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Abstract: Surface roughness of particles plays an important role in bubble-particle interaction process. 
However, the continuous attachment and detachment process have rarely been characterized between 
the surface of different roughness and air bubble. In this study, the continuous attachment and 
detachment processes between the surface of different roughness and air bubble were investigated by 
a highly sensitive microbalance. The bubble–surface interaction process was monitored by a high-speed 
camera to analyze the geometry parameters, including distance, adhesion diameter, and contact angle. 
It was found that the bubble-particle attachment time increased with the increase of surface roughness. 
The magnitude of the repulsive force in the bubble-surface approaching process increased with the 
increase of surface roughness, while the attractive force in the bubble-particle retracting process 
decreased monotonically with the surface roughness. The force measured by microbalance was finally 
compared with the calculated one. The calculated force at the biggest force point also increased with the 
decrease of surface roughness. These results indicate that coal particles with lower surface roughness, 
which have less water-filled pores and pillars, is more conducive to flotation due to the lower repulsive 
force in the bubble-particle attachment process and higher adhesive force in the bubble-particle 
detachment process, and vice versa. 
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1. Introduction 

Froth flotation technology, which is widely applied to separate various kinds of minerals from each 
other based on their surface wettability differences, is widely used in mineral and coal processing (Erbil, 
2014; Liu and Peng, 2014). In flotation process, the hydrophobic particles can be easily captured by air 
bubbles, and transported forward into the foam product, while the hydrophilic particles are difficult to 
be captured by air bubbles, hence remaining in the pulp as tailings (Pietrzak and Wachowska, 2006; 
Wang et al., 2017; Xing et al., 2017). The interaction between air bubble and particle in the pulp is the 
key for successful flotation. It has been proposed that the heterogeneities in chemical composition of 
particles (Drelich et al., 1996; Gosiewska et al., 2002; Karakashev et al., 2011; David and Neumann, 2013; 
Chang et al., 2017), physical characteristics such as surface roughness (Krasowska and Malysa, 2007; 
Adams et al., 2008; Feng and Nguyen, 2017), particle shape (Ulusoy et al., 2003; Xia, 2017a), and particle 
size (Chipfunhu et al., 2011; Han et al., 2014) would complicate the wetting behavior (Bormashenko, 
2019), and affect the individual steps of bubble-particle interaction (Chau et al., 2009; Drelich and 
Marmur, 2017). 
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In recent years, a surge of deserved attention has been paid to understand the influence of 
morphological characteristics of particles, especially surface roughness (Osasere Orumwense, 1998; 
Guven et al., 2015; Xia, 2017b; Drelich, 2018), on the bubble-particle interaction process. Guven et al. 
(2015) studied the flotation of spherical methylated roughened glass particles. They demonstrated that 
the rougher the particles, the higher the flotation rate constant. Meanwhile, they proposed for the first 
time that the size of nanoscale hydrophobic asperities distributed over spherical microscopic particles 
indicated the magnitude of the energetic barrier that particles needed to overcome in order to attach on 
bubbles. Wang et al. (2018) investigated the expansion velocity of a three-phase contact line (TPCL) and 
the terminal diameter of bubbles on low-rank lump coal surfaces of different roughness. The results 
confirmed that wetting film diameter became smaller, and the expansion velocity of the three-phase 
contact line was faster with the increasing surface roughness. Chen et al. (2018) analysed the induction 
time and contact angle of different rough coking coal and anthracite. They identified that the induction 
time increased with the increasing of surface roughness while the contact angle decreased with it. To 
date, the influence of surface roughness on the continuous bubble-particle attachment and detachment 
process has rarely been demonstrated. 

Great progress has been made in measuring adhesion force between air bubble/water droplet and 
solid particle/surface as the development of micro-force measurement system in recent years. For 
example, Samuel et al. (2011) studied the adhesion force between water droplet and 20 kinds of surfaces 
using a microelectromechanical balance. The results demonstrated that the snap-in force consistently 
decreased as the advancing contact angle (CA) decreased, and became zero when the advancing CA 
was larger than 150°, while the pull-off force was shown to decrease consistently as the receding CA 
increased. Sun et al. (2017, 2018) measured the adhesion force between water droplet and smooth and 
patterned polymers (isotropy and anisotropy). They proposed a modified for calculation model for 
isotropic surfaces, which contained normalized contact line length. 

