface,
F, consists of two components (Eq. (7)). One is the vertical component
of liquid-gas interfacial tension acting along the perimeter of triple
contact line, known as surface tension force (Fr). The other is the La-
place pressure force (F;), which is induced by the pressure difference
across the liquid-gas interface for a stretched droplet. The combination
of these two forces is expressed as [50,59,60]:

F=Fy — F, = lysin6 — AAP )

where 1 is the length of the three-phase contact line which translates to
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Table 3
The roughness parameters of mineral surfaces after the polishing treatment.
Mineral Sample Code Rgrus (nm) R, (nm) Rsa Ry Riy
Hematite S 3+1 2=x1 1.000 = 0.000 —0.61 = 0.09 0.3 = 0.6
R1 50 = 10 39 =8 1.017 = 0.009 —05 = 04 1.3 = 0.7
R2 93 + 16 69 = 12 1.025 = 0.007 -04 = 0.1 1.1 = 0.5
R3 127 = 18 97 = 15 1.059 = 0.008 —0.48 = 0.09 1.0 = 1.1
R4 246 = 7 193 = 8 1.093 = 0.003 —0.15 = 0.02 0.75 = 0.07
Pyrite S 4 +1 3+1 1.000 = 0.000 1.6 + 22 3.0 + 1.8
R1 18 + 3 14 £ 2 1.002 = 0.001 -04 = 0.1 0.4 = 0.1
R2 56 = 8 42 = 9 1.029 = 0.013 —0.6 = 0.4 1.7 = 0.4
R3 180 + 12 127 = 1 1.093 = 0.012 0.0 = 0.1 1.3 £ 0.7
R4 255 + 20 178 = 2 1.178 = 0.018 -0.2 = 03 12 + 1.1
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Fig. 4. Forces, contact angles, and droplet base diameters of air bubbles measured on hematite (a, ¢, e) and pyrite (b, d, f) surfaces with respect to Rgass.
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the perimeter of bubble base (I = 2nir for a circular base on a smooth
solid surface; r is the radius of bubble base that is in contact with the
substrate), v is the liquid-gas interfacial tension, O is the contact angle,
A is the projected contact area for the bubble base (A = ar?), and AP is
the Laplace pressure defined as:

1 1
AP=r(H R ®
where D and R are the principal radii of the air bubble (Fig. 2c).

In case of an air bubble on a rough surface, Eq. (7) is modified to
include the actual length of contact line (2nrx, where x is a normalized
contact line; defined as the actual droplet contact line along the bubble
perimeter normalized by the apparent bubble perimeter) [53]:
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F = Fr — F, = 27rxysin — 7r?AP 9)

Eq. (9) suggests that the adhesion force of an air bubble is also
dependent on the contact angle, which is also affected by roughness as
discussed earlier. Thus, the spreading, maximum adhesion, and pull-off
forces were replotted with respect to the receding, most stable, and
advancing contact angles, respectively, as shown in Fig. 6.

There is no clear correlation between the spreading force and re-
ceding contact angle because the spreading force values were too small
to separate them from the baseline and noise when the contact angles
were below 20° for both hematite and pyrite (Fig. 6a). On a contrary,
maximum adhesion and pull-off forces increase nearly linearly with the
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Fig. 7. Surface tension force and Laplace pressure force for the bubbles measured on the hematite (a) and pyrite (b) surfaces with varying roughness, with respect to

the bubble base diameters.

increasing most stable and advancing contact angles (and their sine
function), respectively, for both hematite and pyrite (Fig. 6b and c).
These results confirm the importance of contact angle in analysis of
adhesion forces and suggest that the surface tension force dominates the
adhesion between air bubble and nano-scaled surface of hydrophilic
rough solid.

Both the surface tension force (Fr = 2zrysin6) and Laplace pressure
fore (F;, = 7r?AP) were calculated based on experimentally measured r,
AP, and 6 values for bubble shapes at points of maximum adhesion
force and are shown in Fig. 7. For both minerals, the surface tension
force is significantly larger than the Laplace pressure force and the
difference increases with the increasing Rgrys, suggesting the Fr is the
dominant contributor to the maximum adhesion force.

