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( )Colloidal gas aphrons CGA ha®e pre®iously been defined as surfactant stabilized
gas microbubbles and characterized for a number of surfactants in terms of stability, gas
holdup and bubble size e®en though there is no conclusi®e e®idence of their structure
(that is, orientation of surfactant molecules at the gas ] liquid interface, thickness of

)gas ] liquid interface, andror number of surfactant layers . Knowledge of the structure
would enable us to use these dispersions more efficiently for their di®erse applications
(such as for remo®al of dyes, reco®ery of proteins, and enhancement of mass transfer in

)bioreactors . This study in®estigates dispersion and structural features of CGA utilizing
( )a range of no®el predicti®e for prediction of aphron size and drainage rate and experi-

( )mental electron microscopy and X-ray diffraction methods. Results indicate structural
differences between foams and CGA, which may ha®e been caused by a multilayer
structure of the latter as suggested by the electron and X-ray diffraction analysis.

Introduction

Ž . ŽCGA colloidal gas aphrons are gas microbubbles 10]100
.mm created by stirring a surfactant solution at high speed

Ž .typically 8000 rpm . CGA have been characterized to some
extent, for limited surfactants and under specific conditions
Ž .for review table see Jauregi et al., 1997 by several authors
ŽSebba, 1987; Save and Pangarkar, 1994; Jauregi et al., 1997;

.Chapalkar et al., 1993 . It has been reported that these dis-
Ž . Ž .persions: 1 possess a large interfacial area; 2 exhibit rela-

Ž .tively high stability; 3 separate easily from the bulk liquid
Ž .phase; and 4 have similar flow properties to those of water.

The identification of these properties has led researchers to
consider CGA for various applications, such as removal of

Ž . Ž .metals Ciriello, 1982 and dyes Roy et al., 1992 , flotation of
Ž .cells Subramaniam et al., 1990; Hashim et al., 1998 , protein

Ž .recovery Noble et al., 1998; Jauregi and Varley, 1998 , and
Ž .mass transfer in bioreactors Bredwell and Worden, 1998 .

Despite these characterization studies of CGA there is no
conclusive evidence of the structure of these microbubbles.

Correspondence concerning this article should be addressed to J. Varley.

Ž .The structure of CGA was first proposed by Sebba 1987 .
Sebba claimed that CGA are not like conventional bubbles,
which are surrounded by a surfactant monolayer, but are gas

Ž .bubbles surrounded by three surfactant layers see Figure 1 .
This theory was based on several experimental observations,

Ž .including stability measurements. Sebba 1987 claimed that
CGA can last for minutes or for hours, if stirring is main-
tained, without coalescence being appreciable. According to

Ž .Sebba 1987 , this is a result of the multilayer surfactant film
surrounding the gas bubble, which delays coalescence. The

Ž .evidence for the proposed CGA structure by Sebba 1987 is
inconclusive. The current literature on CGA is mainly fo-
cused on the application of CGA, with the structure of CGA

Ž .assumed to be that proposed by Sebba 1987 .
Only two other studies have been reported in support of

Sebba’s proposed structure. First, Amiri and Woodburn
Ž .1990 presented a theoretical method to estimate the thick-
ness of the surfactant ‘‘shell’’ in CGA. Amiri and Woodburn
based their findings on a study of the liquid drainage rate in
CGA dispersion and a calculation of aphron rise velocity.
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( )Figure 1. Structure of CGA proposed by Sebba 1987 .

From these experimental results they concluded that CGA
are composed of a finite interface of 750-nm thickness. This
thickness is equivalent to 350 molecules of surfactant ar-

Žranged in consecutive layers if it is assumed that the length
of a cetyltrimethyl ammonium bromide molecule, CTAB, is 2

. Ž .nm . Second, Bredwell and Worden 1998 estimated the
Ž .thickness of the surfactant Tween 20 ‘‘shell’’ from a calcula-

tion of the mass-transfer coefficient in a fermenter using CGA
Žin place of air bubbles assuming that mass transfer is limited

.by the rate of diffusion across the shell . The estimated thick-
ness ranged between 200 and 300 nm. Neither of these stud-
ies provides explicit evidence to validate Sebba’s hypothesis,
and it is also worth noting that the shell thicknesses esti-
mated in the two studies differ significantly.

A knowledge of the structure of CGA would be very valu-
able for the optimization of CGA-based processes. For exam-

Žple, if the structure such as number of surfactant layers and
.thickness of interface were known, the mechanism of pro-

Žtein adsorption to CGA could be fully understood Jauregi
.and Varley, 1998 , and as a consequence optimization of

CGA-based processes for protein recovery, including selec-
tive separation from mixtures, could be achieved.

In this article experimental measurements of the major dis-
persion and structural features of CGA are compared to pre-
dictions from models presented in the literature and in some
cases, where appropriate, models have been modified. The

Žmajor features considered are aphron diameter, stability in
.terms of liquid drainage rate , and number of surfactant lay-

ers in the shell surrounding the gaseous core of each aphron
Ž .see Table 1 .

In the literature, photographic techniques have been re-
ported as the most commonly used techniques for measure-

Žment of bubble size in gas]liquid dispersions Pinfold, 1972;
. Ž .Graham, 1976; Mita et al., 1978 . Bee et al. 1986 reported

the use of a light microscope combined with photographic
and image-analysis techniques for measurement of bubble size
in foams of high viscosity, stressing the difficulty of obtaining
reliable measurements for dispersed gas phases. Ronteltap

Ž .and Prins 1989 reported the use of an optical glass-fiber

probe method to study the stability of foams by measuring
bubble-size changes with time. In this study, measurements
of aphron diameter made using microscopy together with im-
age analysis techniques are presented. Theoretical models
were also employed to predict aphron diameters. Prediction
of aphron diameter has been carried out using two different

Ž .models: 1 a model based on bubble breakup in agitated tanks
Ž . Ž .Parthasarathy et al., 1991 , and 2 a model based on the
prediction of liquid drainage rate of a CGA dispersion devel-

Ž .oped by Amiri and Woodburn 1990 .
Stability is another important characteristic of CGA that

Ž .will be influenced by their structure. Sebba 1987 stressed
Ž .that due to his proposed structure Figure 1 the coalescence

of CGA is delayed, and hence these dispersions exhibit higher
stability as compared to conventional foams. In the present
work stability measurements for CGA are presented in terms
of liquid drainage rates. A model that was developed for the

Žprediction of liquid drainage rates of foams Haas and John-
.son, 1967 is applied for the prediction of liquid drainage rates

of CGA dispersions. Also a modification to this model, pro-
Ž .posed by Save and Pangarkar 1994 , that accounts for possi-

ble structural differences of CGA is applied.
Finally two techniques of high resolving power}electron

microscopy and X-ray diffraction}have been used in order
to explore direct measurement of the structure of CGA. Sev-
eral techniques have been developed for the study of high
gas-phase dispersions that are inherently dynamic; these

Ž .techniques involve freezing the sample Wilson, 1996 . In this
way, the sample is fixed, that is, after freezing the liquid phase
is immobilized, thus delaying any dynamic changes. Among

Žthese techniques freeze fracture for TEM 60 kV e-, ls0.005
. Žnm has the highest resolving power maximum resolution of

.0.3]0.5 nm . In the present study this technique has been
used to determine the thickness of the CGA surfactant
‘‘shell.’’

