
Journal of Colloid and Interface Science 337 (2009) 548–554
Contents lists available at ScienceDirect

Journal of Colloid and Interface Science

www.elsevier .com/locate / jc is
Drainage mechanism of microbubble dispersion and factors influencing its stability

Wanhua Feng a, Naresh Singhal a,*, Simon Swift b

a Department of Civil and Environmental Engineering, University of Auckland, Auckland, New Zealand
b Department of Molecular Medicine and Pathology, University of Auckland, Auckland, New Zealand
a r t i c l e i n f o

Article history:
Received 30 December 2008
Accepted 21 May 2009
Available online 27 May 2009

Keywords:
Colloidal gas aphron
Emulsion
Wet foam
Dry foam
Biosurfactant
Synthetic surfactant
Rhamnolipid
Drainage model
Rate of drainage
0021-9797/$ - see front matter � 2009 Elsevier Inc. A
doi:10.1016/j.jcis.2009.05.054

* Corresponding author. Fax: +64 9 373 7462.
E-mail address: n.singhal@auckland.ac.nz (N. Sing
a b s t r a c t

Microbubble dispersion stability is a desirable characteristic in applications such as separation processes
and in-situ bioremediation. This study investigates the effects of surfactant concentration, pH and ionic
strength on the stability of dispersions of rhamnolipid, a common anionic biosurfactant. Microbubble dis-
persions of rhamnolipid and the non-ionic synthetic surfactant tergitol 15-S-12 were prepared by inten-
sive stirring at 8000 rpm with solutions of 500–4000 mg l�1 surfactant concentration at pH 6–8. The ionic
strength tests were performed with 1000–3000 mg l�1 sodium chloride. Dispersion stability increases for
higher surfactant concentrations, but decreases with rising pH and increasing salt concentration. How-
ever, increasing the pH in the co-presence of salt enhances dispersion stability. A modified model show-
ing improved fits to liquid drainage from the dispersions is presented and it is shown that liquid drainage
occurs in three distinct phases, instead of two phases as previously assumed in the literature.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Microbubble dispersions are suspensions of minute spherical
gas bubbles encapsulated by a soapy liquid film in an aqueous sur-
factant solution [1,2]. The small size of the bubbles (25–100 lm)
gives them colloidal properties and so the dispersion is also termed
colloidal gas aphron [1,3]. The hypothesized structure of a micro-
bubble comprises of a gas core encapsulated by multiple layers
of surfactant molecules, which retard coalescence of the microbub-
bles, thereby giving it remarkable stability compared to conven-
tional bubbles [4]. This feature coupled with a large interfacial
area arising from the small bubble size has resulted in its applica-
tions in separation processes [5–9]. It has been suggested that
microbubble dispersions can enhance bioremediation by effec-
tively increasing mass transfer of oxygen and nutrients in the sub-
surface [10–12].

The stability of microbubble dispersions is a critical property
with implications for the above discussed applications [2]. In con-
ventional aqueous foam the stability is determined by the rate at
which liquid drains from foam and the rate of foam break down
[13]. However, in microbubble dispersions liquid drainage rate is
the principle parameter determining stability because no percepti-
ble breakdown of bubbles takes place prior to the majority of liquid
being drained from dispersion [14]. Three main process parameters
(surfactant and electrolyte concentrations and pH) have shown to
ll rights reserved.

hal).
have significant effects on dispersion stability. In general, increas-
ing the surfactant concentration raises the dispersion stability
[3,15,16], but increasing the electrolyte concentration has an ad-
verse effect on the stability. The reported effects of pH on micro-
bubble stability have been inconsistent with some studies
showing no effect [16–18] and others reporting a strong, but com-
plex, dependence on pH [19]. For example, the dispersion stability
of cationic surfactant TTAB increased as pH was raised from acidic
to neutral conditions, but then sharply decreased when the pH was
made alkaline [19]. Reasons for such inconsistent behavior have
not been adequately discussed in the literature.