As shown in Fig. 4 and discussed earlier, the results demonstrate
that the submicroscopic roughness significantly reduces adhesive
strength of an air bubble with mineral surface, especially the maximum
adhesion force that dropped from 170 to 51 pN for hematite and from
174 to 38 uN for pyrite. The following sections provide further analysis
based on the above results to reveal the role of the surface roughness in
the adhesion strength.

4.2. Roughness factor: AFM versus Wenzel equation

As discussed earlier, the Wenzel Eq. (6) predicts the cosine of a
contact angle on the rough surface as a function of roughness factor. In
this study, the Wenzel equation was used to calculate the roughness
factor based on experimental most stable contact angle values and as-
sumption that the contact angle measured for the surfaces with Rgys =
3 and 4 nm represents water contact angle on a smooth mineral surface.
It is rather crude assumption, as will be concluded later, but necessary if
the equilibrium contact angle for the atomically smooth surface re-
mains unknown.

Fig. 8a and b show the roughness factor (r,) calculated by the
Wenzel Eq. (6) as a function of Rgys and Rsa, respectively, both mea-
sured with AFM. Note that r,, can refer here to either ratio of surface
areas or contact line lengths (see Section 4.1). For both minerals, the r,,
increases with the increase in Rgys (Fig. 8a). Specifically, r,, increases
from 1.0-2.2 and 1.8 for hematite and pyrite, respectively; calculated r,,
of hematite is higher than that of pyrite at the given Rgys. Calculated r,,
of hematite is higher than that of pyrite at the given Rgpys. This is in-
dicative of more complex local contortions of the three-phase contact
line (bubble base perimeter) [39]; the line departures from a circular
shape characteristic to the bubble base on a perfectly smooth surface.

Fig. 8b suggests that the r, values for hematite and pyrite with
different Rgys are much higher than Rgy, measured by AFM. This

significant difference in r,, and Rs, values originates from three sources.
First, as mentioned in Section 4.1, the r,, value in the modified (and
correct) Wenzel equation represents the ratio of the actual contact line
length to its projection. Therefore, the equation as originally proposed
by Wenzel in 1936 [57], which takes into account the ratio of the actual
contact area to its projection (as per definition of Rgs) does not apply
here. Unfortunately, experimental verification of the r,, value based on
actual and projected contact line lengths on nano-rough surfaces is
beyond experimental capability of our laboratory. Second, Eq. (6) was
theoretically derived based on assumption that contortion of the con-
tact line follows a profile of a rough surface in a vertical direction. In
practice, the roughness also causes a lateral contortion of the contact
line that theoretical Eq. (6) does not account for. Finally, the Rg4 values
determined through AFM roughness analysis are typically under-
estimated because the cantilever tip cannot image surface features that
are smaller than the tip dimension and due to a tip deconvolution effect
[46,61].

4.3. Contortion of the contact line

The contortion of the contact line at the point of maximum adhesion
force can be represented by the x values (Eq. (9)). The x value was
calculated using experimental values of F, r, 6, and AP and using the
following equation:

v F + nr’AP
27rysing (10)

The x value represents the ratio between actual (on a rough surface)
and apparent (on a smooth surface) contact line (perimeter of the
bubble base), which accounts for both vertical and lateral contortions of
the line. We compare this value with r,, value (Eq. (6)) that also defines
the ratio between actual and apparent contact line but considers only
vertical contortion of the contact line — as discussed in the previous
section.

Fig. 9a and b plot the average calculated x values as a function of
Rrus and r, for both hematite and pyrite. The x value increases from
about 1.4 to 2.1 with the increase in Rgys suggesting the contortion of
the contact line increases with increasing Rgras. For both minerals,
hematite and pyrite, the x values are basically identical at the given
Rrus, and follow a nearly linear correlation. At a first glance, the value
of x = 1.4 for “smooth” minerals appears too large as it should be equal
to 1 for atomically smooth surfaces. Unfortunately, both hematite and
pyrite had residual roughness at a level of 3—4 nm after the final pol-
ishing. Additionally, and surprisingly, the most recent imaging of ionic
liquids on atomically smooth surface of mica and nearly atomically
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smooth silicon wafer using a high-resolution helium ion microscopy
revealed nano-scale waving and wrinkling of the contact line [62]. This
new experimental revelation, if correct, could change our analysis of
the three-phase contact line.

