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Abstract 

The time required for the attachment (tatt) between solid particles and bubbles in an aqueous phase is 

known to reflect the interfacial characteristics of the three-phase system. Although plenty of research 

has been performed on the use of induction timers to measure tatt, the derivation of quantitative 

parameters to determine the wettability of microparticles has not been reported so far. Indeed, the use 

of induction timers has been limited to the estimation of relative floatability of specific systems. 

Consequently, the objective of this work is to develop a sound methodology to overcome the current 

limitations of induction timers. In order to provide an adequate method for wettability characterisation, 

the present work offers a critical analysis on assumptions and experimental procedures previously 

reported in the literature regarding contact timers. The arbitrary definition of contact times at 50% 

bubble-particle attachment probability and the negligence of particle-bubble distance during attachment 

events are of particular concern. Using the novel Automated Contact Timer Apparatus (ACTA), it was 

found that, for a proper assessment of attachment due to interfacial forces, attachment probabilities 

should be measured within a zone of non-compressive attachment (NCA). In the absence of 

compression, only particles with a meaningful hydrophobic character present high attachment 

probabilities. It is also experimentally demonstrated that the probability of attachment as a function of 

contact time depends on the final distance between particles and bubbles. Using the right values of 

particle-bubble attachment probability, a method to deduce three-phase contact angles from induction 

timer experiments is proposed for the first time. The similarities between contact angles calculated from 

attachment timer results (i.e, 51° and 88°) and those of analogous flat surfaces with the sessile drop 
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method (i.e, 49° and 78°) prove the applicability and high potential of this methodology to study the 

wettability of microparticles. 

1. Introduction 

The time required for a solid particle to form a stable wetting perimeter with an air bubble, commonly 

referred to as attachment time (tatt), has been widely accepted as a valuable physical parameter to 

determine the affinity between solid particles and gas bubbles. Considering that tatt is a dynamic 

parameter that encompasses the characteristics of solid-liquid-gas interfaces, it is a particularly relevant 

parameter in fields such as froth flotation. Consequently, several publications over the past decades 

have been dedicated to establishing correlations between tatt and froth flotation performance (Albijanic 

et al. 2010). It has been largely hypothesized that the relative magnitude of tatt also enables an estimation 

of the hydrophobicity of particles and thus represents a characteristic of its wetting properties that 

complement the three-phase contact angle (θ). Considering that tatt is a dynamic measurement, it has 

been hypothesized as a favourable parameter to study dynamic flotation system (Wang et al. 2005). In 

addition, the chemical environment of a flotation cell can be mimicked using experimental methods to 

measure tatt (Zawala et al. 2017) and the effect of particle size and shape studied (Szczerkowska et al. 

2018; Yoon and Yordan 1991). 

The currently accepted theory establishes that the attachment of a particle to an air bubble takes place 

in three elementary steps, namely: i) thinning of the intervening liquid film (tind) to a critical height (hcr); 

ii) the rupture of the intervening film (tr) to form a three-phase contact; and iii) the expansion of the 

three phase contact line until a stable wetting perimeter is formed (tTPC) (Nguyen et al. 1997): 

 

𝑡𝑎𝑡𝑡 = 𝑡𝑖𝑛𝑑 + 𝑡𝑟 + 𝑡𝑇𝑃𝐶  (1) 

 

It is generally accepted that the magnitude of tind is substantially longer than tr and tTPC and thus, the 

experimentally determined values of tatt are thought to be largely a representation of the time required 
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for film thinning. In the specific case of froth flotation, the induction time determines the success of 

particle-bubble attachment since flotation is a dynamic process. In the ideal model of descending 

particles approaching rising bubbles, attachment only happens when the induction time is shorter than 

the time required for the particle to slide around the surface of a bubble (Verrelli et al. 2011; Schulze 

1992). Within this time, the intervening liquid layer has to be drained until hcr or else the particle remains 

suspended in the pulp. The spontaneous rupture of an intervening liquid film was described 

thermodynamically by Ruckenstein (Sharma and Ruckenstein 1989, 1990) where a gas-solid surface 

area of defined radius is formed on a flat solid surface as a bubble approaches a distance close to hcr. 