The use of X-ray diffraction to determine the microstruc-
ture of gas]liquid dispersions is reported here for the first

Table 1. Predictive and Experimental Approaches
Considered in This Study

Meas.rPred.
Dispersion and

Approach Structural Features

Predictive model for bubble breakup Aphron diameter
in an agitated vessel
Ž .Parthasarathy et al., 1991

Predictive model for liquid drainage Aphron diameter
rate in CGA
Ž .Amiri and Woodburn, 1990

Predictive model for liquid drainage Liquid drainage rate
rate in a foam
Ž .Haas and Johnson, 1967

Modified model of liquid drainage Liquid drainage rate
rate in a foam
Ž .Save and Pangarkar, 1994

Electron microscopy Thickness of the gas]liquid
interface of aphrons

X-Ray diffraction Number of surfactant
layers and thickness
of the interface
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time. X-ray diffraction techniques have previously been used
for the determination of microstructures in solution. For ex-

Ž .ample, Kurumada et al. 1994 studied the formation of mi-
crostructures of oil-rich microemulsions composed of AOT
Ž Ž . .sodium bis- 2-ethyl hexyl sulfosuccinate and the phosphate

Ž .derivative of this surfactant, sodium bis- 2-ethyl hexyl phos-
Ž .phate using small-angle X-ray scattering SAXS . Michel and

Ž . Ž .Pileni 1994 determined by the same technique SAXS the
structure of reverse micelles containing ribonuclease deriva-
tives. In the present work, SAXS has also been used, but

Ž .since gas]liquid dispersions that is, CGA contain little solid
Ž .material that is, more than 50% gas , a synchrotron source

was used to provide an acceptable scattered signal.
From comparison of the experimental and predictive data

for different types of gas]liquid dispersions, for example,
foams and agitated tanks, it is expected to extract informa-
tion regarding structural features of CGA.

Theory
Prediction of aphron diameter from prediction of liquid
drainage rate of CGA

ŽOnce CGA have been generated described in detail in the
.Experimental section and when mixing of CGA ceases, CGA

tend to rise due to the density difference between CGA and
the bulk liquid phase. In addition, drainage of the liquid
within the aphronic dispersion takes place. As a conse-

w Ž .x Žquence, the aphron]liquid interface h t rises see Figurei
. Ž .2iii . The interface rise velocity, ® t , is proportional to the

Ž .aphron rise velocity, ® t , which in turn is a function of gasa
holdup and aphron diameter. These variables, that is, gas
holdup and bubble diameter, change with time as drainage

Ž .proceeds. Amiri and Woodburn 1990 considered that the
aphron rise velocity just above the interface is equal to the

Ž Ž . Ž .observed rise velocity of the interface ® t s ® t , assuminga
.that no bubbles cross from below the interface . An expres-

sion for the rise velocity of the aphrons was developed by
these authors as a function of gas holdup in the CGA disper-
sion and aphron diameter. In the present study Amiri and

Figure 2. Drainage process for a CGA dispersion.
Diagram illustrates the different steps followed in the

Ž .drainage study: i initial stage, clear surfactant solution be-
Ž . Ž .fore stirring begins that is, no aphrons present ; ii maxi-

mum dispersion volume just at point when stirring is stopped,
Ž . Ž .start of drainage process that is, t s 0 ; and iii as drainage

Ž .progresses t s t .a

Woodburn’s treatment is used for the prediction of aphron
diameter. In addition, a different expression to that proposed

Ž .by Amiri and Woodburn 1990 for the calculation of gas
holdup in the CGA dispersion is proposed here. This expres-
sion is purely empirical and therefore does not rely on the
assumptions needed for the definition proposed by Amiri and

Ž . Ž .Woodburn 1990 see below .
Gas Holdup in the Aphron Phase Abo®e the Liquid Interface

( ) ( )According to Amiri and Woodburn’sTreatment 1990 e . Bya
Ž . Ž . Žfollowing Kynch’s 1952 theory of sedimentation, e t Fig-a

.ure 2 iii was calculated:

ho
e t s =e , 1Ž . Ž .a oh y hŽ .o a

where h is the height of the dispersion at ts0 of drainageo
Ž .Figure 2ii , and h is the coefficient of the drainage ratea
equation:

h t s h q ® t , 2Ž . Ž .i a a

Ž . Ž .where h t is the interface liquid]CGA height.i
Alternati®e Expression for Gas Holdup in the Aphron Phase

( X) XAbo®e the Liquid Interface e . Gas holdup e is defined as
the volumetric ratio of gas and dispersion:

e X t sV t rV t , 3Ž . Ž . Ž . Ž .g a

where V and V are the volume of gas in the aphron phaseg a
and volume of aphron phase, respectively, and

V sV yV sV y V yV , 4Ž .Ž .g a la a lo l

where V is the volume of liquid in the aphron phase, V isla a
Ž .the volume of aphrons, V is the initial total volume oflo

liquid, and V is the volume of liquid drained from the aphronl
Ž .phase Figure 2 . Equation 4 can be rewritten in terms of

height. Therefore, if h is the height at the top of dispersion,t
Ž .and h is the initial height of liquid Figure 2 , using Eqs. 4lo

and 5, e X is given by

V yV V y V yVŽ .a la a lo lXe t s sŽ .
V Va a

h y h y h y h h y hŽ . Ž . Ž .t i lo i t lo
s s . 5Ž .

h y h h y hŽ . Ž .t i t i

At ts0 of drainage h s h , e X se , and therefore:t o o

h y hŽ .o loXe se s .o ho

Calculation of the Aphron Rise Velocity. Amiri and Wood-
Ž . Ž .burn 1990 proposed that the aphron rise velocity, ® t , cana

be calculated from a knowledge of the velocity of the bubbles
rising in stagnant water, ® , and the superficial velocity of thes
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displaced liquid flowing downward, ® . Thus:dw

e t = ® tŽ . Ž .
® t s ® y ® s ® y ,Ž .a s dw s w x1ye t =cos uŽ .

Žwhere e is the gas holdup in the aphronic phase see Figure
.2 iii , and it is assumed that the direction of the displaced

Ž . Ž .flow is at an angle u to the horizontal. With ® t s ® t anda
Ž .considering cos u s0.707 that is, u s458 , the preceding

equation can be rewritten as

1yeŽ .
® t s = ® . 6Ž . Ž .a s1ye qer0.707Ž .

If it is assumed that the rise velocity of an aphron in stag-
nant water is given by Stoke’s expression, the following equa-
tion can be derived for aphron diameter:

18=mw
ds = ® , 7Ž .s( r y r = gŽ .w a

where d is the diameter of the aphrons, m is the viscosity of
the water, g is the gravity coefficient, r is the density ofw
water, and r is the density of aphrons. The aphron velocitya
in stagnant water can be calculated from Eq. 6.

In addition to assumptions mentioned earlier, the follow-
ing assumptions were made in this model:

v Ž .To calculate e using Kynch’s 1952 theory of sedimen-a
tation requires that the aphron should not coalesce or burst.

v Equations 6 and 7 for single aphrons are applied to a
swarm of aphrons.

v The aphrons were assumed to be monosized and spheri-
cal.

v The variation of the aphron volume fraction, e , with re-a
Ž .spect to height z was considered continuous with change in

time.

