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The acoustic emissions generated by bubbles when they form are well understood and can be easily mea-
sured using a hydrophone and amplifier. Bubbles emit an audible sound not only when they form, but
also when two or more coalesce. In this case, however, the amplitude of the sound is higher than after
bubble formation. The difference in amplitude is enough to tell between bubble formation and bubble
coalescence. Based on this property, the capability of alcohols and salts to prevent coalescence right after
bubble formation at a capillary tube was studied. In general, the higher the gas flow rate through the cap-
illary the more intense the collisions between subsequent bubbles, which eventually leads to coales-
cence, hence a higher reagent concentration in the system is needed to protect the bubbles against it.
The reagent concentration at which coalescence is prevented can be seen as a local critical coalescence
concentration (l-CCC) at the gas flow rate tested. This allows generating a curve of l-CCC vs. gas flow rate
that can be used for comparison between different reagents. The paper presents results of l-CCC curves for
alcohols and salts. The l-CCC curves show a comparable effect on coalescence prevention between 0.4 M
NaCl and 8 ppm MIBC (a common frother), which is in agreement with the literature (Quinn et al., 2007).

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Flotation is widely used to separate particles according to their
hydrophobicity. In order to achieve the separation, particles are con-
tacted with bubbles (usually air bubbles) in water. The size and
number of bubbles in the flotation cell define the so-called gas dis-
persion properties, which are known to have a direct impact on flo-
tation performance (Schwarz and Alexander, 2006). For a given gas
flow rate, the smaller the bubble size the higher the bubble surface
area flux (Sb), and the higher the flotation rate constant (Gorain
et al., 1997), hence, small bubbles are preferred in the process.

Frothers are surface-active agents, also called surfactants,
widely used in flotation to contribute to the formation of small
bubbles (Cho and Laskowski, 2002; Finch et al., 2006, 2008; Grau
et al., 2005; Kracht and Finch, 2009a). Analysis of froth formation
emphasizes mechanisms that retard coalescence (Pugh, 1996;
Harris, 1982), an explanation extended to bubble generation
(Kracht and Finch, 2009b). This mechanism has led to the
definition of the critical coalescence concentration (CCC), which
corresponds to the reagent concentration at which bubble
coalescence is prevented (Cho and Laskowski, 2002).

Despite the difference between frothers and salts, the latter also
reduce bubble size (Machon et al., 1997; Quinn et al., 2007), which,
again, is explained by coalescence inhibition (Marrucci and
Nicodemo, 1967; Laskowski et al., 2003).

The aim of this project was to study bubble coalescence preven-
tion at bubble formation in a two-phase system (air–water) in the
presence of alcohols (surfactants) and salts. Coalescence was de-
tected by analysing the sound that bubbles emit when they form
or coalesce.

When a bubble is formed at a capillary, it emits a sound with a
characteristic frequency that is related to the size of the bubble
being formed (Minnaert, 1933). If the gas flow rate in the capillary
is increased, consecutive bubbles start to coalesce at the tip of the
capillary. When two bubbles coalesce, they also emit a sound, but
of higher amplitude than after bubble formation (Strasberg, 1956;
Manasseh et al., 2008). This difference in amplitude can be used to
detect bubble coalescence after formation at a capillary tube. Based
on this principle, a technique was developed and validated by
Kracht and Finch (2009b) to study the effect of reagent type and
concentration on coalescence prevention. The same technique is
used in this project.

2. Methodology

2.1. Experimental set-up

The experimental set-up (Fig. 1) comprises a 5 L acrylic tank
where air bubbles are injected through a glass capillary tube of
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Table 1
Summary of reagents used.

Reagent Formula Purity
(%)