Microbubble dispersions resemble emulsions and it has been
suggested that their drainage mechanism differs from conven-
tional foams, the latter typically exhibiting an exponential de-
crease in drainage with time [4,13,17,20]. The drainage of
microbubble dispersions has been described in terms of microbub-
bles rising as per the Stroke’s velocity [19] or a two-stage process
consisting of an initial stage during which liquid drains under grav-
ity followed by a stage in which foam breaks down due to thinning
of films between bubbles [14,17]. However, the two-stage process
is similar to the drainage mechanisms proposed for conventional
wet foams [20–22]. These conceptual models for the drainage of
microbubble dispersions in the current literature appear to be
incomplete and do not provide a satisfactory explanation for the
observed differences between the drainage curves for microbubble
dispersions and conventional foam.

Previous characterization studies have primarily been con-
ducted using microbubble dispersions of synthetic surfactants.
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Studies with microbubble dispersions prepared from natural sur-
factants or from mixtures of surfactants have been limited. Such
studies may potentially have a significant impact as studies with
dispersions of saponin, a plant-based natural surfactant show that
these are more stable than those of synthetic surfactant SDS [23]
and that dispersions of combined synthetic surfactants can remain
stable for days [11]. In addition, biosurfactants such as rhamnoli-
pid, a rhamnose-containing glycolipid surfactant produced mainly
by Pseudomonas aeruginosa, have a lower environmental toxicity
and are therefore preferable to synthetic surfactants in many
industrial applications [24].

This study investigates the effects of biosurfactant concentra-
tion, solution pH, and electrolyte concentration on the stability of
rhamnolipid microbubble dispersions relative to the non-ionic
chemical surfactant Tergitol 15-S-12. In addition, the study ex-
pands on the mechanisms of microbubble dispersion drainage to
fill the gap in current understanding and presents a modified mod-
el showing improved fits to dispersion drainage data.
Table 1
Microbubble characteristics at various experimental conditions (standard deviations
are provided in parentheses).

Surfactant
concentration
(mg l�1)

pH Solution
viscosity (cP)

Mean bubble
diameter (lm)

Gas volume
fraction (%)

Rhamnolipid 500 6 1.52 70 (3) 71 (0)
Rhamnolipid 500 7 1.59 69 (4) 67 (2)
Rhamnolipid 500 8 1.61 70 (2) 68 (2)
Rhamnolipid 1000 6 1.62 67 (2) 72 (1)
Rhamnolipid 1000 7 1.76 71 (1) 71 (1)
Rhamnolipid 1000 8 1.77 63 (5) 68 (1)
Rhamnolipid 4000 6 2.03 64 (4) 69 (1)
Rhamnolipid 4000 7 1.96 61 (6) 69 (1)
Rhamnolipid 4000 8 1.93 65 (2) 69 (1)
Tergitol 1000 6 1.94 68 (4) 69 (1)
Tergitol 1000 7 1.93 70 (7) 70 (1)
Tergitol 1000 8 1.94 67 (4) 70 (1)
2. Materials and methods

2.1. Chemicals

JBR 425 (Jeneil Biosurfactant Co.), a 25% of rhamnolipid solu-
tion, was used to supply biosurfactants. Other chemicals used were
the non-ionic synthetic surfactant Tergitol 15-S-12 (Sigma–Al-
drich), sodium chloride (Scharlau), and concentrated NaOH and
HCl (both from LabServ). Solutions of 1 M NaOH and HCl were pre-
pared from the concentrated stock and used to change the solution
pH.

2.2. Microbubble dispersion

The microbubble dispersion was produced by high-speed stir-
ring following the method described by Sebba [1]. One liter surfac-
tant solution with rhamnolipid concentrations of 500 mg l�1,
1000 mg l�1 and 4000 mg l�1 at pHs 5, 6, 7 or 8 was mixed with
air at 8000 rpm at room temperature (25 ± 2 �C) and atmospheric
pressure for 3 min. Dispersions with 1000 mg l�1 tergitol solution
were similarly prepared. Where indicated, sodium chloride was
added to achieve salt concentrations of 1000 mg l�1 and
3000 mg l�1. The viscosity of surfactant solution was measured
using a Rheometer (PHYSICA UDS 200, Paar Physica) at a constant
temperature of 25 �C.

2.3. Bubble size measurement

A small sample of freshly prepared microbubbles was placed in
a cavity glass slide under a light microscope (Nikon ECLIPSE E600)
with 4� magnification. A digital camera (Nikon Digital Sight DS-
U1) attached to the microscope was used to obtain photographs
immediately after the microbubbles were prepared and then at
3 min intervals up to 30 min. The photographs were analyzed
using the built-in Nikon software (Nikon Act2U) and MatLab (ver-
sion 7.0.4) image analysis tool pack to obtain the mean bubble size
as well as the bubble size distribution. About 100–300 bubbles
were counted for each sample.