In this study, low-ash anthracite coal clumps of different surface roughness were prepared. Then, a 
high-sensitive microbalance coupled with a high-speed video camera was used to analyze the 
continuous attachment and detachment process between air bubble and anthracite surface of various 
roughness. Better understanding of the continuous interaction between air bubble and coal surface of 
various roughness may potentially offer a new thought for altering the interactions by a particular 
design of the surface. 

2. Materials and methods 

2.1. Materials 

The anthracite coal sample was collected from the Taixi Coal Preparation Plant, in Ningxia Province, 
China. Coal lumps with a diameter of around 10 mm and with density fraction of < 1.35 g/cm³ were 
used to eliminate the heterogeneity effect on the coal surface. The proximate and ultimate analyses of 
the coal samples are provided in Table 1. As presented in Table 1, the ash content of the anthracite 
sample was only 2.18%, indicating negligible amount of impurity minerals in the sample.  

The anthracite lump was inlaid in polymer at room temperature. Then, the latter was polished by 
the MP-2B polish-grinding machine (Lanchou, China) with sandpapers until a fresh flat coal surface 
exposed. Sandpaper with meshes of 100, 360, 2000, and 5000 was used in this experiment. For 
convenience, the samples with four degrees of surface roughness were designated as R100, R360, R2000, 
and R5000, respectively. 

2.2.  Methods 

2.2.1. Surface morphology and component measurements 

The surface morphology and component of coal sample of different roughness were analyzed by SEM 
(FEI Quanta TM 250, USA) coupling with Energy Dispersive Spectroscopy (EDS). Each polished coal 
surface was cleaned with pure ethyl alcohol and air dried before each measurement.  

To obtain the functional group on the coal surface of different roughness, a Vertex 80v Fourier 
Transform Infrared Spectroscopy (FTIR) (Bruker, Germany) was used to analyze the sample surface 
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with reflection mode. The polished coal surfaces were also cleaned with pure ethyl alcohol and air dried 
before each measurement. 

Table 1. Proximate analysis and ultimate analysis of coal samples 

Proximate analysis (%)  Ultimate analysis (%) 

Mad Aad Vad FCad  St.d Odaf Cdaf Hdaf Ndaf 

0.64 2.18 6.98 90.20  0.17 3.22 92.24 3.47 0.89 

2.2.2. Surface roughness measurements 

Surface roughness was quantified by a Mitutoyo SJ-210 profilometer (Japan). The roughness index Ra 
was achieved to show the degree of roughness of different flat surfaces. Each coal surface was measured 
more than three times, and the average Ra was reported. 

2.2.3. Contact angle measurements 

The advancing and receding contact angles of coal surfaces of different roughness were measured with 
a JR2000D goniometer. The static bubble captive technique was used in which the bubble size was 
controlled by injecting and withdrawing air by a micro-syringe that had an U-shaped needle (Drelich 
et al., 1996). Together with the optical system of the JR2000D goniometer, a shape analysis software was 
used to measure the advancing and receding contact angles. The measurement system was equipped 
with a rotatable independent state to guarantee that the surface under measurement was horizontal. 
For consistency, the contact angle in the direction that was perpendicular to the grooves on coal surface 
of different roughness was measured, as shown in Fig. 1 (a). The average of more than five independent 
measurements was reported in this study. The schematic of the measurement process is illustrated in 
Fig. 1 (b).  

2.2.4. Continuous interactions process measurements 

The continuous attachment and detachment interaction between air bubble and coal surface of different 
roughness were measured by a high-sensitivity microbalance (XS105 with 0.01 mg accuracy, Mettler 
Toledo, USA). A 10 µL air bubble was formed with a micro-scale syringe above a flat Teflon plate in a 
beaker filled with ultrapure water with resistivity of 18.2 M W×cm-1 (Canrex Analytic Instrument Ltd., 
China). The beaker was put on the elevating table, which was controlled to move upward or downward 
with a velocity range from 0 to 195.56 mm/s by a computer. The coal sample was attached to the 
measurement hook. The net force of this balance was initialized to zero before every measurement. 
Obviously, the result measured by microbalance is about mass, hence, the force can be calculated in the 
way of mass multiply by gravity acceleration, g (9.8 N/kg). Furthermore, the influence of buoyancy and 
gravity was eliminated by subtracting background test results, and the background test was conducted 
without air bubble formed above the flat Teflon plate. 

