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Abstract

Aqueous two-phase extraction has been recognized as a versatile downstream processing technique for the recovery of biomolecules. A
major deterrent to its industrial exploitation is the slow demixing of the two aqueous phases after extraction, due to their similar physical
properties. A method to decrease the demixing times of these systems, employing a travelling acoustic wave field, is reported. The effects of
phase composition and microbial cells on demixing in a polyethylene glycol/potassium phosphate two-phase system are studied in detail. As
phase composition increased, demixing time decreased gradually. Phase volume ratio was found to have a significant effect on demixing
time at low phase compositions. However, at intermediate and high phase compositions, only a small effect on demixing time was observed.
The effect of phase composition and volume ratio on demixing behavior was explained based on the droplet size of the dispersed phase,
which is the resultant effect of the physical properties of the phases. At all the phase compositions studied, the acoustically assisted process
decreased the demixing time by 17^60% when compared to demixing under gravity alone. Increasing the cell concentration increased the
demixing time markedly in case of yeast cells. However, it remained practically constant in the case of Lactobacillus casei cells. Application
of an acoustic field reduced the demixing times up to 60% and 40% in the case of yeast and L. casei cells, respectively. Visual observations
indicated that ultrasonication caused mild circulation currents in the phase dispersion enhancing droplet^droplet interaction, which in turn
enhanced the rate of coalescence, eventually resulting in an enhanced demixing rate. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Aqueous two-phase extraction is a versatile downstream
processing technique, which can be applied for the sepa-
ration, characterization and study of biomaterials [1,2].
Major hindrances for its application in bio-industries
are: high cost of the phase forming polymers and slow
demixing rates [3,4]. The former problem is solved to a
great extent by adapting temperature induced phase sepa-
ration for recovery and recycling of the polymers [5,6],
while the latter aspect is not addressed to the same extent.
The slow demixing of the thoroughly mixed phases is due
to a small di¡erence in density between them, high viscos-
ity of the individual phases and low interfacial tension
[1,7].

Asenjo and coworkers [8] have studied in detail phase
separation kinetics of polyethylene glycol (PEG, MW

4000)/potassium phosphate system under gravity. Their
investigations were important for the design of large-scale
aqueous two-phase separators. Albertsson [1] has de-
scribed separation times for various systems at di¡erent
volume ratios and observed a sudden decrease in time of
phase separation as the volume ratio (top:bottom) was
increased above a certain point.

E¡orts have been directed at speeding up phase separa-
tion by methods alternative to the conventional gravity
settling [7] and centrifugation [9] such as electrokinetic
demixing [10^13] and magnetic ¢eld assisted demixing
[14,15] ^ each having its own drawbacks [16]. From the
economic point of view, centrifugation becomes prohibi-
tively expensive on a large scale. Electrokinetic demixing
requires fabrication of special equipment and chemical
additions such as salts to the polymer/polymer systems
[11,12] and this method is not applicable to PEG/salt sys-
tems. Magnetic ¢eld assisted processes require addition of
micrometer sized iron particles or ferro-£uids to the sys-
tem. The technique was not found to be useful when the
PEG phase was dispersed [14].
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All these observations indicate that there is a need for
newer methods to enhance the demixing rates in aqueous
two-phase systems (ATPSs) in a simple and cost e¡ective
manner. Application of an acoustic ¢eld is one such po-
tential method. Conventional wisdom indicates that appli-
cation of an acoustic ¢eld causes mixing rather than dem-
ixing of the systems, since it imparts energy to the system
in order to achieve dynamic agitation, shear, cavitation,
heating, etc. This can be easily seen by the application of
acoustics for cleaning of surfaces and disruption of micro-
bial cell walls. However, we found that this is not true in
the case of acoustic ¢elds of higher frequency (MHz
range). Our preliminary experiments showed that applica-
tion of an acoustic ¢eld decreased the demixing time in
PEG/salt systems by about 50%. Since the method was
simple, easy to scale up and economical (the acoustic
transducer being a high voltage and low current device),
we carried out a detailed study of this method in PEG/
potassium phosphate ATPS.

It is known that the kinetics of phase demixing strongly
depends on the physical properties such as density, viscos-
ity and interfacial tension of the system. These properties
can be varied largely by changing the phase composition
of the system. Hence, we studied the e¡ect of phase com-
position on demixing times in a PEG/phosphate system
both under gravity and in the presence of an acoustic ¢eld.
From the practical point of view it is desirable to concen-
trate the target biomolecules/cells into small volumes of
the phases. Hence, the e¡ect of volume ratio was investi-
gated. Large-scale processing involves large amounts of
cells in the phase system. The presence of cells and cellular
components in the system signi¢cantly increases the dem-
ixing time due to the formation of a stabilized emulsion
[15]. Therefore, we also investigated the e¡ect of microbial
cells on the demixing times in a PEG/phosphate system in
settling under gravity alone and under the in£uence of
acoustic ¢eld.