This mechanism of rupture was explained by either nucleation or capillary waves (Schulze et al. 2001). 

The critical height was thermodynamically defined as the distance where the free energy after the 

formation of a gaseous hole equals the free energy of the initial state of an intervening liquid film 

between particle and bubble (Sharma and Ruckenstein 1989). At this point, it is worth emphasizing that 

this mechanism suggests that particles do not need to be in direct contact with the bubble to form the 

three-phase area, provided that enough time for drainage at a critical distance is given. It has been 

estimated that the distances associated with thin liquid films and the corresponding hcr are in the 

microscopic level, but their definition by experimental means has so far been eluded. For the detection 

of the velocity of the three phase line motion, the measurement has been limited to relatively large and 

flat surfaces from which models for spherical particles were derived (Nguyen et al. 1997).  

As it was presented in the excellent review recently published by Verrelli and Albijanic (Verrelli and 

Albijanic 2015), there are various experimental setup designs devoted to the measurement of tatt. While 

each of these approaches count with advantages and drawbacks, induction timers allow the study of tatt 

of fine particles in the micrometre-range under environments relevant to the intended industrial 

application. As presented in such review, the main limitations of induction timers are an inconsistent 

statistical analysis and the ambiguously defined threshold of bubble-particle attachment probability 

(Patt) used to define tatt. Considering the potential advantages offered by induction timers, our research 

group decided to systematically study the influence of operating parameters in induction timers using a 
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novel experimental setup in order to develop a suitable experimental protocol that overcomes the 

aforementioned limitations. 

The experimental determination of tatt and the establishment of predictive models using induction timers 

has been attempted by several research groups (Ye and Miller 1988; Wang et al. 2003; Wang and Tao 

2017; Ye et al. 1989; Albijanic et al. 2015; Schulze 1989; Wang et al. 2005; Nguyen and Evans 2004; 

Nguyen et al. 1998). However, it is noteworthy that either tatt has invariably been measured in conditions 

where particles are compressed against an air bubble or the details regarding the particle-bubble distance 

have been completely overlooked. In other words, none of these studies considered the distance between 

an air bubble and a particle or particle bed and thus, commonly the bubbles were compressed against a 

particle under the action of an arbitrary mechanical force to promote the rupture of the intervening 

liquid film at hcr. As will be later discussed in Section 3, this has been identified as a clear limitation of 

results published so far using attachment timers. 

The work published by Wang et al., (Wang et al. 2005) presents an interesting case, where a 

phenomenological model for tind was proposed based on the Navier-Stokes equation for spherical 

objects present in a Newtonian fluid and considering capillary forces as the dominant ones, leading to:  

 

𝑡𝑎𝑡𝑡 ≈ 𝑡𝑖𝑛𝑑 =
6 ∙ 𝜋 ∙ 𝜂 ∙ 𝑅𝑏

2

(1 + (
𝑅𝑏
𝑅𝑝

)
2

) ∙ 𝐹0

∙ 𝑙𝑛 (
ℎ0
ℎ𝑐𝑟

) 
(2) 

 

where η is the dynamic viscosity of the liquid, Rb and Rp the radius of bubble and particle, F0 the net 

driving force for the drainage of the liquid and h0 and hcr are the initial and critical height of the 

intervening liquid film. The authors suggested that the time for liquid film drainage determined by 

Eq. (2) can be substituted by experimentally measured attachment time (tind ≈ 95% tatt), following the 

generally accepted definition of tatt at 50% successful particle-bubble attachment events. Nevertheless, 

the values of F0 obtained by regression of their equation using various particle sizes were, as admitted 
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by the authors themselves, significantly different to experimentally measured ones, despite the sound 

mathematical basis for its derivation. 