Prediction of aphron diameter using equations deri©ed for
bubble breakup in gas – liquid dispersions in stirred tanks

Ž .As reported by Jauregi et al. 1997 , power input used to
create CGA is a critical factor for CGA formation. The level
of energy input has an effect on the characteristics of CGA,
including stability, gas holdup, and aphron diameter. Aphron
diameter, gas holdup, and interfacial area are related since

wAs6 erd if it is assumed that the aphrons are spherical
Ž .xTatterson, 1991 . Bubble diameter has been correlated to

Ž .power input per unit of total dispersion volume for bubble
Žbreakup in stirred vessels by a number of researchers such

. Žas Tatterson, 1991; Calderbank, 1958 . Several authors such
.as Calderbank, 1958; Machon et al., 1997 have proposed

correlations for maximum bubble diameter based on the con-
Ž . Žcept of a critical Weber number We where We is definedc
.as inertialrsurface tension forces . When We is exceeded,c

Ž .bubbles will break Tatterson, 1991 . Parthasarathy et al.
Ž .1991 suggested an equation, also based on a We for bubblec

Ž .break-up and Kolmogoroff’s 1961 theory of local isotropic
Ž . Ž .turbulence see below . In addition Parthasarathy et al. 1991

Ž .considered: 1 the Sauter mean bubble diameter instead of
Žthe maximum bubble diameter with d rd s0.62 Hesketh32 max

. Ž . Ž .et al., 1987 , and 2 the impeller swept volume see below
instead of the total volume of the dispersion in the vessel.

Ž .Conditions were noncoalescing through surfactant addition .
Ž .The expression proposed by Parthasarathy et al. 1991 for

Sauter mean bubble diameter was

s 3r5

d sC , 8Ž .32 3 2r5 1r5ž /PrV rŽ .i

where r and s are density and surface tension of the contin-
uous phase, respectively, P is the power input, and V is thei

Ž 2impeller swept volume p D Wr4, where D and W are the
.diameter and width of the impeller, respectively and C is a3

proportionality constant related to We . In order to deter-c
Ž .mine C , Parthasarathy et al. 1991 plotted the experimental3

values of d against the expression in brackets in Eq. 8. The32
proportionality constant C was then estimated from the3
slope of the curve.

Assumptions made in this model
v Ž .Equation 8 is based on Kolmogoroff’s 1961 local

isotropic turbulence theory; the following conditions must be
satisfied:

Ž 2 . 31. Impeller Reynolds number Res rN D rm )10i
2. L4 d4h,

where h is the length scale of energy dissipating eddies of the
viscous subrange; L is the length scale for the primary ed-
dies, which can be approximated to the length of the impeller
blade width; and d is the bubble diameter. The length scale
h is defined as follows:

1r43hs ® rE , 9Ž .Ž .

where ® is the kinematic viscosity of the continuous phase,
and E is the energy dissipation rate per unit mass. If the
bubble size is larger than h, then the kinetic energy of the
inertial subrange eddies is sufficient to break up the bubbles,
and therefore the preceding equations will be applicable.

In the present study, a similar approach to that of
Ž .Parthasarathy et al. 1991 has been followed to predict

aphron diameters. This model was considered to be applica-
ble because:

1. In CGA dispersion studies reported here, solution con-
ditions were assumed to be noncoalescing.

2. CGA dispersions are generated at high speeds, that is,
Ž 3.turbulent flow Re)10 .

3. The range of aphron diameters was within the same
range as that for bubble sizes measured by Parthasarathy et

Ž .al. 1991 .

Predictions of Liquid Drainage Rate for CGA
Dispersions Using a Model for the Prediction of
Liquid Drainage in a Foam

Ž .Haas and Johnson 1967 developed a model for the pre-
diction of liquid drainage in a foam. In this model liquid
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drainage in a foam was described as liquid flowing in capillar-
ies of an equivalent diameter d , that is, plateau borders. By
applying a liquid-phase mass balance as a function of time,

Ž .Haas and Johnson 1967 derived an expression for the liquid
superficial velocity, L . From integration of the equation foro

Žliquid superficial velocity, between ts t s0 t being theo o
disengagement time, that is, the time at which the
foam]liquid interface starts rising at the bottom of the dis-

.persion and ts t, an expression for the accumulation of liq-
uid drained, W, was obtained:

ty to
W t , z s L t , z . 10Ž .Ž . Ž .o o o o cT ty t q1Ž .o o

The constant cT can be evaluated from experimental valueso
Ž . Ž .of L t , z and W t , z . An expression for cT was de-o o o o o o

Ž .rived as a function of L t , z :o o o

1r2
r g 4 4

cT s = L t , z . 11Ž .Ž .o o o o2 232m p nk ht

An abbreviated expression can be obtained for an aqueous
foam, given the values for density and viscosity of water at
208C are 998.20 kgrm3 and 1.01=10y3 kgrms, respectively;
the number of plateau borders per unit cross-sectional area
in a dry foam, ns2.5rd2; k is the ratio between the liquid
holdup in the foam and the liquid holdup in the plateau bor-

Ž .ders and is taken as 1.5 Haas and Johnson, 1967 . The ab-
breviated expression is then,

dL1r2
o

cT s526.10= , 12Ž .o ht

Ž . Žwhere L t , z is the initial drainage rate, that is, dh tso o o i
.t rdt, which is calculated from the initial linear part of theo

Ž .drainage rate slope that is, dh rdt .i
ŽIt has been shown in this study see Results and Discussion

.and Tables 5 and 6 , that aphron diameter varies during
Ž .drainage. Therefore in order to calculate cT Eq. 12 thiso

variation in aphron diameter is taken into account with
aphron diameter predicted at different times using Amiri and

Ž . Ž . wWoodburn’s 1990 model Eq. 7 in Haas and Johnson’s
Ž . xmodel 1967 bubble diameter was assumed constant .

Ž .The values given by Haas and Johnson 1967 for n and k
are a result of geometrical and structural considerations of
the foam. These authors considered that the foam was com-

Ž .posed of dodecahedral bubbles. Save and Pangarkar 1994
investigated the drainage process in CGA and considered that
CGA have different structural and dispersion features as
compared to foams. As a result they modified the values of n
and k in the following way:

v They assumed a higher content of liquid in CGA than in
Žfoams that is, they assumed that a surfactant film surrounds

.the aphrons and assumed that the proportionality constant
ks2.

v They modified the value of n, which assumes a dodeca-
hedral structure of the foam, using an expression developed

Ž .by Lemlich 1972 , to determine the total length of capillaries

Figure 3. Stirring system used for the generation of
CGA.

Ž .For more details, see Jauregi et al. 1997 .

per unit length of the vertical foam column:

7.81 A ecol
Ns ,2d

where A is the cross-sectional area of the vessel, nscol
NrA , and e is the gas holdup. This expression accounts forcol
changes of the number of plateau borders with changes in
gas holdup, that is, structural changes in the dispersion dur-
ing the drainage process.

Ž .Using Save and Pangarkar’s 1994 modification of Haas
Ž . Xand Johnson’s 1967 model, cT , denoted here as cT , is giveno o

by

dL1r2
oXcT s223.24= . 13Ž .o 1r2h et

The corresponding interface height calculated using Eq. 13 in
X Ž X .Eq. 10 is W with d calculated from Eq. 7 .