Supplier

Propanol CH3(CH2)2OH 99.5 Sigma–
Aldrich

Butanol CH3(CH2)3OH P99.4 Sigma–
Aldrich

Pentanol CH3(CH2)4OH P99 Sigma–
Aldrich

Hexanol CH3(CH2)5OH 98 Sigma–
Aldrich

Heptanol CH3(CH2)6OH 98 Sigma–
Aldrich

Octanol CH3(CH2)7OH P99 Sigma–
Aldrich

MIBC (CH3)2CHCH2CH(OH)CH3 99 Sigma-
Aldrich

Cyclohexanol C6H11OH 99 Sigma–
Aldrich

2 Ethyl 1 hexanol CH3(CH2)3CH(C2H5)CH2OH P99.6 Sigma–
Aldrich

Sodium chloride NaCl >99.5 Merck
Potassium chloride KCl >99.5 Merck
Magnesium

chloride
MgCl2 99.0 Merck

Calcium chloride CaCl2 99.0 Merck
Ferric chloride FeCl3 99.0 Merck
Copper sulphate CuSO4 99.0 Merck
Zinc sulphate ZnSO4 99.5 Merck
Sodium carbonate Na2CO3 99.0 Merck
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254 lm inner diameter (6.4 mm external diameter). The gas used
was compressed air, and gas flow rate was measured and con-
trolled with a mass flow meter controller Omega model FMA
5508 (1–100 sccm, standard cubic centimetre per minute). The
acoustic emissions are measured with a hydrophone Brüel & Kjaer
type 8103 and amplified with a low noise charge amplifier Brüel &
Kjaer type 2635. The acoustic emissions were recorded with the
freeware audio software Audacity 1.3 beta.

2.2. Reagents

The reagents used comprise alcohols and salts. The alcohols
used were the homologous series of n-alcohols from propanol to
octanol (C3–C8) and the isomers: 2 ethyl 1 hexanol; methyl isobu-
tyl carbinol (MIBC); and cyclohexanol. The salts tested were:
sodium, potassium, calcium, magnesium, and ferric chloride;
copper and zinc sulphate; and sodium carbonate. Table 1 shows
a summary of the reagents used.

Solutions were made using Santiago tap water. Between tests,
the acrylic tank was emptied and carefully cleaned by rinsing the
tank five times with clean (tap) water.

2.3. Technique

The technique is well explained elsewhere (Kracht and Finch,
2009b), and can be summarized as follows: gas (air) is injected
through the capillary tube. The bubbling frequency at the capillary
increases with the gas flow rate until consecutive bubbles touch
each other and eventually coalesce. The coalescence is easily iden-
tified from the bubbles acoustic emissions.

For each reagent concentration the gas flow rate at which con-
secutive bubbles coalesce at the capillary tube is recorded. This al-
lows generating a curve of concentration vs. gas flow rate that
represents the maximum gas flow rate that can be injected through
the capillary without bubble coalescence at a given reagent con-
centration. The curve can be seen also as the reagent concentration
needed to prevent coalescence at the capillary for a given condition
of gas flow rate (i.e., a critical coalescence concentration). The
curve represents a boundary that divides coalescence events that
occur above the line from the non-coalescence region below it.

2.4. Local critical coalescence concentration (l-CCC)

The CCC, as defined in the literature (Cho and Laskowski, 2002),
is the frother concentration at which bubble coalescence is pre-
vented. This condition is determined from bubble size data as the
concentration at which the mean bubble size reaches a minimum.
Fig. 1. Experimental set-up for measur
The method based on bubble size data is indirect and does not con-
sider variables that affect the bubble size, other than frother con-
centration, such as the turbulence and gas flow rate in the cell.
On the other hand, the minimum mean bubble size can be reached
when bubble break-up events compensate coalescence events, and
not necessarily when coalescence is totally prevented, which is not
considered by the method either. The acoustic technique, however,
represents a direct measurement of the critical coalescence con-
centration for a given gas flow rate at the capillary, i.e., a local di-
rect measurement of the CCC, which will be referred as l-CCC in
order to differentiate it from the measurement based on bubble
size data. Therefore, the curves generated when varying the gas
flow rate represent curves of local critical coalescence concentra-
tion (l-CCC).

2.5. Homologous alcohols

Fig. 2 shows the l-CCC curves for the homologous series of alco-
hols from propanol to octanol (C3–C8). For each reagent, the higher
ing acoustic emissions of bubbles.



Fig. 2. Curves of coalescence prevention (l-CCC) for homologous alcohols.
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the curve in the plot the more effective the reagent to prevent coa-
lescence; for instance, at 10 ppm butanol the gas flow rate in the
capillary can be increased up to ca. 6 sccm without observing bub-
ble coalescence, whereas at 10 ppm pentanol gas flow rate can be
increased up to of ca. 9 sccm without coalescence, which means
that 10 ppm pentanol are more effective than 10 ppm butanol to
prevent coalescence.