Upon a critical analysis of the body of published work in the literature on attachment timers (Wang et 

al. 2013; Gu et al. 2003; Albijanic et al. 2011; Albijanic et al. 2012; Ozdemir et al. 2009a; Cao et al. 

2011; Duan et al. 2003; Ozdemir et al. 2009b; Gu et al. 2004), some potential sources of error were 

identified by our research group, particularly in the way h0 and tind are defined by the currently used 

experimental protocols. In the first place, since no suitable methodology has been found to determine 

h0, its value has either been arbitrarily set or its influence has been overlooked in empirical models of 

tatt. For example, in the above mentioned work by Wang et al., h0 was simply substituted by the starting 

distance before approach between the submerged bubble and a stationary particle, without any further 

justification. Most importantly, however, is the widely accepted but arbitrary notion that tatt is defined 

experimentally by the time at which 50% of bubble-particle contacts result in attachment.  

Recently, our research group developed an automated contact timer apparatus (ACTA) that permits the 

analysis of hundreds of bubble-particle contact events in a short period of time (Aspiala et al. 2018). 

This novel apparatus offers several degrees of flexibility including setting up the approach and receding 

velocity of bubbles, contact time and the final distance between pending bubbles and particle beds. 

These features allow a statistical relevant analysis of particle-bubble attachment events without 

precedents. The data generated with ACTA offers the possibility of a detailed analysis on the main 

variables responsible for tatt. To that aim, the present work is devoted firstly to the study of particle-

bubble attachment probability under variable conditions of contact time, but also particle-bubble 

distance (H), particle size and particle hydrophobicity. It is shown that, with properly defined 

parameters, values of h0, hcr and F0 can be calculated from experimental data. It is also demonstrated 

that fixing tatt at 50% probability of attachment is a limiting or even misleading axiom. Finally, upon a 

systematic analysis of particle-bubble attachment behaviour on two substrates with different 

hydrophobicity, a first approach to calculate contact angle () of microparticles in a bed is presented. 
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2. Material and Methods 

Spherical silica glass beads were purchased from Whitehouse Science and Nordblast and used as solid 

particulates. The silica beads were dry-sieved and wet-sieved to obtain four different size fractions, 

namely 106-125 µm, 125-150 µm, 150-180 µm and 180-212 µm. Before wet sieving, the sample was 

treated for 5 min in an ultrasonic bath (Branson 5510 Ultrasonic Cleaner) at 40 kHz. A half of each 

fraction was dispersed in a solution of 150 ml propanol with 1 ml of isobutyl(trimethoxy) silane 

(Aldrich, 97%) with the aim of altering its wetting properties. The suspension was agitated for 5 min, 

and subsequently, the silica beads dried in an oven at 90°C for 24 h. The same cleaning and surface 

modification procedure was repeated for microscope glass slides purchased by Menzel Gläser and used 

in  measurements using an Attension Theta optical tensiometer. The sample cleaning procedure was 

chosen to balance the removal of impurities on the quartz surface while preventing the time-dependency 

of the wettability in highly polished quartz surfaces (Janczuk et al. 1986). Thus, the obtained glass beads 

and slides were reasonably clean with time-independent surface wetting properties. The static  of a 

sessile water drop was measured at 25°C for 10 s with a frame rate of 10/s. The average  of six 

measurements for untreated silica plates was 49+/-4° and for the silanized silica plates 78+/-5°. 

Following the definition proposed by (Drelich and Marmur 2017), the aforementioned values of  

correspond to low rate floatable and spontaneously floating material, respectively. Measurements of   

were also performed for a bed of silica beads using the same procedure, but no stable droplet periphery 

was obtained for 10 s due to its high interparticle porosity. Nevertheless, as the same treatment 

procedure was followed, the modified silica beads were expected to possess a similar coverage of silane 

groups on the surface, changing their surface wetting properties accordingly. The untreated silica bead 

fractions are hereby referred to as “unmodified” while the silane-coated ones are called “silanized”. 