                 
Fig. 1. Analysis direction of contact angle: perpendicular (φ⊥) with the grooves (a) Schematic of measuring the 

advancing and receding contact angle (b) 
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During force measurement, the elevating table first moved upward to make the bubble attract on the 
coal surface, then the elevating table was maintained for 8 sec before it moved downward for a distance 
of 8 mm to retract the bubble from the coal surface. The elevating table was moved upward and 
downward under a given velocity of 0.487 mm/s. When the elevating table was moved upward for a 
distance of 0.974 mm, the coal surface was compressed the air bubble on the flat Teflon plate. A high-
speed video camera was applied to record the attachment and detachment processes. A schematic of 
the measurement system is shown in Fig. 2. The adhesion diameter, radius of air bubbles, surface 
curvature, and contact angles of the bubble in the interaction process were analyzed by Image J software.  

Meanwhile, the distance between coal surface and air bubble at different points was also measured. 

 
Fig. 2. Schematic of the bubble-particle continuous interaction measurement system 

3. Results and discussion 

3.1. Analysis of surface morphology and components 

The surface morphologies of the coal samples of different surface roughness are shown in Fig. 3. It was 
observed that many ridges and grooves occurred on the polished surfaces which were polished by the 
polish-grinding machine presented unidirectional. The width and depth of ridges and grooves on the 
surfaces decreased with the increase of sandpaper meshes. In other words, the sample surface that 
polished by sandpaper of 5000 mesh was the smoothest, and the surface polished by sandpaper of 100 
mesh was the roughest. 

 
Fig. 3. Surface morphologies of coal surface of different roughness (a) R100 (b) R360 (c) R2000 (d) R5000 
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The element composition of the samples was measured by SEM coupled with EDS. As seen from 
Fig. 4. that that the coal surfaces of different roughness mainly contained three types of elements, i. e., 
C, N, and O. None of the Ca, Mg or Al could be detected in the samples. Therefore, the heterogeneity of 
hydrophilic mineral particles on these coal surfaces during the force measurements can be neglected. 

Figure 5 presents the FTIR spectra of coal surfaces of different roughness. Peaks near 3742 cm−1 and 
3642 cm−1 are ascribed to absorption of hydrogen bond between O-H groups of alcoholic or phenolic 
hydroxyl groups in coal molecules (Xia et al., 2014). Peaks around 2803-2996 cm−1 are corresponding to 
the broad infrared absorption band of aliphatic CHx (Liu et al., 2017), and the peak near 1642 cm−1 is due 
to C=O stretching vibration of carbonyl group in carboxylic acid (Chen et al., 2017; Zhou et al., 2019). 
The peak around 1600 cm−1 is caused by C≡C stretching vibrations in aromatic ring (Chen et al., 2017) 
and peak at 906 cm−1 is related to C-O-R stretching vibration (Liu et al., 2017). The FTIR results suggest 
that these coal surfaces of different roughness had the same kind of functional groups, and the peak 
intensity at different wavenumbers was similar. Thus, it can be regarded that these four surfaces of 
different roughness had the same chemical composition. 

 

Fig. 4. EDS analysis of coal surfaces of different roughness: (a) R100 (b) R360 (c) R2000 (d) R5000 

 

Fig. 5. FTIR spectra of coal surfaces different roughness 

3.2. Analysis of surface roughness 

Coal roughness index on different low-ash surfaces were achieved with the method of a probe of 
Mitutoyo SJ-210 profilometer moved across the surface. The relationship between index Ra and 
sandpaper meshes is shown in Fig. 6. As seen in Fig. 6 that the average roughness index (Ra) of R100, 
R360, R2000, and R5000 surfaces were 2.51 µm, 0.77 µm, 0.31 µm, and 0.12 µm, respectively. The results 
confirmed that the coal surface polished by the coarser sandpaper possessed higher roughness index.  
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3.3. Analysis of advancing and receding contact angle 