As shown in Fig. 2, coalescence prevention increases with the
length of the carbon chain. This is evident from propanol to hexa-
nol (C3–C6), and the effect levels out at C>6, which is in agreement
with the literature (Keitel and Onken, 1982).

The effect that a change in the molecular structure has on
coalescence prevention is presented in Fig. 3. Fig. 3 (left) shows
the l-CCC for three C6 alcohols. Hexanol and MIBC, a C6 alcohol with
a branched structure, have a similar effect on coalescence preven-
tion. In a prior work, Kracht and Finch (2009b) found that MIBC
was more effective than hexanol. The difference may be due to
the purity of the reagent used in that work (technical grade). In
the current work, both hexanol and MIBC are of high purity
(98% and 99% respectively). Cyclohexanol is less effective to pre-
vent coalescence, which is attributed to the cyclic structure of
the molecule. Note that, strictly speaking, though it is a C6 alcohol,
this reagent cannot be considered a hexanol isomer since it has
two hydrogen atoms less than hexanol and MIBC in its structure.
Fig. 3. Effect of reagent structure (alc
Fig. 3 (right) shows the l-CCC for two C7 alcohols: heptanol and
its isomer 2 ethyl 1 hexanol. In this case a slight difference is ob-
served, the branched structured C7 alcohol being more effective
than the normal heptanol to prevent coalescence.

2.6. Effect of salts on coalescence prevention

Fig. 4 shows the l-CCC curves for salts. As it can be seen from the
figure, some of the salts present a behaviour that differs from that
of alcohols. In the case of alcohols a well-defined l-CCC curve was
observed. Some of the salts, however, did not show a sharp transi-
tion between non-coalescence and coalescence, but a transition
zone where sporadic coalescence (or partial coalescence preven-
tion) was observed. In other words, there is not a well-defined
boundary between non-coalescence and coalescence region, which
means that when the gas flow rate is increased, it reaches a point
(Q1) where only some of the coalescence events are prevented in a
process that appears to be random. If the gas flow rate is further
increased, it eventually reaches a point (Q2) where coalescence be-
tween consecutive bubbles is not prevented at all. Since below Q1

there are no coalescence events, and between Q1 and Q2 there is
partial coalescence prevention (sporadic coalescence events), these
gas flow rates allow defining the transition zone, which corre-
sponds to that between the complete coalescence prevention (Q1)
and the partial coalescence prevention (Q2) in Fig. 4.

A transition zone between non-coalescence and coalescence
was observed for sodium, potassium, and calcium chloride. It
was less evident for magnesium chloride, and almost negligible
for the rest of the salts tested. These salts, namely copper and zinc
sulphate, ferric chloride, and sodium carbonate, show the same
behaviour as alcohols.

The transition zone has been previously reported in the litera-
ture. Christenson et al. (2008) for instance, measured the fraction
of contacting bubble pairs that coalesce as a function of electrolyte
concentration. They found that both, NaCl and CaCl2 show a some-
how smooth transition to bubble coalescence inhibition. The same
was observed by Nguyen et al. (2012) for NaCl in a small bubble
column.

Kurniawan et al. (2011) showed that MgCl2 reduced bubble coa-
lescence more than NaCl in the froth phase of a laboratory flotation
cell. This is in agreement with the results of coalescence prevention
presented in Fig. 4 for both salts. The curve of coalescence preven-
tion for magnesium chloride is above that of sodium chloride. This,
together with the fact that sodium chloride exhibits a more pro-
nounced transition zone than magnesium chloride, means the lat-
ter is more effective than NaCl to prevent bubble coalescence.
ohol) on coalescence prevention.



Fig. 4. Curves of coalescence prevention (l-CCC) for salts.
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According to Weissenborn and Pugh (1996), the surface tension
gradients generated in presence of electrolytes are significantly
smaller than those generated by surfactants, therefore, the coales-
cence prevention cannot be attributed to Gibbs elasticity as in the
case of frothers. Safouane and Langevin (2009), on the other hand,
show that there is no significant viscoelasticity below 2 M NaCl or
CaCl2, a concentration that is above the concentrations tested in
the current work. It has been proposed that electrolyte has an ef-
fect on the small-scale structure of solution at the interface that
may determine coalescence inhibition (Henry et al., 2007). This ef-
fect may be related to the affinity of salt ions to water molecules
(Nguyen et al., 2012), an explanation that focuses on the behaviour
of ions at the interface. When cations and anions have different de-
grees of affinity for the approach to the interface, this results in a
repulsive interaction between bubble surfaces due to the electrical
double layer (Marcelja, 2006), and coalescence is inhibited.
Fig. 6. Determining equivalent frother (MIBC) concentration.
2.7. Combined effect of MIBC and NaCl