De-mineralized water was used as liquid substrate, with a pH value adjusted to 7 with the addition of 

diluted NaOH solution using a Mettler Toledo Seven Excellence. The pH was kept constant for 24 h 

and afterwards NaCl (Acros Organic, > 99%) added to obtain a 10 mM background salt solution, which 

was used for all measurements. 
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For the determination of tatt, the ACTA was used. The design and operation of ACTA has been detailed 

in a previous publication (Aspiala et al. 2018) and is represented schematically in Figure 1. Briefly, the 

ACTA is a programmable induction timer apparatus built in-house, capable of producing hundreds of 

particle-bubble attachment events in relatively short periods of time. In addition, ACTA simultaneously 

monitors and records the actual values of the approach and receding velocity of the bubble relative to 

the mineral bed, contact time and bubble size. The pending movement of the bubbles allows to set and 

control the relative position between bubbles and the particle bed as a function of time. This movement 

differs from the situation in real flotation processes, in which sinking particles collide with floating 

bubbles in a turbulent hydrodynamic pulp. However, the controlled movement enables derivations 

about interfacial forces between particles and bubbles, which cannot be easily studied in turbulent 

systems, but are crucial for particle-bubble attachments in flotation processes. 

 

Figure 1: Operating diagram of the ACTA with typical steps of a measurement cycle: 1. Bubbles are formed and approach the 

particle bed, rest for a set contact time and recede afterwards again to the initial position. The initial distances of the needles 

varied to obtain different H between bubbles and the particle bed for a set contact time (as shown in the inset on the left side) 

and the approach, rest and retraction of the bubbles are recorded with a high-speed camera (I). 2. Bubbles are moved to the 

viewing window and images are taken by a digital microscope (II). 3. Bubbles are moved to a collection bin and detached from 

the needles. 4. The needles are lifted up until the needle tips are above the liquid, flushed with air for cleaning and 



 8 

simultaneously moved horizontally. 5. The needles are lowered slowly over an untouched spot of the particle bed into the 

liquid and the next cycle starts. 

As mentioned above, the use of induction timers is well known in the field of mineral processing. 

However, this work follows an approach never attempted before in order to monitor the distance at 

which interaction forces have a measurable influence. To that aim, it was decided to i) position each of 

the 6 bubble-producing needles at varying heights to obtain values of Patt with the same contact time; 

and ii) complement the measurement of Patt with high-speed camera videos (using a Photron 

FASTCAM SA 1.1) to visualise the approach and retraction of the bubble to and from the particle bed 

and measure the distance of the bubbles resting during the defined contact time either above or in contact 

with the particle bed. An example of the images taken by the digital microscope and the high-speed 

camera video are shown in Figure 2, together with an example of the graphical determination of the 

needle tip-particle bed distance, for which one pixel accounts for approximately 10 µm. The bubble 

sizes were between 1.98 and 2.09 cm with confident intervals smaller than 0.02 cm for cases without 

malfunction. As will be further discussed in Section 3, this experimental methodology allows the 

determination of Patt distributions dependent on tatt and H and is the key for calculating hydrophobicity 

parameters, i.e., . 

 

Figure 2: On the left, an example of images for the direct measurement of the particle-bubble distance (a), the bubble size (b) 

and the attachment of particles to bubbles (c). On the right, an example for the graphical determination of the distance between 

needle tip and particle bed, in which auxiliary lines are drawn in 20 pixel distances. 
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Prior to the measurements, a particle bed of approximately 2 mm thickness was prepared by an 

automated shovelling system embedded in the ACTA. Assuming a spherical shape for the examined 

samples, a homogenously packed bed was obtained for all measurements, irrespectively of the degree 

of hydrophobization. Contact times were set at 20, 40, 60, 80 and 100 ms. The approach and receding 

velocities were set to 200 mm/s. For each experiment, 66 measuring cycles were performed resulting 

in a total number of 396 bubble-particle contact events per experiment with their corresponding 

approach, resting and retraction movement recorded. When the Patt distributions over distance for each 

tatt were obtained, a Boltzmann sigmoidal function was applied to fit the data points. 