2.4. Stability measurement

Microbubble dispersions were filled in 100 ml measuring cylin-
ders to measure liquid drainage from the dispersion. Volumes of
the drained liquid (VL) and dispersion/foam phase (VF) were re-
corded with time. The final volume of drained liquid (Vmax) was re-
corded after the foam had completely collapsed. Each test was
replicated six times by repeating the above procedure. The gas vol-
ume fraction of the microbubbles provided a measure of the
amount of gas entrained in the microbubble dispersion and was
expressed as the ratio of the gas volume (100 ml � Vmax) to the to-
tal volume of the dispersion (100 ml). Following Sebba [1] the sta-
bility of the microbubble dispersion was quantified as the time
taken for half the liquid to drain from the dispersion, i.e., the
half-life (T1/2). In addition to the liquid drainage profile, the foam
volume fraction and liquid holdup within the foam phase are
important parameters in understanding the drainage mechanism
associated with the microbubble dispersion. Foam volume fraction
is referred as the ratio of the foam volume (VF) to total volume
(VF + VL) [22]. Liquid holdup measures the volume fraction of liquid
retained within the dispersion/foam phase and the average liquid
holdup value can be approximated as the ratio of the liquid volume
in the dispersion/foam phase (Vmax � VL) to the final drained liquid
volume (Vmax) [25].

3. Results and discussion

3.1. Microbubble characteristics

The initial mean bubble diameter and bubble volume fraction of
the microbubble dispersion and the viscosity of surfactant solu-
tions at various experimental conditions are presented in Table 1.
In general, the solution viscosity increases with surfactant concen-
tration, but pH does not have a significant effect on the solution
viscosity. The initial mean bubble diameter of the microbubble dis-
persion varies between 63 and 71 lm, and is similar to the values
reported by others [23,26]. Fig. 1 shows the size distribution of
microbubble dispersion immediately after it was made from
1000;mg l�1 of rhamnolipid at pH 7. The majority of bubbles lie
in the 20–140 lm diameter range.

The gas volume fraction in microbubble dispersion is fairly
insensitive to the process parameters tested and only vary from
67% to 72%. These values are consistent with the range of 60–
70% reported in the literature [4,18,27]. Other studies too have re-
ported that the type of surfactants does not affect the gas volume
fraction in microbubble dispersions [3]. Also, as the surfactant con-
centrations used in this study exceeded critical micellar concentra-
tion of the surfactant, the concentration would be expected to have
little effect on the gas volume fraction [23].

3.2. Drainage kinetics

Liquid drainage curves of the microbubble dispersions follow an
‘‘S”-shaped profile, with an increase in the rate of drainage at initial



Fig. 1. Typical bubble size distribution for microbubble dispersion formed at
1000 mg l�1 at pH 7. Arrows indicate corresponding axis.
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times followed by a decrease in the rate of drainage at later times
(see Figs. 2(A) and 4). The observation is consistent with findings
from other studies [14,28]. Liquid drainage with time from colloi-
dal gas aphrons has been empirically modeled [14] as

Vt ¼ Vmax
tn

Kn þ tn ð1Þ

where Vt and Vmax are the volume of drained liquid at time t and the
final drained liquid volume, respectively, K is the half-life for liquid
drainage and n describes the sigmoid character of the drainage
curve. This model consistently under-estimates the drainage of li-
quid from rhamnolipid microbubble dispersions used in this study,
Fig. 2. Plots of liquid drainage data and original model output for rhamnolipid
microbubble dispersion (500 mg l�1 surfactant concentration at pH 6). (A) Liquid
drainage curve (triangle symbol represents experimental data; solid line is output
from the original model). (B) Residual values between the predicted and the
measured drainage data.
as shown in Fig. 2(A) and (B) and so was modified by including a
promotional term ð�ta=Ka�nÞ to give the following expression:

Vt ¼ Vmax
tn

2ðKn þ tn � ta=Ka�nÞ
ð2Þ

On differentiating Eq. (2) the rate of liquid drainage is obtained as:

dVt

dt
¼ Vmax

tn�1Kn½ða� nÞðta=KaÞ þ n�
2ðKn þ tn � ta=Ka�nÞ2

ð3Þ

Detailed discussion of the modified model is available in the supple-
mentary note. The modified model gives better fits to the measured
data in comparison to original model in terms of smaller residual
values as well as a more accurate prediction for the parameters of
half-life and final drained volume (see Fig. 3). The values of n in
the original model was found to depend mainly on the surfactant
concentration [14]. The n and a parameters in the modified model
also correspond well to the surfactant concentration at different
pH values. In general, the parameters increase with increasing sur-
factant concentration as shown in Table 2.

