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INTRODUCTION
The mass transfer of solids to the bubble surface and subsequently to the froth and then to the 
product lauder is, among others, a complex function of bubble size. Frothers have multiple effects: 
they stabilize and decrease the bubble size and create an optimal stability of the froth phase; change 
the surface tension of the air-liquid interface; prevent coalescence above the critical coalescence 
concentration and effect the motion of the bubbles in the pulp. 

The bubble motion is one of the key parameters in understanding  otation. It will affect among 
others the gas hold-up, the attachment and detachment probabilities. Several authors have therefore 
studied bubble motion. The challenges in this kind of studies are two-fold. The  rst challenge comes 
from the fact that the boundary layer around a bubble is affected both by hydrodynamically and by 
chemically induced phenomena, which interact and remain in a dynamic steady-state. The second 
challenge comes from the dif  culty of observing this interaction due to small time scales i.e. fast 
adsorption rates.
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ABSTRACT
Flotation frothers are widely used to reduce bubble size in the  otation processes; however there is 
no clear understanding on the mechanisms of how these reagents affect the bubble formation and 
stability. Several authors have investigated the behaviour of bubbles in presence of frothers, static 
and dynamic surface tension effects, etc. Nevertheless it is still not clear why for example, very low 
concentrations of frother (5-10 ppm) already decreases the bubble size and prevents coalescence, 
even if surface tension is not decreased signi  cantly. 

The bubble formation and behaviour in  otation is most probably governed by the sub-millisecond 
adsorption phenomena taking place at air/liquid interfaces. This research aims to gain understanding 
on the mechanism of frother action with a new approach. It combines a high speed imaging 
technique (5400 fps) and dynamic surface tension measurements to investigate these fast (10-2…10-5 
s) processes. 

Three of most widely used  otation frothers, such as Dowfroth 200, Dowfroth 250 and Nasfroth 
240, were investigated. The study aimed to  nd relationship between the dynamic surface tension 
and initial stages of bubble rise, and bubble oscillation as these are considered to give indication on 
the fast adsorption tendency of frothers. 

The results of the study show, that the rising velocity and oscillatory motion of the bubbles in Dowfroth 
250 and Nasfroth 240 solution is quite similar, even if their molecular structure and molecular weight 
is different. These frothers most probably exhibit larger adsorption/desorption hysteresis that leads 
to accumulation of molecules on the surface that renders the surface of the bubble more rigid. The 
Dowfroth 200 however, has molecular weight equal to the Nasfroth 240, but has very fast adsorption/
desorption kinetics and small hysteresis, resulting a mobile,  exible bubble surface. 

The results suggest, that the governing phenomenon affecting the bubble behaviour in  otation is 
most probably the adsorption/desorption hysteresis of the surfactant.

Keywords: dynamic surface tension, bubble rise velocity, bubble shape,  otation frothers
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The most common approach in the previous studies has been to study the longer-term equilibrium 
state. Fuerstenau and Wayman (1958) measured the rising velocity pro  le of a bubble in distilled 
water and the changes in the presence of a surfactant. They observed the rise velocity pro  le to consist 
of three stages. In the  rst stage the bubble accelerates rapidly to a maximum velocity, in the second 
stage decrease to the terminal velocity, followed by a third stage when the velocity stays constant. 
Sam (1995) called the  rst stage the Maximum Velocity region. The time interval of the  rst stage is 
about 0.2 s. In pure distilled water the bubble maximum velocity at stage 2 is equal with its terminal 
velocity at stage 3. The  rst two stages were dependent on both the frother concentration and the 
frother type, while the third stage was found to be only a function of the frother type (Sam, 1995).