3. Results and Discussion 

3.1 Influence of distance (H) on the particle-bubble attachment probability (Patt) 

The Patt distributions over H for hydrophilic and hydrophobic silica glass beads of different size 

fractions are shown in Figure 3. It should be noted that the distance from the horizon (i.e. H = 0) for all 

attachment events is well beyond the sensitivity of the imaging technique used (i.e. 10 µm per pixel). 

At first glance, it becomes evident that Patt is not only a function of tatt, but also of H. Indeed, these 

results show that one could obtain a similar Patt at different values of tatt, provided that the air bubble is 

positioned at the proper H. As an illustrative example, in the set of experiments with 106-125 µm 

silanized particles, data points of Patt of 35% were obtained for both 20 and 100 ms, at distances of 0.1 

and 0.17 mm, respectively. This clearly shows the problematics of setting an arbitrary value of Patt (e.g., 

50%) to define tatt. 

The experimental results also show a clear distinction on the hydrophobic nature of the solid substrates 

under study on the domain of influence of attractive forces, as high Patt (i.e. > 50%) under non-

compressive attachments (NCA) are obtained only at distances smaller than 50 µm for unmodified 

particles, but can be found up to 150 µm for silanized particles. Regarding the influence of particle size, 

the two smallest fractions of silanized samples showed high Patt (> 50%) for NCA at distances greater 

than 100 µm while the larger fractions only for distances smaller than 100 µm. For unmodified samples, 
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only the smallest size fraction showed significant Patt (> 50%) without a compression of a bubble against 

the particle bed. It is important to notice also that, only in cases where bubbles were compressed against 

the particle bed (i.e., H < 0), it was possible to increase Patt for unmodified particles. This can be 

reasonably attributed to additional mechanical forces contributing to the liquid film rupture, as opposed 

to the purely interfacial attraction acting during NCA. Consequently, previously published results where 

compression occurred, present an inherent error if the compression forces are not accounted for. The 

latter may be one reason why the forces calculated with induction timers have not coincided with values 

predicted with other means (e.g., (Wang et al. 2005)). Furthermore, upon compression, all silanized 

samples showed a Patt close to 100%, thus not allowing a proper distinction between their morphological 

differences. Only in the case of unmodified particles, Patt significantly decreases with particle size when 

a bubble is compressed against the particle bed. A reasonable explanation is that the tenacity of the 

unmodified silica particles-bubble aggregate is low and thus, the probability of detachment is more 

evidently increased with larger particles. 

These observations suggest a rupture of the intervening liquid film and the formation of a stable wetting 

periphery at a measurable distance from the particle bed that is particularly efficient in the case of 

hydrophobic particles. The results presented in Figure 3 also show that, for the silanized silica glass 

beads, a sharp increase of Patt with respect to H occurs, irrespectively of the set contact time. It is 

generally accepted that the particle-bubble attachment occurs when the liquid film height is reduced 

down to a hcr after which the rupture of the intervening liquid film occurs. This hcr was determined for 

planar surfaces to be in the range of tens-of-nanometres for hydrophilic surfaces (Schulze et al. 2001) 

and up to tens of micrometres for hydrophobic surfaces (Padday 1970). In line with such findings, the 

results presented in Figure 3 show that the compression of a bubble with a spherical particle is likewise 

not necessary for their attachment, and that the distances at which attachment occurs with high 

probability can be in the range of several tens of micrometres for hydrophobic surfaces. In a previous 

study of Yoon et al. (Yoon and Yordan 1991), a shorter tatt in the range of 100 µs was detected for the 

case that a bubble is compressed against the particle bed. This supports the statement that the rupture 
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of the intervening liquid film and the expansion of the three-phase contact is spontaneous for particles 

with increasing hydrophobicity and indicates the profound impact of H on the attachment. 
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Figure 3: The Patt as a function of the compression between an air bubble and the particle bed for unmodified (left) and silanized 

(right) silica glass beads of different size fractions; error bars are 95% confidence intervals. Note that compressions are inverse 

values of H (i.e., compression = -H). 