3.3. Effect of rhamnolipid concentration on dispersion stability

Drainage curves for microbubble dispersions of rhamnolipid
with surfactant concentrations of 500, 1000 and 4000 mg l�1 and
Fig. 3. Correlation between fitted and measured half-life (A) and maximum drained
liquid (B) from the rhamnolipid microbubble dispersions. The open and solid
diamond symbols represent outputs from original and modified models, respec-
tively. The solid line is the 1:1 slope line.



Fig. 4. Drainage behavior of microbubble dispersions with rhamnolipid surfactant
at surfactant concentrations of 500 mg l�1 (square symbols), 1000 mg l�1 (round
symbols), and 4000 mg l�1 (triangle symbols) at pH 6 (A), pH 7 (B), and pH 8 (C),
respectively. Solid lines represent model output.
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pHs of 6, 7, and 8 are shown in Fig. 4 and the half-lives and final
liquid drainage volumes are summarized in Table 2. No stable dis-
Table 2
Comparison of observed and fitted half-life (T1/2) and final drained liquid volume (Vmax) v

Rhamnolipid surfactant concentration (mg l�1) pH Experimental data

T1/2 ± rT(s) Vmax

500 6 457 ± 12 29 ±
1000 6 495 ± 19 28 ±
4000 6 546 ± 13 31 ±
500 7 405 ± 13 33 ±
1000 7 461 ± 15 29 ±
4000 7 519 ± 18 31 ±
500 8 385 ± 13 32 ±
1000 8 447 ± 19 32 ±
4000 8 503 ± 11 31 ±
persions were produced at pH 5. Complete foam collapse occurred
over approximately 2 h. Raising the surfactant concentration from
500 to 4000 mg l�1 led to increases in microbubble dispersion sta-
bility of 19–31% for pHs of 6–8. The increased stability at higher
surfactant concentrations can be ascribed to several processes: in-
crease in liquid viscosity from the presence of more surfactant
molecules in solution, resulting in greater viscous drag that retards
hydrodynamic film drainage between bubbles [29]; higher concen-
trations of surfactant molecules at bubble surfaces (i.e. the lamellar
walls) that increase surface viscosity and elasticity [14,30], thereby
enhancing bubble integrity by improving the mechanical strength
of lamellar walls [29]; and, a decrease in bubble coalescence due to
larger electrostatic repulsion between bubbles caused by the in-
crease in rhamnolipid concentration [16,31].

3.4. Effect of pH on dispersion stability

Fig. 4 shows that the effect of surfactant concentration on the
dispersion stability is more pronounced at higher pH (change by
30%) as compared to lower pH (change by 19%), indicating that
the change in pH affects dispersion stability. To illustrate the pH
influence in greater detail, the drainage behavior of microbubble
dispersions at 1000 mg l�1 rhamnolipid and tergitol solutions for
pH 6–8 is plotted in Fig. 5, and their corresponding half-lives are
presented in Table 3. The stability of the dispersion from the anio-
nic surfactant rhamnolipid decreases by about 10% for pH changing
from 6 to 8, while that from the non-ionic surfactant tergitol re-
mains unaffected, maintaining a half-life of approximately 390 s.
The trend of decreased dispersion stability with increasing pH from
6 to 8 is also observed for other rhamnolipid concentrations (see
Table 3).