Experimental
Generation of CGA

Ž .A fully baffled beaker volumes1 L, diameter s105 mm
Ž . wcontaining a buffered solution 0.4 L of AOT sodium bis-

Ž . x2-ethyl hexyl sulfosuccinate was stirred at speeds of
5000]10,000 rpm. Four baffles, equally spaced around the
beaker each had dimensions of 120=10 mm. A laboratory

Ž . Žmixer SL2T model fitted with a four-bladed impeller Ds
.30 mm surrounded by a high shear screen and with a digital

Žreadout for impeller speed, supplied by Silverson Ltd. see
.Figure 3 was used. For each experiment, the stability of the
Ž .aphrons in terms of drainage rate, that is, dh rdt and thei

Ž X .gas holdup e and e were measured.a

Experimental measurement of aphron diameter
Size distributions for CGA samples from experiments car-

Žried out in a previous characterization study Jauregi et al.,
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Table 2. Statistical Design for the Characterization of CGAU

C C Time T t Ts st f
Ž . Ž . Ž . Ž . Ž . Ž .Exp. mM pH mM min 8C s e 8C

1 0.1 4 0.00 4 1 90 0.17 29.0
2 0.1 4 0.00 16 2 107 0.32 20.0
3 0.1 4 0.14 4 2 45 0.17 22.0
4 0.1 4 0.14 16 1 30 0.12 43.0
5 0.1 8 0.00 4 2 90 0.26 23.0
6 0.1 8 0.00 16 1 68 0.32 41.0

7 0.1 8 0.14 4 1 60 0.20 27.0
8 0.1 8 0.14 16 2 75 0.28 20.0
9 61.0 4 0.00 4 2 420 0.50 23.0

10 61.0 4 0.00 16 1 840 0.57 35.5
11 61.0 4 0.14 4 1 290 0.44 25.5
12 61.0 4 0.14 16 2 306 0.46 19.0

13 61.0 8 0.00 4 1 594 0.53 25.4
14 61.0 8 0.00 16 2 710 0.57 18.0
15 61.0 8 0.14 4 2 180 0.40 21.0
16 61.0 8 0.14 16 1 163 0.50 34.0
17 0.1 6 0.07 10 1 60 0.27 36.0
18 61.0 6 0.07 10 1 249 0.52 30.0

19 0.1 6 0.07 10 2 80 0.23 24.0
20 61.0 6 0.07 10 2 220 0.51 24.0
21 2.5 4 0.07 10 1 160 0.49 32.0
22 2.5 8 0.07 10 1 152 0.51 32.0
23 2.5 4 0.07 10 2 170 0.50 19.0
24 2.5 8 0.07 10 2 120 0.49 21.0

25 2.5 6 0.00 10 1 372 0.61 32.0
26 2.5 6 0.14 10 1 115 0.36 36.0
27 2.5 6 0.00 10 2 375 0.59 23.4
28 2.5 6 0.14 10 2 90 0.30 21.0
29 2.5 6 0.07 4 1 150 0.36 27.0
30 2.5 6 0.07 16 1 140 0.53 38.0

31 2.5 6 0.07 4 2 110 0.25 24.0
32 2.5 6 0.07 16 2 150 0.51 25.0
33 2.5 6 0.07 10 1 128 0.47 34.0
34 2.5 6 0.07 10 1 140 0.46 34.0
35 2.5 6 0.07 10 1 145 0.49 33.0
36 2.5 6 0.07 10 2 133 0.48 24.0

37 2.5 6 0.07 10 2 140 0.46 19.0
38 2.5 6 0.07 10 2 150 0.47 25.0

UC , C , T , t , and e correspond to surfactant and salt concentration,s st
Žtemperature, stability, and gas holdup respectively T is the tempera-f

.ture measured when stirring ceased .

.1997; see Table 2 for experimental conditions were deter-
mined using microscopy and image-analysis techniques. An
Olympus light microscope connected to a CCD camera, model
ICD-42E, Ikegami, from Tsushinki Co. Ltd., was used. The
software used for the image analysis was pc Image for win-
dows supplied by Foster Findlay Associates Limited. The
procedure was as follows:

1. A sample from the aphronic dispersion taken using a
5-mL syringe was placed on a microscope slide, magnified
using a 4= magnification objective, and visualized on a com-
puter screen.

2. During the first 2 min, after taking the sample from the
beaker, different images from different areas of the sample
were captured and stored for subsequent analysis.

3. Aphron size distributions, standard deviations, and co-
Ž .efficients of variability % CV ss.d.rmean=100 were calcu-

lated for each data set.

Determination of Surfactant Concentration
Each sample was processed using the method described by

Ž .Takagi et al. 1975 as follows:
1. Five mL of chloroform was added to a glass bottle. Then

1 mL of methylene blue, 0.007%, in aqueous solution of
Na SO , 1%, was added, followed by 0.1 mL of sample.2 4

2. The sample was vortexed for approximately 30 s.
3. The content of the bottle was poured into a test tube

Žand the top layer that is, the aqueous layer containing excess
.of the dye was removed. The organic layer, which contained

Žthe surfactant]dye complex surfactant and dye react one-to-
.one , was retained.

4. The extraction was repeated by washing the organic layer
Ž .with 2 mL approx. of water.

Ž5. The remaining water was removed it would otherwise
.interfere with the readings with Na SO .2 4

6. The absorbance of the organic layer was measured at
650 nm.

7. A calibration curve for AOT concentration was pre-
Ž .pared within the sensitivity range of the method 0.1]0.5 mM .

ŽThe accuracy of this assay, as tested against overall mass
.balances, was within "10%.

Electron microscopy
The freeze fracture method used was jet freezing with

propanol; this method was chosen as a result of the nature of
the sample, that is, relatively stable with high content of gas.

ŽCGA were made by stirring the AOT solution 34 mM AOT
.in a 0.1-M acetate buffer at pHs4 for 30 min. Sample repli-

cas were mounted on copper grids before examination in an
Hitachi H600 Transmission Electron Microscope operating at
75 kV. Photographs were taken of the replicas.

X-ray diffraction
Ž .In this work the small-angle scattering station 2.1 of

Daresbury laboratory, Warrington, UK, was used. This sta-
tion operates at a fixed wavelength using a crystal monochro-

˚mator, ls1.54 A, and at a variable camera length that pro-
vides spatial resolution ranging from 1 nm to 500 nm.

ŽSolutions of AOT, prepared in a phosphate buffer 0.025
. ŽM, pHs6 , at different concentrations below, at, and above

Ž . .the critical micelle concentration cmc of the surfactant were
used for the X-ray diffraction study. For each concentration,

Ž .samples from two conditions were analyzed: 1 surfactant so-
Ž . Ž .lution with no CGA , and 2 CGA created from the same

Ž .surfactant solution. Two different camera lengths 2 and 5 m
were used in each case. The surfactant solutions analyzed
were: 0.6, 1.3, 2, 2.5, 30 and 61 mM.

Ž .A continuous flow cell see Figure 4 was developed in or-
der to study CGA samples for 3 h or more. CGA were cre-
ated and pumped through the cell.

Scattering from each sample was recorded in terms of in-
Ž .tensity of scattering I and channel numbers. In order to

transform the raw data into graphs with meaningful scatter-
ing variables for the data analysis, a standard compound of a
known scattering pattern, collagen from rat tail, was analyzed
Žcalibration was carried out for each of the different camera

.lengths studied . This allowed the transformation of channel
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Figure 4. The continuous-flow cell developed for the
X-ray diffraction study of CGA.