There are several experimental papers about the local velocities of single bubbles in surfactant 
solutions in conditions believed to have reached the terminal bubble rising velocity and the surfactant 
adsorption equilibrium (Aybers and Tapucu (1969a, 1969b), Sam (1995), Ybert and Meglio (1998), 
Zhang, McLaughlin and Finch (2001), Zhang, Sam and Finch (2003), Krzan and Malysa (2002), 
Krzan, Zawala and Malysa (2007) and Malysa, Kraskowska, Krzan (2005). Krzan and Malysa 
(2002) made also local velocity measurement in the proximity (distance less than 40 mm) of the 
capillary with n-butanol, n-hexanol and n-nonanol solutions. This distance showed more detailed 
information about the  rst two stages of the rising velocity pro  le. Krzan et al (2007) took images 
with 50 ms time resolution in order to analyse the fast acceleration of the bubble immediately after 
detachment. N-pentanol was used in different concentration for these measurements. They found 
that the measured data for different concentrations are well approximated by linear  tting and 
the slope of the lines is decreasing with increasing surfactant concentration. Aybers and Tapucu 
(1969a and 1969b) measured trajectories of different bubble sizes and found  ve types of movement 
dependent on the bubble size, its Reynolds and Eotvos numbers. They also observed that with the 
accumulation of surfactants the studied systems never reached a stable terminal velocity. Wu and 
Gharib (2002) investigated the rising velocity of bubbles gently pushed from a capillary in ultra-pure 
systems at distances of about 2.5 cm from the release point. They found that there was a marked 
effect on the bubble shape by the capillary diameter. The large curvature of the bubble pushed from a 
small capillary caused at the time of detachment a surface wave that propelled the bubble to a higher 
velocity. With larger capillaries the bubble obtained oblate shapes and started to rise in a zigzag 
(spiralling) motion. This was theoretically explained by Shew, Poncet and Pinton (2006). They 
attributed the zigzag movement to dynamics of the wake vortices which cause lift and drag force 
oscillations having a dynamic response time of about 25 ms. They found in tap water that the speed 
oscillations of bubbles were twice the path oscillations.

These studies assume either the hydrodynamic or the surfactant adsorption to be in equilibrium. 
This is not the case in  otation immediately after the formation of a bubble. Cho and Laskowski 
(2002) have shown that the size of bubbles generated with a single-hole sparger does not depend on 
frother concentration. Therefore the observation of the movement of a bubble immediately after its 
detachment from the capillary gives information of the adsorption rate and of the surface viscosity 
created by the adsorption. It will also reveal differences between different surfactants. Krzan, 
Lunkenheimer and Malysa (2004) argue that the surfactants polar groups do not greatly contribute 
to the bubble rising velocity. However the work of Krzan and Malysa (2002) on n-butanol, n-hexanol 
and n-nonanol indicates that the hydrocarbon chain-length seems to affect the concentration at 
which the surface obtains similar “surface immobilisation” degree, however they detected no other 
hydrodynamic effects attributed to the chain-length. This can be explained by steric effects causing 
the tangential velocity on both sides of the boundary to decrease causing an increase in the drag 
force. Very little studies have been performed on the commercial commonly used frothers with more 
complex hydrocarbon chains than the n-butanol, n-hexanol and n-nonanol represent. 

EXPERIMENTAL
The study of the fast adsorption phenomena of different common frothers was studied by observing 
the initial velocity and shape of a bubble at the  rst 50 ms after releasing it from a capillary. The 
frothers studied were Dowfroth 200 and 250 and Nasfroth 240. The baseline results were obtained 
with ultra-pure water. 

Three sets of experiments were performed. The  rst test series investigated the effect of frother 
type on the dynamic surface tension, bubble rising velocity 2D surface area and bubble aspect ratio 
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in the presence of equal frother concentration. The frother concentration was chosen to be 100 ppm, 
resulting different surface tension values for each frother. The concentration in mol/l was equal for 
DF 200 and NF 240 at 0,098 mmol/l and for DF 250 it was 0,075 mmol/l. A series with a constant 
molar concentration was not performed.

In the second set of tests the “equal surface tension equivalent concentration” approach was taken. 
This means that the bubble rising velocity and bubble pressure measurements were performed at 
the concentration where the particular frother solution exhibited a surface tension of 61 mN/m. This 
resulted the concentration of 7000 ppm for DF 200, 500 ppm for NF 240 and 100 ppm for DF 250. 