The solution pH has been reported to have a significant influ-
ence on stability of dispersions of the cationic surfactant tetrade-
cyltrimethyl ammonium bromide (TTAB) [19], while the stability
of dispersions of sodium dioctyl sulfosuccinate (AOT), an anionic
surfactant, was unaffected for pH changing from 4 to 8 [16]. The
different behavior of AOT and rhamnolipid dispersions, both of
which are anionic surfactants, results from the differences in their
degrees of ionization. The dissociation constants (pKa) of rhamnoli-
pid and AOT are 5.6 [32] and 2.9 [33], respectively. When pH is
equal to pKa, half of the surfactant concentration gets ionized
due to dissociation of the surfactant. In the 4–8 pH range, the dis-
sociation of AOT increases marginally from 93% to 100%, while in
the 6–8 pH range rhamnolipid dissociation changes from 70% to
100%, explaining the insensitivity in AOT stability to the change
in pH.

Rhamnolipid anionization is principally due to the dissociation
of its carboxyl head group (see Fig. 6) [34]. This causes greater elec-
trostatic repulsion between adjacent ionized carboxyls, increasing
the effective size of the head group [34] and reducing the concen-
tration of rhamnolipid molecules at the bubble surface, thereby
lowering the viscosity and elasticity of the bubble surface [14].
alues.

T1/2 (s) Model output

± rV (ml) Vmax (ml) n a R2

0 481 31 1.513 1.104 0.9996
1 478 25 1.626 1.277 0.9995
1 538 31 1.557 1.207 0.9995
2 387 33 1.243 0.947 0.9993
1 505 34 1.508 1.011 0.9997
1 529 31 1.565 1.219 0.9995
2 387 33 1.327 1.058 0.9993
1 432 31 1.405 1.108 0.9994
1 473 28 1.578 1.244 0.9993



Fig. 5. Drainage behavior of microbubble dispersions at pH 6 (square marker), pH 7
(round marker) and pH 8 (triangle marker) at surfactant concentration of
1000 mg l�1. Solid markers represent rhamnolipid surfactant and the open markers
are for tergitol surfactant, and lines represent the modeled fits from Eq. (2).

Table 3
Summary of effects of surfactant concentration, solution pH and NaCl concentrations
on stability.

Surfactant
(mg l�1)

NaCl concentration
(mg l�1)

T1/2 ± rT (s)

pH 6 pH 7 pH 8

Rhamnolipid 500 0 457 ± 12 405 ± 13 385 ± 13
Rhamnolipid 1000 0 495 ± 19 461 ± 15 447 ± 19
Rhamnolipid 4000 0 546 ± 13 519 ± 18 503 ± 11
Tergitol 1000 0 391 ± 5 383 ± 8 390 ± 6
Rhamnolipid 1000 1000 440 ± 16 456 ± 16 460 ± 2
Rhamnolipid 1000 3000 429 ± 19 472 ± 14 446 ± 30

Fig. 6. Rhamnolipid structure. R1, R2 represents C5H11, C7H15, or C9H19.

Fig. 7. Typical drainage curve (triangle symbol for experimental data; solid line for
model output) and rate of drainage (asterisk symbol for experimental data; solid
line for model output) for rhamnolipid dispersions (500 mg l�1 surfactant concen-
tration at pH 6). Arrows indicate corresponding axis. Symbols a–d denote the
corresponding placements of photomicrographs from Fig. 8.
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The decrease in surface viscosity and elasticity promotes the
expansion of gas bubbles, causing the liquid between adjacent
bubbles to be squeezed out at faster rates. These changes result
in decreasing the dispersion stability. The absence of an effect of
pH increase on the stability of tergitol dispersions (Fig. 5) also sup-
ports this hypothesis. Tergitol being a non-ionic surfactant does
not undergo greater ionization at higher pH.

3.5. Effect of electrolyte concentration on dispersion stability

Increasing salt concentration decreases dispersion stability at
low pH (see Table 3). At pH 6, increasing salt concentration to
1000 mg l�1 reduces the half-life from 495 to 440 s, a 11% reduc-
tion, and increasing the salt concentration further to 3000 mg l�1

lowers the stability to 429 s. At pHs 7 and 8, however, the micro-
bubble dispersion stability is unaffected by the increase in salt con-
centration; the observed changes in stability of 0.2–4% at the
higher pH are all within one standard deviation of each other.
Although decreases in dispersion stability with increasing electro-
lyte concentrations have been previously reported [16,17,19], the
effect of electrolytes on the stability of rhamnolipid microbubbles
appear to be generally small and significant only at low pH values.