Seawater has a high concentration of NaCl (around 0.5–0.6 M),
with important secondary ions such as, sulphate ions, magnesium
ions and bicarbonate ions (Castro, 2012). On the other hand, sev-
eral concentrators are either using or considering the use of seawa-
ter to satisfy the water demand of the process; therefore, the effect
that high concentrations of sodium chloride (NaCl) has on the pro-
cess, in this case on coalescence prevention, is of great interest.

Fig. 5 shows the combined effect of the common frother MIBC
and a high concentration of NaCl (0.5 M). The presence of 0.5 M
NaCl in the solution displaces the l-CCC curve of MIBC upwards,
increasing its ability to prevent coalescence. Despite the fact that
sodium chloride alone shows two regions, namely total coales-
cence prevention and partial coalescence prevention, the combined
effect of MIBC and NaCl 0.5 M does not show sporadic coalescence
events, but a well defined l-CCC curve. From a practical point of
view, this observation suggests that concentrators operating with
seawater would need a lower frother concentration to prevent
bubble coalescence.
2.8. Equivalent frother (MIBC) concentration

Since both alcohols and salts have the capability to prevent
bubble coalescence, it is interesting to establish an equivalent con-
centration between them based on a comparison of their l-CCC
Fig. 5. Effect of salt (NaCl, 0.5 M) on the l-CCC curve of MIBC.
curves. Fig. 6 shows the determination of the equivalent concentra-
tion between MIBC, an alcohol and also a common frother (upper
axis) and NaCl (lower axis). The figure shows that a concentration
of 0.4 M NaCl is comparable to 8 ppm MIBC, which is in agreement
with the equivalent concentration determined using gas holdup in
the collection zone as a way of comparison for a three-phase sys-
tem (Quinn et al., 2007). From Fig. 5 it can be seen that 0.5 M NaCl
is equivalent to ca. 9.5 ppm MIBC (auxiliary lines for determination
not shown). This equivalence has been found (Bournival et al.,
2012) to be related to the comparable coalescence times between
relatively concentrated solutions of NaCl and small amounts of
MIBC.
3. Conclusions

The concept of local critical coalescence concentration (l-CCC)
curve is introduced. The l-CCC represents a direct measurement
of the critical coalescence concentration at a given gas flow rate.
The l-CCC curves can be used to compare reagents in terms of their
ability to prevent bubble coalescence.

The ability of the homologous series of alcohols (C3–C8) to pre-
vent coalescence increases with the number of carbons up to C6

(hexanol). After that (C7–C8) the ability levels out. The effect of
molecular structure is also presented. It is observed that there is
a great difference between an aliphatic linear (hexanol) or
branched (MIBC) and the cyclic C6 alcohol (cyclohexanol). In the
case of linear vs. branched structures (C6, C8) the difference in coa-
lescence prevention is minor. For all the alcohols tested, a well-de-
fined l-CCC curve was observed.

Salts also show coalescence prevention, however, unlike alco-
hols, some of the salts tested did not show a sharp transition be-
tween non-coalescence and coalescence, but a transition zone
where sporadic coalescence was observed. A transition zone be-
tween non-coalescence and coalescence was observed for sodium,
potassium, and calcium chloride. The transition zone was less evi-
dent for magnesium chloride, and almost negligible for the rest of
the salts tested. In that sense, copper and zinc sulphate, ferric chlo-
ride, and sodium carbonate, presented the same behaviour than
alcohols.

It was found that the l-CCC curve for MIBC in the presence of
0.5 M NaCl (concentration typical of seawater) was displaced up-
wards compared to the l-CCC curve for MIBC in fresh water (with
no salt). From a practical point of view, this observation suggests
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that concentrators operating with seawater would need a lower
frother concentration to prevent bubble coalescence.

Finally, the l-CCC curves were used to establish an equivalent
concentration between the alcohol and also common frother
(MIBC) and sodium chloride. The l-CCC curves show a comparable
effect on coalescence prevention between 0.4 M NaCl and 8 ppm
MIBC, which is in agreement with the literature.
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