At this point, it has to be mentioned that in the present state of this method, a distinction of the scale of 

hydrodynamic turbulences is not made, but is considered to be included as part of all possible forces 

acting upon bubble-particle attachment (i.e, F0). As seen, although the receding velocity could be 

considered relatively high, sufficiently hydrophobic particles overcome detachment when the needles 

recede from the particle bed. 

The results prove that H is a fundamental variable to define Patt, although this has been vastly 

overlooked in any previous studies on tatt. Consequently, Patt for a solid particle under defined aqueous 

conditions is a function of the solid surface wettability, contact time and the distance between particle 

and bubble (H). The observations discussed above are summarized in Figure 4, where the possible 

attachment mechanisms for bubble-particle aggregation are schematically represented. 
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Figure 4: The mechanism of the particle-bubble attachment at different distances. On the left, the attachment without particle-

bubble compression based on interfacial forces (solid lines), and on the right, the attachment when a bubble is compressed 

against a particle (bed) under the action of interfacial and mechanical forces (dashed lines). 

3.2 Calculation of drainage force (F0) and critical height (hcr) from attachment distributions (Patt) 

Once the difference between compressive and non-compressive attachment (NCA) mechanisms are 

understood and the relevant operating conditions including H have been identified, suitable models to 

process experimental data produced with an induction timer can be developed. Looking back at the 

model proposed in Eq. (2) for example, its application was limited since there is not a single unique 
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value of tatt and h0 in a bubble-particle system that can be used to deduce objective parameters. Rather, 

there are pairs of tatt and h0 values for each given Patt that can be used to determine values of hcr and F0 

for such probability. Much like any other property in the case of natural particles, tatt is in fact a 

distribution function. To avoid ambiguity, it is perhaps necessary to redefine hcr, h0 and F0. In this 

context: h0 represents a value of H at which an interaction between surfaces without compression is 

detected; hcr is the distance at which rupture is spontaneous (i.e., lim
𝐻→ℎ𝑐𝑟

𝑡𝑟 = o) and is therefore a 

distance where equilibrium is achieved immediately; and F0 represents the overall drainage forces. 

The model proposed by Wang et al., may not be fundamentally incorrect, but it was applied under 

incorrect assumptions by its authors. To test this hypothesis, regressions for each set of particle sizes 

using different h0 and tatt were hereby produced. For illustration, the set of data for 106-150 µm particles 

used to determine hcr and F0 at different Patt using a linearized form of Eq. (2) is shown in Figure 5. 

From the Figure it can be inferred that F0 and hcr will have different values depending on Patt and, most 

importantly, their derivation should be based on NCA data. Indeed, as earlier mentioned, compressive 

attachments make no distinction for significantly hydrophobic particles (e.g., the silanized particles 

hereby studied) invariably producing Patt values close to 100%. 
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Figure 5: The data obtained for contact time over the natural logarithm of measured h0 to obtain F0 and hcr for different Patt 

using silanized (silan) and unmodified (um) silica glass beads; lines represent the fit to a linear function. 
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Figure 6: Patt of silanized (silan) and unmodified (um) silica glass beads of different size fractions (lower limit displayed) as a 

function of hcr; lines to guide the eyes. 

The obtained dependence of Patt as a function of hcr and particle size is shown in Figure 6. As seen, 

silanized particles have a higher Patt compared to their unmodified fractions and the difference is more 

dramatic with increasing particle size. At any given hcr, an increasing Patt with decreasing particle size 

is consistently observed. In general, unmodified particles show a more profound sensitivity in terms of 

particle size compared to silanized ones. As already discussed before, only the smallest size fraction of 

unmodified particles lead to high Patt (> 50%) without a compression of the bubble with the particle 

bed. Interestingly, not only silanized particles showed significantly higher Patt than unmodified ones, 

but also the hcr calculated at comparable Patt is significantly larger, suggesting a wider domain of the 

attractive forces for the former. For all cases, Patt approaches a maximum value without compression 

as hcr approaches zero. 
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In Figure 7, Patt is shown as a function of F0. In general, the silanized samples show a higher Patt 

compared to the unmodified particles for a given F0. Furthermore, the difference between forces 

required to rupture the intervening liquid film for unmodified and silanized particles increases with 

larger particle sizes. 