The observed decrease in stability at pH 6 with increasing salt
concentration can be attributed to lowered electrostatic repulsion
between adjacent bubble surfaces due to a compression of the dou-
ble layer caused by the increase in ionic concentration of the solu-
tion [16,29]. However, at pHs 7 and 8 this effect is not observed as
increasing the pH negates the effects of increasing the salt concen-
tration. At higher pH, greater ionization of the rhamnolipid’s car-
boxyl group increases the electrostatic repulsion between
rhamnolipid molecules, counteracting the lowering of repulsion
caused by the higher electrolyte concentration. Additionally, the
Na+ from the added salt shields against the effects of negative
charge of the carboxyl head group, preventing an increase in the
effective size of the head group at higher pHs [35], which could
lead to reduced packing of the rhamnolipid molecules at the bub-
ble surface as discussed in previous section. The concentration of
rhamnolipid molecules at the bubble surface is therefore main-
tained, and the combination of the above interactions stabilizes
the microbubble dispersion.

3.6. Drainage model for microbubble dispersions

A typical ‘‘S”-shaped drainage curve and the drainage rate, ob-
tained as the time derivative of the experimental drainage data
are shown in Fig. 7. Based on the observed rate of drainage three
phases can be identified—in the first phase the drainage rate in-
creases rapidly with time, while in the second phase there is a
sharp decrease in the drainage rate with time, and finally in the
third phase the rate of drainage becomes relatively small. In earlier
studies [14,17] the authors described the drainage process with
only two distinct regions, with the first region primarily driven
by gravity drainage and the second region by the thinning of films.
However the two-staged drainage model does not provide satisfac-
tory explanation to the ‘‘S” shape drainage curves observed both in
this study and from previous studies [14,16,17,28].

Liquid drainage occurs invariably in foam and the rate of drain-
age is influenced by the initial distribution of the liquid between
the film and plateau border [36,37]. During the first phase the
drainage is a combination of liquid flow due to gravity through
the plateau boarder and the upward creaming of microbubbles.
While liquid drainage is a common process in aqueous foams
[21], non-stirred dispersions, like emulsions experience the addi-
tional effect of creaming during which bubbles rise to the top dri-
ven by buoyancy forces resulting from density difference between
the liquid and gaseous phases [22,38]. Also, in microbubble disper-
sions, larger bubbles increase in size with time due to dispropor-
tionation, whereby gas diffuses from the smaller bubbles (with
greater internal gas pressure) into larger bubbles (with lower inter-
nal gas pressure) [4]. The growth of bubble size and the liquid



Table 4
Change in bubble diameter over time.

Time (s) Mean (lm) 10%ile (lm) 90%ile (lm) Reference in Fig. 6

0 69 28 110 a
360 92 29 176 b

1080 239 70 377 c
1620 410 94 592 d

Fig. 9. Changes in foam volume fraction, liquid holdup and total volume with time
for microbubble dispersion formed from 500 mg l�1 rhamnolipid solution at pH 6.
Open round symbol represents foam volume fraction; open triangle symbol
represents liquid holdup; and solid square symbol represents total volume. Arrows
indicate corresponding axis.
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drainage are correlated [36,39]. As more liquid drains away the
average bubble size becomes larger, which in turn leads to in-
creased liquid drainage. Initially, as shown in Fig. 8A and Table 4,
the microbubbles are spherical in shape with a mean diameter of
69 lm. Over time, the mean bubble size increases to 96 lm due
to disproportionation as demonstrated by an expansion of the lar-
ger bubbles and the disappearance of smaller bubbles in Fig. 8A
and B, and seen via the increase in 90 percentile bubble size in Ta-
ble 4. As the creaming velocity increases with bubble size [38,40],
the increase in bubble size causes the creaming velocity to increase
with time during Phase I—a phenomena that has also been re-
ported by others [41]. Creaming is hindered at higher emulsion
concentration [40,42], and bubble expansion over time impedes
the upward migration of other bubbles from the underlying region.
Over time the liquid holdup and foam volume fraction gradually
decreased, but no breakdown of microbubbles was observed and
the total volume remained unchanged (Fig. 9).