Figure 7 presents the results of advancing and receding contact angles of coal surfaces of different 
roughness. It was detected that both the advancing and receding contact angles decreased with the 
increase of Ra. The advancing contact angle steadily decreased from 93° to 78°as the roughness index Ra 
increased from 0.12 µm to 2.51 µm. Xia (2017b) considered that the proper size of ridges and grooves 
may prevent the spreading of air bubble, resulting in higher entrapment of water. The ridges and 
grooves may also present bigger barriers to the motion of three-phase contact line as the degree of 
roughness increased (Nikolaev, 2016). The receding contact angles of coal surfaces with roughness index 
of 2.51 µm, 0.77 µm, 0.31 µm, and 0.12 µm were obtained as 30°, 47°, 57°, and 68°, respectively. 
Additionally, the hysteresis contact angle increased from 26° to 48° with the increase of Ra from 0.12 µm 
to 2.51 µm. Adams et al. (2008) and Johnson et al. (2006) considered that the hysteresis was generally 
ascribed to roughness and heterogeneity of the surface chemistry. As the samples used in this study 
were homogeneous in mineral and chemical composition, it can be inferred that the increasing of 
hysteresis contact angle resulted from the increasing of asperities. The larger hysteresis contact angle 
was the result of more pinning of the contact line caused by ridges and grooves that make the motion 
of three-phase contact line exhibit periodic stick-slip behavior (Chung et al., 2007). 

 
Fig. 6. Relationship between index Ra and sandpaper mesh 

 

Fig. 7. Advancing and receding contact angles in perpendicular direction on different degrees of roughness 

3.4. Analysis of the continuous interaction process between coal surface and air bubble 

3.4.1. Analysis of interactions in the process of air bubble moving upward 

Figure 8 illustrates the force-time profiles between air bubble and the four coal surfaces of different 
roughness. The bubble contacted primarily with the surface in 0.5 sec. For convenience, the primarily 
contact point between air bubble and the coal surface and was designated as point A. The interaction 
forces with the direction of upward increased rapidly in the process of air bubble moving upward, 
which caused by the deformation of air bubble. There were obvious turning points (designated as point 
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B) in the four force profiles. The force in the direction of upward reduced slightly after point B. As also 
shown in Fig. 9 (the force-distance curves), the force magnitude was negative correlated with the 
distance between air bubble and surface before point B. It suggests that the liquid film has not ruptured 
before point B. After point B, the rapid expansion of three-phase contact line occurred and caused the 
reduction of interaction force. Meanwhile, the quick slide of the three-phase contact line was also 
detected by the high-speed video camera. The attachment time increased with the increasing surface 
roughness. The turning point of coal surface of R5000 with surface roughness of 0.12 µm occurred at 0.8 
s (Fig. 8) corresponding to the distance of 2.21 mm (Fig. 9), while the turning point occurred at 1.9 sec 
with surface roughness index of 2.51 µm (Fig. 8), and the distance between air bubble and sample 
surface was around 1.68 mm (Fig. 9). Additionally, the occurrence of turning point were 1.3 sec and 1.4 
sec, respectively, for the surfaces with rough index Ra of 0.31 µm and 0.77 µm. And, the distance of 
appearance of turning point between air bubble and rough surface were around 1.92 mm and 1.97 mm, 
respectively (Fig. 9). The variation trend of the induction time with surface roughness was consistent 
with that in Chen et al. (2018). 

 
Fig. 8. Force-time profiles between air bubble and the coal surfaces of different degrees of roughness 

 
Fig. 9. Force-distance profiles between air bubble and the coal surfaces of different degrees of roughness 

Table 2 presents the average values and standard deviation for force magnitude (f), adhesion 
diameter (2rtpc), coal surface-evaluating table distance (h), and contact angle (θ) during the continuous 
interaction process between air bubble and coal surface. Note that statistics were measured in the 
direction that was perpendicular to the grooves. 

3.4.2. Analysis of interactions in the process of air bubble remained stationary 

After moving upward for a distance of 0.974 mm, the elevating table was stopped and remained 
stationary for 8 sec. The last point of stationary period was referenced as point C. The interaction state 
between air bubble and the coal surfaces at point C is shown in Fig. 10 which shows that the greatest 
deformation of air bubble occurred on R100. And, the adhesion diameter (2r) decreased with the 
increasing of surface roughness. As presented in Table 2, the adhesion diameter between air bubble and 
coal surfaces of R100, R360, R2000, and R5000 were 1.06 mm, 1.44 mm, 1.73 mm, and 1.78 mm, 
respectively. 
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Table 2. The average values and standard deviation for force magnitude (f), adhesion diameters (2rtpc), coal 
surface-evaluating table distance (h), and contact angles (θ) measured during the continuous interactions process 