 

 

Figure 7: Patt as a function of F0 for silanized (silan) and unmodified (um) particle size fractions (lower limit displayed); lines 

to guide the eyes. 

The comparison of the results presented in Figure 6 and Figure 7 within size fractions gives further 

insights about the requirements for successful particle-bubble attachment. First of all, silanized particles 

can attach to an air bubble over lengths significantly larger than unmodified particles. Indeed, the need 
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of larger F0 to obtain high Patt is compensated by interfacial forces only when particles are sufficiently 

hydrophobic. 

3.3 Strength of a particle-bubble aggregate (Es) in a gravitational and turbulent field 

After the study presented above on the variables affecting Patt, the possibility to characterize the 

wettability of microparticles can be explored. The quantitative characterization of the wettability of 

microparticles has represented a challenge that has not been overcome with the currently available 

experimental techniques. The commonly used methods for direct measurement of θ (e.g., sessile drop 

in a goniometer) have been demonstrated to be inappropriate to quantitatively determine the 

hydrophobicity of microparticles (Rudolph and Hartmann 2017; Yoon and Yordan 1991). However, as 

rightly mentioned by (Drelich and Marmur 2017), the study of wettability of microparticles, as opposed 

to model substrates used in direct measurements of θ, may provide further understanding on the 

implications of wettability of real systems at microscopic level. 

Based on the evaluation of NCA events presented above, the maximum possible Patt in the absence of 

forces other than interfacial can be found. In Figure 8, the experimental data points of maximum Patt 

obtained for silanized and unmodified silica glass beads obtained from NCA events (see Figure 6 and 

Figure 7) as a function of particle size are presented. Interestingly, Patt decays monotonically as a 

function of particle size in a profile that closely resembles the form of bubble-particle aggregation 

efficiency (ES) (Nguyen et al. 1997; Rasemann 1988): 

 

𝐸𝑠 = 1 − 𝑒
(1−

𝑇
𝐹𝑑𝑒

) 
(3) 

 

Where T is the tenacity of bubble-particle aggregates and Fde is the particle detachment force due to 

gravitational pull and tensile stress. 

ES is a familiar parameter used to characterize the properties of bubble-particle aggregates. Once a 

particle is attached to an air bubble, its propensity or strength to resist a detachment under the action of 
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gravitational forces and hydrodynamics is described by the tenacity of the particle-bubble attachment 

(Eq. (4)) and the detachment force (Eq. (5)) (Nguyen and Schulze 2004). 

Under the influence of a gravitational field and tensile stress, T and Fde are calculated with: 

 

𝑇 = π ∙ 𝑅𝑃 ∙ 𝛾𝑙𝑔 ∙ (1 − cos 𝜃) (4) 

𝐹𝑑𝑒 =
4 ∙ 𝜋 ∙ 𝑅𝑃

3 ∙ (𝑎𝑚 + 𝑔) ∙ ∆𝜌

3
 

(5) 

 

Here, 𝛾𝑙𝑔 is the liquid surface tension, 𝜃 is the advancing contact angle, 𝑔 is the gravitational 

acceleration, ∆𝜌 is the difference of density between solid particles and liquid phase, and am the eddy 

turbulent acceleration, representing the tensile stress on attached particles in turbulent fields, given by 

(Nguyen and Schulze 2004): 

 

𝑎𝑚 =
2𝜀∆𝑟/𝜈

[303/2 + (∆𝑟)2𝜀1/2𝜈−3/2]2/3
 (6) 

 

Where ∆𝑟 is the characteristic dimension of the bubble-particle aggregate, 𝜈 is the kinematic viscosity 

and 𝜀 the turbulent energy dissipating rate. 
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Figure 8: Theoretical ES for particles of different sizes possessing a  of 78° or 49° and the experimental results of maximum 

Patt for a non-compressive attachment of silica glass beads with different size and degree of hydrophobicity; dotted lines are 

only visual guidelines. 