Ž .The small cylinder diameter s 5 cm with an adjustable
sample length equipped with mica windows was designed for

ŽCGA to be pumped through continuously the equipment
.was operated continuously for more than 3 h .

numbers into q values; q is the scattering vector and is
4p sin url, where 2u is the scattering angle and l is the inci-
dent wavelength. Data were further transformed into Guinier

Ž . 2 Ž .plots, that is, ln I vs. q Guinier and Fournet, 1955 . The
slope of these plots was calculated, from which the radius of

Ž .gyration R was determined. If a sphere of radius corre-g
sponding to the characteristic length, r, is taken as a model,
from the radius of gyration and using some mathematical

Ž .transformations Stroud, 1987 , a value for r, can be ex-
tracted. In this study the characteristic length corresponds to
the thickness of the gas]liquid interface or the spacing be-
tween surfactant molecule layers.

Prediction of aphron diameter from liquid drainage of CGA
( )using Amiri and Woodburn’s 1990 model

The aphron diameters were determined using Stokes ex-
Ž .pression Eq. 7 . First the aphron rise velocity in stagnant

Ž X .water ® and ® was calculated from the corresponding gass s
Ž X .holdup values e and e , respectively using Eq. 6. The gasa

holdups, e and e X, were calculated from experimental dataa
w Ž . Ž .xh t and h t using Eqs. 1 and 5, respectively. The experi-i t
mental value of ® was calculated from the drainage curve,a

Ž . Ž . Ž .assuming that ® t s ® s dh rdt see earlier . From thea i
Ž .equation of the slope Eq. 2 , h was calculated. Values fora

Ž .viscosity and density were taken as r H O, 208C s998.20w 2
y3 Ž . y3 Žkg ? m ; r aphrons s 1.184 kg ? m assuming ra a

Ž . Ž . .aphrons s r air at 208C; that is, ignore surfactant shell ;
Ž . y3 y1 y1m H O, 208C s1.01=10 kg ?m ? s .w 2

Aphron diameters were calculated for eight experiments at
Ž .different conditions of surfactant concentration C , salts

Ž . wconcentration C , pH, and stirring time it being known thatst
Žthese conditions have a large effect on stability Jauregi et

.xal., 1997 . A summary of the experimental conditions is given
in Table 3.

Prediction of aphron diameter using bubble breakup
( )equations proposed by Parthasarathy et al. 1991

In order to assess the applicability of Parthasarathy et al.’s
Ž .model 1991 for conditions used in the study presented here,

Ž .the length scale of the smaller eddies Eq. 9 was calculated
Ž .for the range of powers used 26]60 W . The range of values

for h was 9]11 mm. These values are smaller than the mea-
Ž .sured aphron diameters 46]101 mm . It is therefore as-

sumed that these aphrons can be broken up by the kinetic
energy of the smaller eddies. The turbulence condition is also

Ž 3.met Reynolds)10 and it was therefore decided that the
Ž .model described earlier Eq. 8 could be applied.

In order to predict aphron diameters using Eq. 8 the coef-
ficient C had to be estimated. The experimental Sauter mean3

Ž .bubble diameter values, d , measured for each of the ex-32 e
Ž .periments in the characterization study Table 2 , were plot-

ted against the expression in brackets in Eq. 8. The coeffi-
cient C was then estimated from the slope of these curves.3

Prediction of liquid drainage rate of CGA using a model
for the prediction of drainage in a foam

In this study drainage curves were predicted following Haas
Ž . Ž .and Johnson’s 1967 and Save and Pangarkar’s models 1994 ,

but considering aphron diameter to be a function of time.
Ž .Also Save and Pangarkar’s model 1994 was applied directly,

that is, the experimentally determined initial aphron diame-
Ž .ter assumed constant was used for prediction of drainage

Žrate. Drainage curves for experiments III, VII, and VIII see
.Table 3 were determined using Eqs. 10]13. The resulting

predicted drainage curves were compared to those obtained
experimentally. The following steps were taken in order to
calculate the predicted drainage curves:

v ( )Drainage rate calculated using Haas and Johnson’s 1967
model, dWrdt, and a ®ariable aphron diameter. cT was calcu-o
lated using the abbreviated expression in Eq. 12. The accu-

Ž .mulated drained liquid, W t, z , which is equivalent to theo
Ž .parameter measured, h t , was calculated using Eq. 10. Thei

Ždisengagement time, t , was taken as zero and therefore tyo
.t s t.o

Table 3. Experimental and Predicted Aphron Diameters
( )Ufor Initial Stage of Drainage, that is, Time Up to 2 min

Predicted
XExperimental d d d32

Ž . Ž . Ž .Exp. Experimental 7 7 8d dav 32
Ž . Ž . Ž .Ž . Ž .No. Conditions mm mm mmmm mm

I 61 mMrpHs4rts4 min 46.3 59.9 9.2 nra 77.1
II 0.56 mMrpHs6rts10 min nra nra 28.9 nra 67.0
III 0.1 mMrpHs6r 57.9 75.5 36.9 51.1 66.3

0.07 M NaClrts10 min
IV 2.5 mMrpHs8r 66.5 93.4 28.3 31.8 77.7

0.07 M NaClrts10 min
V 1.8 mMrpHs6rts10 min nra nra 21.4 22.5 84.3
VI 0.71 mMrpHs6rts10 min 45.7 57.1 26.9 28.2 69.4
VII 61 mMrpHs8rts4 min 64.4 82.8 10.3 10.4 79.0
VIII 2.5 mMrpHs6rts10 min 50.2 63.9 17.7 18.4 85.1

UThe experimental conditions at which CGA were generated are surfac-
tant conc.rpHrsalt conc.rtime of stirring. Equation numbers for pre-
dicted values are given in parentheses.
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Table 4. Experimental and Predicted Aphron DiametersU

y6 † ‡Ž . Ž . Ž .PrV =10 d d d Resi av e 32 e 32 p
UU 3Ž . Ž . Ž . Ž . Ž .Exp. kWrm mm mm mm %

1 3.52 37.0 46.4 81.5 43.1
2 2.89 45.2 56.0 88.3 36.6
3 3.52 32.4 39.1 62.9 37.9
4 3.73 39.8 52.5 61.5 14.6
5 3.14 48.0 72.1 85.3 15.5
6 2.89 65.6 95.2 88.3 y7.8

7 3.39 50.5 85.9 63.9 y34.5
8 3.06 38.5 47.1 66.6 29.3
9 2.12 46.3 59.9 77.1 22.2

10 1.82 55.9 71.5 81.9 12.6
11 2.38 50.4 73.5 73.7 0.2
12 2.29 58.4 83.0 74.7 y11.1

13 1.99 64.4 82.8 79.0 y4.7
14 1.82 56.5 77.3 81.9 5.6
15 2.55 72.1 101.1 71.7 y41.1
16 2.12 62.7 93.0 77.1 y20.6
17 3.10 57.9 75.5 66.3 y14.0
18 2.04 58.8 86.9 78.3 y11.0

19 3.27 59.8 101.4 64.9 y56.3
20 2.08 64.1 98.0 77.7 y26.1
21 2.16 45.0 66.3 76.5 13.2
22 2.08 66.5 93.4 77.7 y20.2
23 2.12 49.4 82.1 77.1 y6.5
24 2.16 62.8 89.6 76.5 y17.1

25 1.65 50.2 63.9 85.1 25.0
26 2.72 49.1 85.8 69.8 y22.9
27 1.74 47.6 74.7 83.4 10.5
28 2.97 58.0 80.4 67.4 y19.3
29 2.72 59.6 81.5 69.8 y16.7
30 1.99 47.5 70.2 79.0 11.1

31 3.18 49.3 78.2 65.5 y19.4
32 2.08 48.8 87.4 77.7 y12.5
33 2.23 54.7 80.0 75.5 y5.9
36 2.25 44.2 63.2 75.3 16.1

U Ž .Predicted Sauter mean aphron diameter d was calculated using32 p
Ž 3.Eq. 8 with C s1.5. The volume swept by the impeller, V m , was3 i

calculated as 1.56=10y3 m3.
UUSee Table 2 for experimental conditions.