In the third test the concentration of the surfactant solutions was decreased to the  otation range. 
Grau, Laskowski and Heiskanen (2005) investigated the CCC values for DF 200 and DF 250 with 
the use of the HUT (Helsinki University of Technology) bubble size analyser technique. They found 
the experimentally determined CCC value for DF 200 is 13.8 ppm and for DF 250 is 9.1 ppm. As 
there was no value in the literature on the CCC point of the NF 240 frother, based on the chemical 
composition and surface tension data we assumed that the 8 ppm and 25 ppm frother concentration 
are below and respectively above the CCC concentration for all the three studied frothers, thus these 
concentrations were tested.

Materials
The Dowfroth 200 (DF 200), Dowfroth 250 (DF 250) and Nasfroth 240 (NF 240) frothers were 
obtained from Nasaco International Ltd. The chemical composition of the surfactants is summarised 
in Table 1. The DF 200 and 250 are polypropylene glycol methyl ethers. The NF 240 is a triethylene 
glycol butyl ether. These frothers were chosen, because there are several articles available in the 
literature about the effect of DF 200 and DF 250 on bubble size and surface tension, and this it serves 
as a good basis for the experimental work done in this research. The NF 240 was chosen because its 
molecular weight is similar to the DF 200, but the molecular structure differs. 

The frother solutions were prepared by using ultra pure water (upw) with resistivity is 18.2 M  
obtained from a Millipore Direct-Q water puri  cation system. Each sample was 500 ml. 

Methods
Equilibrium surface tension measurements
The equilibrium surface tension was measured with the pendant drop method using Cam 200 contact 
angle and surface tension measuring instrument (KSV Instrument Ltd.) The obtained equilibrium 
surface tension isotherm was used to de  ne the comparable concentration for the measurements. 

Bubble creation and monitoring
High-speed imaging was used to monitor the bubble movement and maximum bubble pressure method 
for the dynamic surface tension measurements. The two methods were used simultaneously.

The experimental set-up is shown schematically on Figure 1. It consists of a Bubble Pressure Analyser 
(BPA-800P from KSV Instrument Ltd.), a high-speed video camera (Photron Fastcam SA-1), a glass 
sample vessel and a thermostated acrylic bath. The video camera and the BPA-800P instrument are 
connected to a PC that collects and analyses the data.

Bubble Pressure Analyser was used to create bubble, and at the same time, to measure the dynamic 
surface tension of the solution. Bubbles were added through a hook-shaped steel capillary with 
0.26 mm inert diameter. Diameter of the created bubbles was approximately 2.5 mm. The air  ow 
rate was measured and controlled by the BPA-800P. 

Common name of frothers Chemical formula Molecular weight

NF 240 C4H9(OCH2CH2)3OH 206.28

DF 200 CH3(OC3H6)3OH 206.29

DF 250 CH3(OC3H6)4OH 264.37

TABLE 1
List of frothers used in the experiments.
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The operation principle of Bubble Pressure Analyser is based on the measurement of the maximum 
pressure in a growing bubble at the tip of a capillary, which is immersed into the studied solution. 
The growing bubble radius decreases up to a hemisphere and then increases again. The maximum 
pressure (P) is obtained at the hemispherical size. When the bubble passes this maximum pressure 
it grows quickly and detaches from the capillary. The time from the start of bubble formation until 
the hemisphere stage is named bubble lifetime or surface time and from the hemisphere state till 
detachment is called dead time. The surface tension ( ) can be calculated with the Laplace equation 
(  = P·r/2, where r is the inner radius of the capillary).

Constant lifetime mode was used for the measurements, which means identical bubble lifetime 
(0.1 s) for every recorded bubble independently from the type and/or concentration of the solution. 

The sample vessel was a square based glass column (74x74x115 mm)  lled up with 500 ml sample 
solution and immersed into the water  lled acrylic bath. The solution was kept at constant 21 ± 1 ºC 
temperature during the measurements. 

The high-speed video camera with a resolution of 640x1008 pixels, frame rate 5000 frames/second 
was set to view the area of interest that extends from the tip of the capillary to the surface of the 
solution. The distance between these two points was 160 mm. 

Image analysis
Eight bubbles were recorded with each sample-solution. The recorded images were analysed with 
Matrox Inspector image analysis software. The measured parameters were the area (A), the horizontal 
(dh) and vertical (dv) diameters and the middle point position (x, y) of the bubbles. 