The second phase starts when the dispersion loses its colloidal
character due to bubble expansion and behaves similarly to con-
ventional wet foam. Without continuous stirring colloidal gas aph-
rons will eventually separate into conventional foam [4]. Yan et al.
[14] state that the formation of conventional foam occurs when
90% of the total liquid have been removed from the foam. However,
Fig. 8B shows that the bubbles have expanded significantly and the
larger bubbles are crowded and distorted at the end of Phase I,
indicating that the microbubble dispersion has lost its colloidal
character. In this region the dominant drainage mechanism is grav-
ity-driven liquid flow through a plateau border network [22,39].
From Fig. 7 the timescale of plateau boarder drainage (�1000 s),
which dominates Phases I and II, is about 3–4 times larger than
that for creaming (�300 s), suggesting that plateau boarder drain-
age will occur over a substantially longer period of time than
creaming. The continuous decrease in liquid content due to liquid
Fig. 8. Photomicrographs of the microbubble dispersion at different times. Photo A re
T = 1620 s.
drainage, as shown by the gradual decrease in the liquid holdup
within the foam phase in Fig. 9, causes a steady drop in the rate
presents T = 0 s; B represents T = 360 s; C represents T = 1080 s; and D represents
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of drainage. This process is accompanied by the expansion of bub-
bles and the thinning of films (see Fig. 8B and C). The bubbles have
changed from spherical to polyhedral in shape. During Phase II the
mean bubble size increases from 92 to 239 lm (Table 4), but, as in
Phase I no perceptible bubble collapse was observed and the total
volume remained unchanged (see Fig. 9). The end of Phase II at
about 1000 s is accompanied by a flattering of the decrease in li-
quid holdup with less than 10% of the liquid being retained in
the foam phase (see Fig. 9). The half-life of microbubble dispersion
from liquid drainage data is estimated as 457 s (see Table 2). The
timescale of microbubble stability (�2 � 457 s) is therefore consis-
tent with the timescale for removal of the majority of liquid
(�1000 s) by the end of Phase II, at which time the foam converts
from a wet to dry foam, initiating the third phase.

In Phase III the drainage of liquid is primarily from lamellae
(films) under the influence of plateau boarder suction, which is a
much slower process [14,21]. As shown in Fig. 8C and D the bub-
bles are polyhedral in shape and continue to expand in conjunction
with the thinning of films. The bubbles now have an average size at
least 3 times larger than those in Phase I (Table 4). Since the time-
scale of film drainage is much smaller than that of plateau border
drainage [43], the film drainage will attain equilibrium over a short
time interval [36]. This is evident by the flattening of liquid drain-
age profile and drainage rate in Fig. 7 and stabilized liquid holdup
within the foam in Fig. 9. With the removal of more than 90% of the
liquid from the foam and the thinning of the films, bubbles coa-
lesce due to rupturing of films and eventually the foam phase starts
to collapse, and is manifested as a gradual decrease in total volume
(Fig. 9) after about 1000 s. A complete collapse of foam was ob-
served about 2 h after the start of experiment. The equation devel-
oped for the rate of drainage (Eq. (3)) fits the observed data well in
all three phases.

4. Conclusions

The stability of microbubble dispersions is a function of factors
such as surfactant concentration, pH, and salt due to their influence
on liquid viscosity and viscous drag, mechanical properties of
lamellar walls, and bubble coalescence. Increasing the surfactant
concentration enhances dispersion stability, particularly at higher
solution pH. Higher pH results in greater ionization of the surfac-
tant’s functional group, which can enhance or lessen dispersion
stability, depending on the effect of ionization on bubble charge
density and the repulsion between bubbles. In a similar way, an in-
crease in electrolyte concentration (e.g., by salt addition to solu-
tion) can lower foam stability by compressing the electric double
layer. This effect can, however, be counteracted by increasing the
pH.

The drainage of microbubble dispersion is best described by
three distinct phases instead of two phases as previously assumed
in the literature. Initially, the drainage rate increases with time due
to a combination of upflow migration of bubbles and downward li-
quid drainage under gravity. Following this phase, dispersion
behavior is similar to conventional wet foam. Here the drainage
rate decreases with time and is dominated by liquid flow under
gravity. Eventually, the foam becomes water deficient and starts
to behave like dry foam, where the drainage rate is small due to
slow liquid release from films under capillarity suction. The mod-
ified drainage equation (Eq. (2)) provides better fit to the experi-
mental results, and the derived drainage rate equation (Eq. (3))
corresponds well to the proposed three-phase drainage
mechanism.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jcis.2009.05.054.
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