† wŽ . Ž . x Ž .Percentage residual, % Res s d y d r d =100.32 p 32 e 32 p‡ Ž .See Jauregi et al. 1997 for details of the calculation of power input.

v ( )Drainage rate calculated using Sa®e and Pangarkar’s 1994
model, dW Xrdt, and a ®ariable aphron diameter. cT X was calcu-o
lated using Eq. 13. The corresponding interface height calcu-
lated using Eq. 10 is W X.

v ( )Drainage rate calculated using Sa®e and Pangarkar’s 1994
model, dW Yrdt. cTY was calculated by applying Save ando
Pangarkar’s model in its unmodified form, that is, using an

Ž .experimental average aphron diameter, d , as d in theav e
preceding equation. Using Eq. 13 and cTY, the correspondingo

Y Ž .interface height value, W , was calculated Eq. 10 .

Results and Discussion
Experimental measurement of aphron diameter

Results of experimental measurements of aphron diameter
Ž . Ž .in terms of average that is, arithmetic mean diameter, d ,av e

Ž .and Sauter mean bubble diameter, d are shown in Table32 e
4. Results for Sauter mean bubble diameter and average di-
ameter show that diameters range between 39 and 101 mm

Table 5. Drainage Data and Aphron Diameter
(Measurement for Experiment VI 0.71 mM in Phosphate

)UBuffer, 0.025 M, pHs6, and Stirring Times10 min

dh rdti UUXŽ . Ž . Ž . Ž .t cmrs d 7 d 7 dav e
Xy2Ž . Ž . Ž . Ž . Ž . Ž .s =10 e 1 e 5 mm mm mma

0 0.0 0.35 0.35 0.0 0.0
18 1.1 0.35 0.36 19.0 19.1
30 1.7 0.35 0.37 23.1 23.7
39 3.3 0.33 0.38 32.1 34.0
53 3.6 0.32 0.41 33.1 36.2 45.7
70 2.4 0.35 0.44 27.6 30.2
84 3.6 0.31 0.47 32.9 38.7
98 3.6 0.31 0.52 32.9 40.7

117 3.2 0.33 0.58 31.4 41.6
135 2.8 0.35 0.65 29.9 43.1
161 1.2 0.48 0.70 22.1 30.2 54.0
225 0.5 0.59 0.74 16.2 20.6
300 0.5 0.57 0.80 16.8 25.6 76.4
510 0.1 0.78 0.86 10.3 12.9
613 0.1 0.78 0.90 10.3 15.7

UThe number in parentheses refers to the equation used to predict val-
Ž .ues given. Experimental average aphron diameters, d , measuredav e

at different drainage times are also shown.
UU Ž . ŽEach d is effectively an average value over a 2-min period seeav e

.Experimental section . For comparison, predicted values should also
be calculated as an average over this period.

and 32 and 72 mm, respectively, over the range of process
parameters studied.

Prediction of aphron diameter from liquid drainage of CGA
( )using Amiri and Woodburn’s 1990 model

Drainage data for experiments I]VIII were recorded. Only
data for experiments VI and VII are presented here, as they
are fully illustrative of the overall trends observed. Data
Ž Xdrainage rate, dh rdt, gas holdups, e and e , and corre-i a

Table 6. Drainage Data and Aphron Diameter
(Measurements for Experiment VII 61 mM AOT in

)UPhosphate Buffer, 0.01 M, pHs8, and Stirred for 4 min

dh rdti UUXŽ . Ž . Ž . Ž .t cmrs d 7 d 7 dav e
Xy2Ž . Ž . Ž . Ž . Ž . Ž .s =10 e 1 e 5 mm mm mma

0 0.0 0.53 0.53 0.0 0.0
90 0.2 0.53 0.54 10.3 10.4 64.4

155 0.5 0.52 0.55 14.7 15.3
215 0.5 0.52 0.57 15.2 16.2 67.9
450 0.5 0.52 0.62 14.8 16.9
580 0.5 0.51 0.67 15.6 19.6 71.9
690 0.5 0.53 0.71 14.7 19.3
815 0.4 0.56 0.75 13.6 18.7

1,065 0.3 0.61 0.81 12.4 18.4 115.6
1,325 0.2 0.69 0.86 10.9 16.8
1,460 0.1 0.79 0.88 9.3 12.2
1,740 0.1 0.79 0.90 9.2 13.2
1,800 0.0 0.96 0.89 0.0 0.0

UThe number in parentheses refers to the equation used to predict val-
Ž .ues given. Experimental average aphron diameters, d , measuredav e

at different drainage times are also shown.
UU Ž . ŽEach d is effectively an average value over a 2-min period seeav e

.Experimental section . For comparison, predicted values should also
be calculated as an average over this period.
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X .sponding values of aphron diameters, d and d , respectively
of experiments VI and VII are shown in Tables 5 and 6, re-
spectively. These two experiments correspond to CGA of dif-
ferent stabilities, as illustrated by differences in their drainage

Ž . Žrate profiles dh rdt with CGA stability being greater fori
.Experiment VI than for Experiment VII .

A larger variation in aphron diameter with time is pre-
dicted for dispersions with a lower stability and thus faster

Ž .drainage rates and vice versa Tables 5 and 6 . The trend
Žpredicted by this model agrees with previous reports such as

.Chapalkar et al., 1993 , that is, that the higher the stability of
the dispersion, the smaller the changes in the bubble diame-
ter with time. Experimental results also support this observa-

Ž .tion see Tables 5 and 6 . In general, predictions from the
model are closer to experimental observations for low con-
centrations, and predicted values are always significantly
lower than experimental ones.

Gas holdup was determined using two different expres-
Ž . Ž . Ž . X Ž .sions: 1 e Eq. 1 , and ii e Eq. 5 . From Tables 5 and 6,a

it can be seen that e and e X differ significantly at longa
drainage times; differences increase gradually as drainage
progresses. Differences between the two values are larger for
the lowest surfactant concentrations studied, generally before

Žthe drainage rate reaches a plateau such as at 135 s in Table
.5, and at 1,065 s in Table 6 . This may be due to the assump-

Ž .tion of noncoalescence in the calculation of e see abovea
Ž .coalescence is likely to increase at longer drainage times . At
longer drainage times, measurements of e X are also subject to
greater error, since the height of the aphron]air interface
Ž .h is not so well defined at later stages of drainage. Thet
values of e X seem to vary more with time than do values of

X Ž .e ; also at a given time e )e see Tables 5 and 6 . Thea a
Ž X.corresponding aphron diameters d and d do not differ sig-

nificantly as drainage progresses; the main differences in
aphron diameters are observed at the same time as maximum
differences in gas holdups, that is, at long drainage times.