As expected, Es as a function of particle radius shows a higher strength with increasing . The values 

calculated from experimental results follow the predicted trends of ES, showing that the values of 

maximum Patt without compression can be used to calculate  for microparticles with an air bubble 

immersed in water. This represents the first time that  values have been derived for fine particle beds 

using an induction timer. The regressions of the experimental data result in a three-phase  of 88° for 

silanized and 51° for unmodified silica beads. This gives a quantitative distinction between the species 

hereby studied. In the case of the unmodified particle fractions, the results show particularly close values 

of  to those obtained with the sessile drop method. On the other hand, for silanized particles, the 

discrepancy is larger with respect to the three-phase  on a flat surface. It is possible to attribute this to 

the inherent form of the exponential function, as it loses sensitivity when all probability values are close 
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to 100%, as is the case of the present study. A better fit of the function could perhaps be obtained by 

expanding the data set of particle sizes until the probability decays significantly. Nevertheless, the 

results show an objective distinction of the level of hydrophobicity of the two microparticle populations. 

The results follow only partly the theoretical expectations of the evolution of  with increasing surface 

roughness (Cassie and Baxter 1944), due to the deviation of the distances and a high sensitivity required 

for their determination. Accordingly, a sharp increase of Patt has been recognized for a short increment 

of distance Δd for H. Admittedly, a more precise estimation of  requires more accurate data produced 

at the h0 range between 50 and 100 µm (see Figure 3). Nevertheless, these results suggest that the 

exponential function of ES with increasing particle size can be used as a basis to calculate  from 

experimental data obtained with induction timers. This methodology could in principle be used to 

predict the floatability of mineral particles, but its applicability is not restricted to the field of mineral 

processing. Indeed, this could be used as a characterization technique in any field of materials science 

where a quantitative determination of the wettability of fine particles is needed. Further, the ACTA is 

not limited to the solid-water-air system, but is feasible to investigate interfacial forces between 

different kinds of immiscible phases. 

4. Conclusions 

The present study offers an in-depth analysis of the variables affecting the experimental measurement 

of tatt and a methodology for the calculation of  for microparticles based on non-compressive Patt. This 

work clearly demonstrates that tatt is only one parameter responsible for the generation of bubble-

particle agglomerates and should be rather defined as the time at which, for a certain distance H, the 

rupture of the intervening liquid film takes place with a certain probability.  

It was shown that the compression of a bubble against a particle is not sine qua non for their attachment. 

On the contrary, the often arbitrary force with which particles and bubbles are mechanically forced 

against each other to achieve Patt = 50% undermines an investigation of interfacial forces acting 

between them for distances larger than the minimum hcr. The attachment probability distributions, as 
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shown in Figure 3, enable the determination of F0 and hcr as a function of h0 for different attachment 

probabilities. This is a far more consistent relation compared to the currently accepted arbitrary 

definition of attachment time at a probability of 50%. Furthermore, the data produced so far with 

induction timers are based on a few repetitions and disregarding the mechanical force with which the 

particle and the bubble are forced against each other. A methodology including H clearly proved an 

extension of the hcr up to tens of micrometres (see Figure 6) as well as a significant increase of the 

attachment probability for a similar F0 (see Figure 7) after silanization of the silica glass beads. 

Consequently, the consideration of H enables a deeper understanding of the liquid film rupture. 

Through the analysis of the aforementioned characteristics of particle-bubble attachment events, a first 

attempt at quantifying the wettability of microparticles was carried out. Using the well-known form of 

Es, values of θ were calculated with similar values than those measured directly on planar surfaces. This 

is the first time that an unambiguous physico-chemical parameter of wettability is derived using an 

attachment timer and represents an approach that could be of use in various scientific disciplines. 
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