Surfaces Point C 
Biggest force  

point D 
Pull-off  
point E 

Surfaces Point C 
Biggest force  

point D 
Pull-off  
point E 

R100 

h (mm) 1.63 2.84 3.72  
 

R2000 

h (mm) 1.63 2.75 4.13 
2rtpc (mm) 1.06 0.68 0.24 2rtpc (mm) 1.73 1.12 0.36 
θ (°) 31.00 63.00 68.00 θ (°) 64.00 91.00 108.00 

f (µN) 150±10 53±5 0±3 f (µN) 66±4 180±10 0±3 

R360 

h (mm) 1.63 2.7 3.92 

R5000 

h (mm) 1.63 2.68 5.31 
2rtpc (mm) 1.44 0.79 0.27 2rtpc (mm) 1.78 1.31 0.37 
θ (°) 39.00 75.00 95.00 θ (°) 78.00 93.00 109.00 

f (µN) 86±10 150±10 0±3 f (µN) 26±3 218±10 0±4 
 

 
Fig. 10. The interaction state between air bubble and coal surface of different roughness at point C 

As also presented in Table 2, the magnitude of interaction force (f) correspondingly increased with 
the increase of surface roughness within 2-10 sec. The force magnitude between air bubble and coal 
surfaces of R100, R360, R2000, and R5000 were 150±10 µN, 86±10 µN, 66±4 µN, 26±3 µN, respectively. 
In other words, the greater deformation of air bubble during bubble-particle attachment resulted from 
the smaller adhesion diameters, and led to the larger magnitude of the upward force. 

It has also been proved by many researchers that the contact line would be pinned when meeting 
the edges (Dettre and Johnson, 1964; David and Neumann, 2013) and the stronger pinning for the TPCL 
would be for the rougher surfaces (Chung et al., 2007; Sun et al., 2018). However, Albijanic et al. (2010) 
concluded that the time consumed of expansion of TPCL at surface with roughness below 50-80 µm was 
shorter than that at surface with roughness below 30-60 µm. They considered that the formation velocity 
of critical thickness of liquid film was promoted by lager asperities at rougher surface. And, the 
entrapped gas at the rougher surfaces also eased the rupture of liquid film. Hassas et al. (2018) also 
studied the influence of CO2 on bubble attachment at fresh pyrite surfaces. They considered that CO2 
bubbles had a propensity to spread and their presence at the fresh pyrite surface subsequently facilitated 
the film rupture and the attachment of bubbles on pyrite surface. As a result, the flotation of pyrite was 
improved. Other  studies (Guven et al., 2015; Karakas and Hassas, 2016) also proved that flotation rate 
constant increased with the increase of surface roughness. Nona-bubbles entrapped in the rough 
surfaces would increase the hydrophobic force, which resulted in spontaneous spreading of TPCL. In 
this study, since the micro-bubbles that grew on the surfaces were wiped off when the surfaces were 
immersed in water, and the ridges and grooves on surfaces were filled up with water, so there formed 
a thin water film that prevented the formation and  expansion of the TPCL (Schmidt and Berg, 1997). 

3.4.3. Analysis of interactions in the process of air bubble moving downward 

From the beginning of 10 sec, the elevating table was motored downwards, and the bubble immediately 
exerted a downward pulling force on the sample, changing the state of air bubble from static to receding. 
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As also shown in Fig. 8, the maximum detachment force (the maximum detachment force point was 
designated as point D) were 53±5 µN, 150±10 µN, 180±10 µN, and 218±10 µN, respectively, as roughness 
index decreased from 2.51 to 0.12 µm. The maximum detachment force with the direction of downward 
decreased with the increase of surface roughness in the process of air bubble moving downward. 
Otherwise, the biggest detachment force was found between air bubble and the R5000 surface while the 
smallest detachment force occurred on the R100 surface. This is similar to the process of advancing 
contact angle measurement in which the pinning of the TPCL by ridges and grooves prohibited the 
receding of air bubble. Moreover, many researchers (Dettre and Johnson, 1964; David and Neumann, 
2013; Moraila et al., 2019) thought that the “inverse” Cassie Model would present at the surface of a 
sufficient level of roughness as the degree of roughness increased, because some water was held in the 
ridges and grooves, hence the actual adhesion area between surface and air bubble was less than the 
apparent adhesion area. Moreover, another reason is that the adhesion diameter at point D decreased 
with the increasing of the degree of roughness, as shown in Fig. 11. It is also presented in Table 2 that 
the maximum adhesion diameter exerted between the air bubble and R5000 surface was about 1.31 mm, 
while the minimum adhesion diameter was only 0.68 mm between air bubble and R100 surface. The 
adhesion diameter between the four surfaces of different roughness reduced compared with that at 
point C. Evidently, this phenomenon should be further studied. 