X Ž X.Generally d aphron diameter based on e seem to be closer
Žto the experimental values than d aphron diameter based on

Figure 5. Prediction of Sauter mean bubble diameter
from bubble break-up equations; plot for the

( )estimation of C from Eq. 8 .3

.e . This reinforces the point made earlier that e may bea a
less accurate than e X. At advanced stages of drainage, the
model fails to predict aphron diameters, as indicated in Table
6 by a prediction of 0-mm aphron diameter when drainage
reaches a plateau.

Prediction of aphron diameter using bubble breakup
( )equations proposed by Parthasarathy et al. 1991

Ž .In order to estimate the coefficient C Eq. 8 , the expres-3
sion between brackets in Eq. 8 is plotted against experimen-

Ž . Ž .tal Sauter mean diameters d see Figure 5 . There is a32 e
Žlot of scatter in the data. The slope of the best-fit line based

. Ž . won linear regression was found to be 1.5 see Figure 5 a
slope of 2 is also shown, as this was the value obtained by

Ž .xParthasarathy et al. 1991 .
Predicted d values calculated using Eq. 8 and taking C32 3

s1.5 are shown in Table 4; experimental values are also
Žgiven. Predicted values are all within a narrower range 60]90

. Ž .mm than experimental values 40]100 mm . The variation
between each of the experimental and predicted values is

Ž .given in Table 4 as % residual value % Res which is de-
fined as

d y dŽ . Ž .p32 32 e% Ress =100. 15Ž .
dŽ . p32

The residual values in Table 4 vary between y56 and 43%. It
is clear that not all the experimental variation in aphron di-
ameters is predicted by Eq. 8. This could be due to the effect
of, for example, surfactant and salt concentration on bubble
diameter; these factors not being fully accounted for in Eq. 8.
Surfactant and salt concentration will affect the surface-ten-
sion term of the equation; however, other effects, such as
coalescence, are not accounted for. The model is based on
the assumption that the effect of coalescence is insignificant
Ž .Machon et al., 1997 . Coalescence will be important when

Žsurfactant concentration is low and when salt is added since
.electrostatic repulsions will be suppressed .

Comparison of predicti©e models for aphron diameter
In Table 3 results of experimental and predicted aphron

Ž .diameters measured in terms of average d and Sauterav
Ž .mean bubble diameter d are shown. These results corre-32

Ž .spond to the initial stages of drainage time up to 2 min .
The variation of aphron diameter with surfactant concen-

tration follows a different trend dependent on the method
used for predicting aphron diameter. The model based on
drainage rate predicts a decrease of aphron diameter as sur-

Žfactant concentration increases see results of experiments II,
.V, VI, and VIII in Table 3 . The higher the surfactant con-

centration, the higher the stability of the dispersion and the
lower the drainage rate. Thus, according to this model, high
stability dispersions contain smaller aphrons. However, the
opposite trend is predicted by the model based on bubble
breakup, that is, aphron diameters increase with increasing
surfactant concentration. In the bubble breakup model, bub-

Ž .ble aphron diameters are described as a function of surface
tension and power input. The model predicts a reduction in

Ž .bubble aphron diameter as surface tension decreases. Sur-
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face tension will decrease as surfactant concentration in-
Ž .creases up to the critical micelle concentration cmc of the

surfactant. In this study, surfactant concentration is for most
conditions above or close to the cmc, thus the surface-tension
term does not change significantly. Therefore, aphron diame-
ter will mainly change due to the variation in power input,

Ž .which varies with the gas holdup Jauregi et al., 1997 . The
bubble breakup model predicts a reduction in bubble diame-
ter as power input increases. In this work CGA are created
at a constant speed with the power input increasing with de-

Žcreasing gas holdup that is, with a decrease in surfactant
.concentration . Experimentally measured average and Sauter

Žmean aphron diameters follow the same trend see experi-
.ments VI]VIII in Table 3 as that predicted by the bubble

breakup model.
Overall the aphron diameters predicted by the bubble

breakup model are closer to the experimental values than
those predicted by the model based on liquid drainage
through a ‘‘static’’ gas]liquid dispersion. However, from the
preceding results it can be concluded that the bubble breakup
model does not fully predict the breakup of aphrons in CGA
dispersions.

Prediction of liquid drainage rate of CGA using a model
for the prediction of drainage in a foam

Results for liquid drainage rates corresponding to experi-
ments VII and III are shown in Figures 6 and 7. Four drainage

Ž .curves are plotted in each graph: 1 dh rdt, the experimentali
Ž . Ž . Ž . Xdrainage curve; 2 dWrdt, with cT Eq. 12 ; 3 dW rdt, witho

X Ž . Ž . Y Y w Ž .cT Eq. 13 ; iv dW rdt, with cT Eq. 13 and d so o av e
xconstant .

Ž .Results in Figure 6 Experiment VII indicate that the pre-
diction of the model improves when a variable aphron diame-
ter is considered, as proposed in the present study, and also
when Save and Pangarkar’s modification is applied, that is,
dW Xrdt is closer to experimental data than dWrdt. Save and

Ž X .Pangarkar’s model prediction dW rdt is worse in the later
Ž .stages of drainage the last two points in Figure 6 . Experi-

ment VIII showed similar trends.

Figure 6. Prediction of drainage rate for experiment VII
(61 mM AOT in phosphate buffer 0.01 M, pHs

)8, and stirred for 4 min using the foam
( )drainage model Eqs. 12 and 13 .

Figure 7. Prediction of drainage rate for experiment III
(0.1 mM AOT in phosphate buffer, 0.025 M,

)pHs6 and stirred for 10 min using the foam
( )drainage model Eqs. 12 and 13 .

In Figure 7 drainage curves corresponding to Experiment
III are shown. The two drainage curves corresponding to the
model with Save and Pangarkar’s modification, dW Xrdt and
dW Yrdt are the closest to the experimental curve. These two
curves differ very little, but when drainage reaches a plateau
the curve corresponding to the model in which the experi-
mental aphron diameters are assumed constant, dW Yrdt, gives
a closer prediction of drainage than when a variable bubble
size is considered, dW Xrdt.

From the three cases studied, it can be concluded that the
drainage curve corresponding to the foam model with Save
and Pangarkar’s modification, which takes into account struc-

Žtural features of CGA that is, liquid film surrounding the
.aphrons and nondodecahedral structure , further modified

here to account for the variation of aphron diameter with
Žtime, gives the best fit to the experimental data that is,

X .dW rdt best fits the experimental data . This demonstrates
that there are structural differences between conventional

Žfoams and CGA. Toward the end of drainage the prediction
of this model gets worse; the most probable explanation be-
ing that this model depends on prediction of aphron diame-
ter from Amiri and Woodburn’s model, which earlier was
shown to fail to predict aphron diameter at advanced stages

.of drainage.

Study of the structure of CGA using electron microscopy
One of the images captured using electron microscopy is

Žshown in Figure 8 the magnification is 250,000, or 1 mms4
. Ž .nm . The light area corresponds to the gas air phase and

the dark area corresponds to the liquid phase of the disper-
sion. The gas]liquid interface is defined by two lines of simi-
lar thickness and dark color. The total interfacial area has an
average thickness of 96 nm. The length of an AOT molecule

˚Ž .tail hydrophobic part is around 8.3 A and the diameter of
˚ Ž .the polar head is around 3.5 A Gupta et al., 1994 , so the

˚total length of an AOT molecule is 12 A or 1.2 nm, and
therefore around 80 molecules of surfactant could fit in this

Žinterface this does not allow for an inner water phase of
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(Figure 8. Electron micrograph of CGA 34 mM AOT in
)an acetate buffer, 0.1 M and pHs4 .