The rising velocity was calculated from the change of the middle point position of the bubble along 
the y-axis in consecutive pictures. The range between the two y-values divided with the time interval 
between the two frames (0.2 ms) provides the rate of the rising velocity. The oscillation/aspect ratio 
of the bubbles was de  ned as the ration between the horizontal (dh) and vertical (dv) diameter. 

RESULTS AND DISCUSSION
The surface tension – concentration isotherms shown on Figure 2 illustrate the change in surface 
tension as a function of concentration and frother type. A number of articles have investigated the 
effect of chain-length on the surface tension in case of DF 200 and DF 250 (Laskowski, 1998), but 
there is no data available for the NF 240. As Table 1 shows, the molecular weight of the DF 200 and 
NF 240 are the same however the structure of the two chains are different and this seems to have an 
affect on the dynamics of adsorption as can be seen from Figure 3a. 

FIG 1 - Schematic of the experimental set-up.
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At 100 ppm concentration the dynamic surface tension of the DF 200 shows a small difference 
compared to the surface tension of ultra-pure water with no apparent mass transfer limiting region. 
In the presence of NF 240 and DF 250 slower dynamics can be observed in mass transfer limiting 
region while the surface tension decreases. 

The lower the surface tension, the slower the bubble rising velocity in the initial part of the bubble 
velocity pro  le (Figure 3b). The DF 250 shows the lowest rising velocity as could be expected. 

FIG 2 - Eff ect of DF 200, NF 240 and DF 250 concentration on equilibrium surface tension. The arrows show the concentration and surface tension values 
where the experiments were performed.

FIG 3 - A comparison of DF 200 with NF 240 and DF 250 at similar (100 ppm) frother concentration (upw denotes ultra pure water): a.) Dynamic surface 
tension; b.) Bubble rising velocity; c.) 2D area of bubble; d.) Aspect ratio of bubble.
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NF 240 can be said to behave in a similar way as also observed by the results of Krzan and Malysa 
(2002) in different alcohol solutions. However the DF 200 behaves in a different way showing only 
very small velocity retardation compared to the ultra-pure system. The projected bubble area and 
aspect ratio ( ) (Figure 3c and d) show that the bubbles are deforming fast and do not exhibit a 
constant shape unlike the NF 240 and the DF 250, which exhibit an aspect ratio of roughly 1,1. This 
corresponds well with the values found in the literature for this type of systems. The NF 240 shows 
also some oscillations. The early oscillations are related to the adsorption of the surfactant. The  rst 
test series showed that the DF 250 has a fast cumulative adsorption response while the NF 240 is 
much slower and the DF 200 did not really accumulate any such surface coverage that would have 
caused strong surface immobilisation. 

For a constant surface tension the DF 250 concentration was at 100 ppm. Comparing the results 
with the test in test series one show a high experimental reproducibility. The concentration for the 
NF 240 was  ve fold. The results show a much faster accumulative adsorption than with the lower 
concentration of the test 1. The rate of the “surface immobilisation” was comparable to that of the 
DF 250. The aspect ratios of the bubbles remained at the value of 1,1 (Figure 4).

The DF 200 concentration was 70 times higher in this test than in the previous test. The DF 200 
showed very fast adsorption kinetics, reaching the equilibrium surface tension value basically 
immediately. However, the surface immobilisation was not very high and the rising velocities almost 
those of the ultra-pure system. The aspect ratios, however, differed markedly. The aspect ration 
oscillations continued suggesting again a very  uid surface. At the end of the measurement period 
the aspect ratios were at above 1,6.