Figure 12 shows the interaction state between air bubble and coal surface of different roughness at 
point E, the pull-off distance between air bubble and coal surface was shown to steadily increase from 
3.72 mm to 3.92 mm, 4.13 mm, to 5.31 mm with the decrease of the degree of roughness. 

At last, the force returned to near zero after the bubble detached from the surface. It must be noted 
that there were micro-bubbles produced on these four surfaces except R100 as soon as the bubble 
detached from the coal surface (Fig.13). 

 
Fig. 11. Interactions state between air bubble and coal surface of different roughness at point D 

 
Fig. 12. Interactions state between air bubble and coal surface of different roughness at point E 

3.4.4. Calculation of interaction force between air bubble and coal surface of different roughness  

The interaction force between the air bubble and solid surface consists of two categories: The ones with 
the direction of upward, including the force of buoyancy and counter capillary pressure; while the ones 
with the direction of downward included the force of gravity and counter surface tension. The resultant 
force acting on the surface was detected by the microbalance and was defined by Eq. 1 (Nguyen, 2004; 
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Wang et al., 2016): 

𝐹#$$$⃗ = 𝐹'$$$⃗ + 𝐹)$$$⃗ + 𝐹*$$$⃗ + 𝐹+$$$⃗                                                                   (1) 

where 𝐹#$$$⃗ , 𝐹'$$$⃗ , 𝐹)$$$⃗ , 𝐹*$$$⃗ , and 𝐹+$$$⃗  are the resultant, buoyancy force, counter capillary pressure, gravity force, 
and counter surface tension, respectively. Since the influence of gravity and buoyancy force was 
eliminated by subtracting the background test values. As a result, the equation can be defined as Eq. 2: 

𝐹#$$$⃗ = 𝐹)$$$⃗ + 𝐹+$$$⃗                                                                            (2) 
The vertical component of the counter surface tension is the liquid–gas interfacial tension acting 

along the perimeter of triple contact line. The relevant expressions for 𝐹+$$$⃗  is: 

𝐹+$$$⃗ = 2π𝑟/0)𝛾	𝑠𝑖𝑛𝜃                                                                    (3) 

The counter capillary pressure force (𝐹)$$$⃗ ) is caused by the curvature of the liquid bridge. The relevant 
expressions for 𝐹)$$$⃗  is: 

𝐹)$$$⃗ = −𝜋r/0): ∆𝑃                                                                       (4) 

The minus sign occurs in this equation because the force acted upwards on the sample. Where ∆𝑃 is 
the Young-Laplace pressure. Thus, Eq. 2 can also be expressed in Eq. 5: 

𝐹#$$$⃗ = 2𝜋𝑟/0)𝛾	𝑠𝑖𝑛𝜃 − 𝜋r/0): ∆𝑃                                                         (5) 

The Young-Laplace pressure can be calculated as following: 
- If the air bubble shows a convex profile: 

∆𝑃 = 𝛾(>
?
+ >

@
)                                                                        (6) 

- If the air bubble shows a concave profile: 

∆𝑃 = 𝛾(>
?
− >

@
)                                                                        (7) 

It should be mentioned that it is an approximate method to calculate the capillary forces using two 
main curvature radii, but it is actually a valid simplification in the analysis (Fig. 14).  