Fig. 9b shows a correlation between calculated x and r,, values. The
data are significantly scattered, but they cluster around a linear re-
lationship. Deviations from linearity could originate from the limited
accuracy in measurements of contact angle, bubble base diameter, and
the principal radii of the stretched bubble determined via the captured
images. In view of comment in the previous paragraph, it could also
originate from a false assumption that there was no contortion of the
contact line on the smoothest surfaces of hematite and pyrite.

The linear match (dashed line) between x and r,, values would in-
dicate a consistent vertical contortion of the contact line. Indeed, for
hematite with nano-scaled roughness, the r,, values are close to x va-
lues. On the other hand, the x values for pyrite are consistently higher
than r, values indicating that lateral contortion of the bubble base
perimeter was more developed on pyrite than hematite.

4.4. Broader implications of this study

Although only two hydrophilic natural minerals were selected and
used in this study, the general correlations recorded and conclusions
drawn should apply to all hydrophilic specimens of different surface
chemistry that have similar both nano-roughness characteristics and
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affinity to water in term of most stable contact angle (~10—70°). This
study provides guidelines for engineering hydrophilic surfaces with
nano-scale roughness characteristics needed for a control over adhesion
of gas bubbles to such surfaces, and benefiting microfluidic and mi-
croanalytical systems design.

The measurements of adhesion forces for air bubbles were carried
out in pure water and therefore, the results do not apply directly to
flotation systems unless reagent-free flotation techniques are explored.
In flotation of minerals, including pyrite and hematite, additional sur-
face-active reagents such as collectors and frothers are necessary that
reduce surface tension of water. Unfortunately, surface-active regents
cannot be used in our experimental set-up because their addition would
cause weakening of the ring holder-bubble interactions and causing
premature detachment of bubble from the ring. Therefore, application
of this microbalance to adhesion force measurements in aqueous solu-
tions of surface-active reagents requires design of different bubble
holder, which is beyond the scope of this contribution.

5. Conclusions

The spreading, maximum adhesion, and pull-off forces were mea-
sured for air bubbles in contact with hydrophilic hematite and pyrite
surfaces immersed in water using a sensitive microbalance. Surfaces of
minerals were engineered to have the range of nano-scaled (random)
surface roughness defined by the root-mean-square (RMS) roughness
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Fig. 9. Calculated roughness ratio (x) with respect to Rgms measured by AFM (a) and roughness ratio (r,,) calculated by Wenzel equation (b) for hematite and pyrite.
The line in (a) represents linear fitting line, and the line in (b) is plotted by equation of y = x.
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between 3 and 260 nm. The following specific conclusions result from
this research:

1) In qualitative agreement with the Wenzel model, increasing sub-
microscopic (random) roughness of both hydrophilic specimens
enhances the strength of interactions with water making its dis-
placement with air bubble more difficult. The bubble-mineral ad-
hesion force decreased from about 170 to 40-50 uN when RMS in-
creased from 3—4 to 250—260 nm. However, experimental data
failed to predict the most stable contact angles on nano-scaled rough
surface when using the original Wenzel equation.

The surface tension force is the dominant contributor to the max-
imum adhesion force between bubble and nano-scaled rough surface
of hydrophilic minerals of hematite and pyrite.

A linear dependence between both maximum adhesion and pull-off
forces and RMS values was found for both hydrophilic minerals,
which could simplify any future designing of nano-scaled roughness
of hydrophilic surfaces interacting with gas bubbles in water.

4) Also, a linear correlation between the maximum adhesion force and
most stable contact angle (and its sines function) is reported, in-
dicating that surface tension force dominates bubble adhesive in-
teraction with nano-rough hydrophilic surfaces.

The results indicate that the AFM analysis of nano-scaled rough
surfaces underestimates the true surface area and calculated
roughness factor needed for the Wenzel model. For example, ana-
lysis of this factor based on experimental contact angle values and
adhesion forces suggest this parameter to be between 1.4 and 2.2 for
hydrophilic surfaces with RMS from 3 to 260nm instead of
1.0-1.2 as AFM analysis indicates.
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