The 8 ppm solutions below the CCC value, gave similar equilibrium surface tension (Figure 2) 
and rather similar early stage rising velocities (Figure 5a). However, the bubble aspect ratio in the 
presence of DF 250 never exceeded the 1.6 value (Figure 5b) while with the other two frothers the 
aspect ratio increased to 2.2. This means that the DF 250 renders the bubble surface rigid already 

FIG 4 - A comparison of DF 200 with NF 240 and DF 250 at similar (61 mN/m) equilibrium surface tension (upw denotes ultra pure water): a.) Dynamic surface 
tension; b.) Bubble rising velocity; c.) 2D area of bubble; d.) Aspect ratio of bubble.
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at a low concentration. When the concentration of the frothers was increased to 25 ppm, above the 
CCC point, the difference in the surface tension and in the rising velocity became more apparent (see 
Figure 2 and Figures 5c and d). In the case of all frothers the aspect ratio decreased, as expected, the 
DF 250 having the most signi  cant effect. The decrease in bubble aspect ratio resulted a signi  cant 
decrease of the bubble rising velocity, which agrees well with the  ndings of Sam (1995). 

The results show that the DF 250 and the NF 240 behave in a comparative way even if the structure 
of the DF 250 is branched and the structure of NF 240 is linear. The mechanism can be explained 
by the difference of adsorption and desorption rates being such that the surfactant accumulates on 
the surface making it more rigid; i.e. increasing its surface viscosity. The retardation of the velocity 
would be partly because of the Hadamard-Rybzynski effect. The causal effect of the increased surface 
viscosity is steric in nature. The dynamic surface tension data suggests that the accumulation of these 
surfactants can be successfully modelled by a simple  rst order model. These surfactants behave in a 
similar way than the n-butanol, n-hexanol and n-nonanol (Krzan and Malysa, 2002).

The DF 200 behaves in a different way. It has a very fast adsorption rate but the results show 
also a very fast desorption rate. It seems apparent that the difference between the adsorption and 
desorption rates is very small. It results into a very dynamic behaviour of the surfactant on the 
surfaces. This also explains the formation of small bubbles (Grau, Laskowski and Heiskanen 2005) 
and lack of coalescence even if the static surface tension is only a little lower that that of the ultra-
pure system. 

In industrial  otation cells the  rst few milliseconds of the bubble lifetime are most probably the 
most in  uential on the outcome of the process. Therefore the result suggests that the best industrial 
frothers must have fast adsorption kinetics like the DF 200 has but must also exhibit small adsorption/
desorption hysteresis.

FIG 5 - A comparison of DF 200 with NF 240 and DF 250 at low (8 ppm, 25 ppm) frother concentration (upw denotes ultra pure water): a.) Bubble rising 
velocity below the CCC point (8 ppm); b.) Aspect ratio of bubble below the CCC point (8 ppm); c.) Bubble rising velocity above the CCC point (25 ppm); 

d.) Aspect ratio of bubble above the CCC point (25 ppm).



Z JÁVOR, N SCHREITHOFER AND K HEISKANEN

XXV INTERNATIONAL MINERAL PROCESSING CONGRESS (IMPC) 2010  PROCEEDINGS  /  BRISBANE, QLD, AUSTRALIA  /  6 - 10 SEPTEMBER 2010 8

CONCLUSIONS
The results described above lead to the following conclusions:

Immediately after the detachment of the bubble independently of the type and /or concentration 1. 
of the frother a momentary deformation wave is formed rippling over the bubble surface. In ultra-
pure water and in presence of a weak frother (DF 200) no dampening effect can be observed, while 
in case of stronger frothers the oscillation is dampened and the rigidity of the bubble increases 
with the strength of the frother (NF 240 < DF 250). This dampening is a function of the surface 
viscosity.
The  ndings suggest that even if the molecular weight of the DF 200 and NF 240 are similar, the 2. 
effect of these frothers on the surface tension and bubble behaviour is different, the NF 240 being 
a stronger frother. This agrees with the  ndings of Laskowski (1998), stating that by introducing 
branching in the surfactant molecule, the surface activity decreases. 
The surface tension and rising velocity of the bubble is almost unaffected by the surfactant type 3. 
below the CCC, value even if the bubble aspect ratio changes. The rising velocity below the CCC is 
almost equal to the rising velocity in ultra-pure water. 
With decreasing surface tension the bubble rising velocity decreases too, however the rate of 4. 
the retardation strongly depends on the structure of the frother due to the different adsorption/
desorption rates.
The adsorption/desorption hysteresis is most likely the phenomenon effecting the bubble size 5. 
and behaviour in  otation. 
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