Table 3 presents the experimental and calculated force magnitude 𝐹# at point D for coal surface of 
different roughness along with the parameters measured and used in the calculation. As shown in Table 
3. The last column presents the difference between 𝐹# values that measured directly and calculated. The 

 
Fig. 13. Presence of micro-bubbles produced after pull-off of coal surface (R360, R2000, and R5000) 

 
Fig. 14. Curvature radii D and R of two shapes of air bubbles 
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agreement was within about 32%. The differences between the calculated and experimental force values 
are likely ascribed to the limited accuracy of the microbalance in determination of forces caused by 
errors in contact angle, radius of air bubble, surface curvature, and adhesion diameter measurements 
that need to be carried out on captured images. In addition, adhesion diameters achieved only in the 
direction of perpendicular with grooves and the adjusting shape of TPCL to topographic feature 
resulting from surface roughness are also corresponding to the differences. The differences caused by 
roughness should be further studied. However, the calculated force magnitude also increased with the 
decrease of surface roughness. 

Table 3. Calculated and experimental force Fr value at point D for coal surface of different roughness 

Samples 
2rtpc 
(mm) 

θ 
(°) 

γ 
(mN/m) 

Fs 
(µN) 

D 
(mm) 

R 
(mm) 

△P 
(kN/m) 

Fc 
(µN) 

Fr.cal 
(µN) 

Fr.exp 
(µN) 

Fdiff 

(µN) 

R100 0.68 63.00 72.40 137.81 0.46 1.97 194.14 -70.51 67.30 53.00 14.30 
R360 0.79 75.00 72.40 173.56 0.55 4.54 147.58 -72.34 101.22 150.00 -48.78 
R2000 1.12 91.00 72.40 254.71 0.69 5.21 91.03 -89.68 165.02 180.00 -14.98 
R5000 1.31 93.00 72.40 297.55 0.72 7.18 90.47 -121.94 175.61 218.00 -42.39 

3.4.5. Comparison and analysis of contact angle 

The results of contact angle measured by bubble captive method and contact angles measured in the 
process of air bubble continuous interaction with coal surface of different roughness are summarized in 
Table 4. As shown in Table 4, the contact angle measured by Image J in the process of air bubble 
approaching was in correction with the receding contact angle. However, the contact angle at point C 
was bigger than the receding contact angle, which is probably due to the fact that the upward force 
drove the spreading of TPCL, which was derived from the deformation of air bubble. Meanwhile, the 
advancing contact angle was in corresponding with the contact angle at maximum adhesion point (point 
D) and then pull-off (point E) for surfaces of different roughness. 

Table 4. The results of contact angle measured by captive-bubble method and contact angle measured in the 
process of air bubble continuous interaction with coal surface of different roughness 

Samples 
Receding contact angle (°) Advancing contact angle (°) 

θr θC θad θD θE 
100 30 31 78 63 68 
360 47 39 84 75 95 
2000 57 64 89 91 108 
5000 68 78 93 93 109 

4. Conclusions  

In this study, the continuous interaction between air bubble and coal surface of different roughness was 
measured by a highly sensitive microbalance, coupled with a high-speed video camera to capture the 
shape changes of air bubbles. The advancing and receding contact angles in the direction of 
perpendicular (φ⊥) with grooves were measured by captive bubble method. Both the advancing and 
receding contact angles decreased with the increase of surface roughness. Moreover, in the continuous 
attachment and detachment process between air bubble and coal surface, the force between the air 
bubble and the coal surface showed good correlation to the degree of surface roughness. It increased 
consistently with surface roughness in the process of air bubble moving upward and remaining 
stationary, while it decreased with the degree of roughness in the process of air bubble moving 
downward. Therefore, it was also concluded that the surface roughness had a significant effect on the 
force between air bubble and coal surface. On the other hand, the attachment time between air bubble 
and coal surface increased with the increase of surface roughness. It may be related to the thin water 
film exerted in the ridges and grooves that prevented the formation and expansion of the TPCL. The 
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adhesion diameters at different points between air bubble and coal surface decreased with the increase 
of roughness. Meanwhile, it was also demonstrated that the actual adhesion area between air bubble 
and surface was less than the apparent adhesion area, resulting from the “inverse” Cassie Model, which 
occurred at a sufficient level of roughness. Furthermore, the interaction force was also calculated. The 
calculated resultant force also increased with the decrease of surface roughness, which was consistent 
with the force measured in the experimental system. The difference between the measured and 
calculated force might be due to the adjustment of the shape of TPCL to the topographic feature, which 
changed the actual length of TPCL. These results indicated that coal particles with lower surface 
roughness is more conducive to flotation and vice versa. Because water-filled pores and pillars on the 
surface have negative effects on bubble-particle interaction force. 
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