Ž .A transmission electron microscope TEM was used; the
sample being prepared using the freeze fracture method.

finite thickness, as included in Sebba’s original proposed
.structure of CGA; see Figure 1 . This estimated thickness is

Ž .lower than that estimated by Amiri and Woodburn 1990 ,
Žthat is, 750 nm, for a cationic surfactant, CTAB 2 nm long

. Ž .approximately and Bredwell and Worden 1998 , that is,
Ž200]300 nm for a nonionic surfactant, Tween 20 the approx-

imate length of the fatty acid fraction, that is, hydrophobic
.tail, will be in a range between 2 and 7 nm .

Study of the structure of CGA using small angle X-ray
diffraction

The calculation of the characteristic length from the scat-
tering data is subject to several approximations:

v The calculation of the slope from the Guinier plot may
be subject to error, since in some cases different slopes could
be fitted to the curves. This is particularly true for the plots
corresponding to long camera lengths. A possible reason
could be that there is a distribution of sizes corresponding to
different structures of aphrons with a variable number of sur-
factant layers.

v In order to calculate the characteristic length, a model
must be assumed. In this study a solid sphere was taken as a
model and then the characteristic length was calculated from
the radius of gyration data.

Preliminary results obtained at a long camera length are
shown in Table 7. It is interesting to note that the scattering
of a sample of a surfactant concentration without aphrons is
significantly different to that of a sample of the same surfac-
tant concentration but with aphrons, as indicated by the Rg

Žvalues calculated from the slope of the scattering curve see
.Table 7 .

Ž .In Table 7 the number of surfactant molecules n corre-s
Ž .sponding to the characteristic length r calculated from the

Table 7. Results from the X-Ray Diffraction Analysis
of AOT Solutions of Variable Concentration and Their

( )UCorresponding CGA Camera Lengths5 m

C R rs g
˚ ˚Ž . Ž . Ž .Sample mM A A ns

UUAphrons 0.6 62 98.0 8.2
1.3 55 87.0 7.2
2 61 96.4 8.0

UU2.5 53 83.8 7.0
30 59 93.3 7.8UU

61 52 82.2 6.9
Avg. 57 90.1 7.5

UUNo aphrons 0.6 14 22.1 1.8
1.3 13 20.6 1.7
2 13 20.6 1.7

UU2.5 23 36.4 3.0
30 39 61.7 5.1UU

61 39 61.7 5.1

UThe radius of gyration, R , and the corresponding characteristicg
length, r , are shown. The number of surfactant molecules equivalent
to the characteristic length, n , is also calculated assuming the lengths

˚of an AOT molecule is 12 A.
UUScattering of these solutions was also studied at a short camera length.

Guinier plots is shown. This is determined assuming that the
Ž .length of an AOT molecule is 1.2 nm Gupta et al., 1994 .

The number of surfactant molecules corresponding to the
Žcharacteristic length is 2 for samples containing solutions no

. Ž .aphrons of 0.6, 1.3, and 2 mM AOT see Table 7 . Thus the
scattering signal is probably due to micelles of diameter cor-
responding to the length of two surfactant molecules. At
higher surfactant concentrations, for example, 2.5, 30, and 61
mM, an increase in radius of gyration is observed with a sub-
sequent increase in the characteristic length. At these con-
centrations of AOT, surfactant molecules form lamellar

Ž .structures Alexopoulos et al., 1989 . Therefore the scattering
signal could correspond to 3]5 molecules of surfactant ar-
ranged in subsequent sheetsrlayers.

Samples containing aphrons give similar scattering regard-
less of the surfactant concentration, as indicated by the calcu-
lated radius of gyration; using the short and long camera

Žlength, the average averaged over the different surfactant
. Ž .concentrations studied radius of gyration was 54 s.d.s3.6

˚ ˚Ž .A and 57 s.d.s4.2 A, respectively. The number of surfac-
tant molecules corresponding to these radii of gyration are 7

Ž .and 7.5, respectively see Table 7 . Thus the scattering results
indicate that the shell surrounding the aphrons is composed

Žof more than one layer of surfactant the exact number of
layers cannot be determined due to the approximations men-

.tioned before and that the same structure of aphrons is ob-
tained when working at different surfactant concentrations.

Other supporting e©idence for the existence of multilayers
of surfactant surrounding gas bubbles in CGA dispersions

Ž .In a previous report by the authors Jauregi et al., 1997 ,
stability studies were carried out at variable stirring speeds
Ž . Ž .power input . Jauregi et al. 1997 found that there was a
critical speed above which stability and gas holdup increase

Ždramatically at any surfactant concentration below, about,
.and above the surfactant cmc and also that a minimum en-

ergy is necessary in order to generate CGA of measurable
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stability. These results suggest that the formation of CGA
dispersions goes through a transition after which a more sta-
ble dispersion is obtained. During this transition arrange-
ment of surfactant molecules in multilayers may occur as pro-

Ž .posed by Sebba 1987 .

Conclusions
Aphron diameters have been predicted using models previ-

ously proposed for bubble breakup in agitated vessels and for
liquid drainage in foam and CGA dispersions. Although the
aphron diameters predicted by the bubble breakup model are
closer to the experimental values than those predicted by the
model based on liquid drainage for CGA dispersions, neither
model satisfactorily predicts aphron diameters. Of the mod-
els considered for prediction of liquid drainage in CGA dis-

Ž .persions, that proposed by Save and Pangarkar 1994 , which
is based on assumptions including the existence of a liquid
film surrounding the aphrons and a nondodecahedral struc-

Žture a dodecahedral structure often being assumed for con-
.ventional foams further modified here to account for the

variation in aphron diameter with time, gives the best fit to
the experimental data. The experimental and model results
presented here support the hypothesis that CGA dispersions
have different structural and dispersion features than either
conventional foams or noncoalescing gas]liquid dispersions
Ž .with relatively low gas holdups formed in agitated vessels.
These differences could be due to the existence of multilay-
ers of surfactant orientated around the gas bubbles, as pro-
posed by Sebba. In an attempt to gain further information on

Žthe structure of CGA that is, thickness of interface and
.number of layers , two high resolving power techniques]elec-

tron microscopy and X-ray diffraction}were applied to CGA
dispersions. Although the use of these techniques for CGA
needs to be developed further, preliminary results indicate
the existence of an interface composed of more than one
layer. Furthermore, in this study the use of X-ray diffraction
has been presented for the first time to investigate the struc-
ture of gas]liquid dispersions such as CGA, and its potential
has been proved.
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Notation
As interfacial area, m2rm3

cT Xs time for the prediction of drainage rate obtained using Saveo
and Pangarkar’s modification to the model, sy1

cTYs time for the prediction of drainage rate obtained using Saveo
and Pangarkar’s modification to the model and the experi-
mental bubble size, sy1

d smaximum bubble diameter reached before breakup by tur-max
bulence, m

Nisrotational speed, sy1

W Xs predicted accumulated drained liquid calculated from cT X ,o
cm

W Ys predicted accumulated drained liquid calculated from cTY ,o
cm

z s foamrliquid interface height, mo
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