2. Theoretical aspects of phase demixing

Some researchers have assumed that approximately
Stoke's law (which was developed for a rigid sphere) can
describe phase demixing under unit gravity;

V s � D2vbg
18WC

�1�

where D is the droplet diameter, vb is the density di¡er-
ence between the phases, WC is the dynamic viscosity of the
continuous phase, g is the acceleration due to gravity and
Vs is the droplet rise/fall velocity.

Asenjo and coworkers [8] have rightly indicated that for
a swarm of droplets considerable deviations from Stoke's
law can be expected. As the droplets are not rigid the
circulation inside them (induced by the drag of the con-
tinuous phase) has to be taken into account as given by

the Hadamard^Rybzcynski equation

V s � D2vbg
18WC

3WD � 3WC

3WD � 2WC

� �
�2�

where WC and WD are the viscosities of the continuous and
dispersed phases respectively.

Phase demixing can be seen as the combined e¡ect of
droplet rise/fall and droplet coalescence. If a single droplet
is considered then the two steps are clearly in series. The
droplet has to rise/fall to the interface and there it coales-
ces with the interface [8]. In this situation, droplet migra-
tion will be the controlling step in the overall demixing
process. In ATPSs this situation can be seen when the
phase volume ratios are either very high or very low.
The time required for the separation of the two phases
in this situation can be represented by Eq. 2. However,
this may not be the case generally. The presence of multi-
ple droplets leads to considerable droplet^droplet interac-
tion, which leads to coalescence as they rise/fall. This will
increase the droplet size and this in turn alters their rise/
fall velocities (proportional to the square of the droplet
diameter). Hence, coalescence will be the controlling
step, which is also the observation made by us in the
present study. Sometimes streaming or ¢ngering occurs
during phase demixing when a swarm of droplets rapidly
moves dragging the associated continuous phase along
with them. Such streams do not behave according to
Eqs. 1 or 2 but move much faster as the diameter of the
stream is much larger than droplet diameters. We have not
observed such a phenomenon in the present study of
acoustic demixing. However, we have observed it in the
case of electrokinetic demixing of ATPSs especially at high
¢eld strengths [11,12].

3. Materials and methods

3.1. Materials

PEG (batch No. T/823081) with a molecular weight of
6000 Da was obtained from Sisco Research Laboratories,
Mumbay, India. Potassium dihydrogen phosphate and di-
potassium hydrogen phosphates were obtained from Ran-
baxy Chemicals, Punjab, India. Glucose and yeast extract
were obtained from Difco Research Laboratories, Delhi,
India. All other chemicals used were of analytical grade.

Yeast cells (Saccharomyces cerevisiae) in the form of
cakes were purchased from a local market. Cell mass of
Lactobacillus casei was obtained by growing them in a 2 l
bioreactor at 37³C with medium composition as explained
elsewhere [17]. Prior to use, both yeast cells and L. casei
cells were thoroughly washed with distilled water and cen-
trifuged at 5000 rpm for 30 min. The supernatants con-
taining some of the soluble contaminants were discarded.
The pellets were dried at 50³C for 2 h and then used for
the experimentation.
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3.2. Methods

3.2.1. Preparation of the phase systems
Predetermined, weighed quantities of PEG and potassi-

um phosphates (K2HPO4 :KH2PO4 = 1.82:1) were added
to a known quantity of distilled water, so as to make
the total composition of the system 100% on a w/w basis.
After dissolving the components, the system was mixed
thoroughly for 30 min and allowed to separate overnight
in a separating funnel. The equilibrated and separated
phases were then collected and used as stock solutions
for further experiments. In this way 300 g of systems
were prepared at each phase composition.

3.2.2. Phase demixing experiments
All the demixing experiments were carried out in a 100

ml capacity measuring cylinder with a height to diameter
ratio of 8.75. All the demixing studies were carried out at
three volume ratios of the top to bottom phase, viz. 30/70,
50/50 and 70/30. The column was ¢lled with a 100 ml
freshly prepared thoroughly mixed (for 10 min) phase dis-
persion. The dispersion was subjected to ultrasonication at
a frequency of 1.2 MHz and at a power level of 1.2 W/cm2

using an ultrasonic transducer (model HM-460, Holmer
Products Corp., Massachusetts, USA). The dispersion
height is de¢ned as the height of the unseparated cloudy/
turbid region of the dispersion. The dispersion height was
recorded as a function of time. For all the experiments,
sonication was given from the bottom and with a travel-
ling wave mode with the transducer at the bottom of the
dispersion. A schematic diagram of the acoustically assist-
ed process is shown in Fig. 1. Similar demixing experi-

ments were carried out under gravity alone in the absence
of ultrasonication. For all the experiments, the time for
complete phase separation was taken as the time required
for a clear horizontal interface to be formed. However, in
the experiments with the cells, one or two droplets were
found to be present at the interface even after the forma-
tion of the interface. For the experiments with the cells,
predetermined, weighed quantities of cells were added to
100 ml of dispersion.

All the demixing experiments were carried out in tripli-
cate and mean values are reported. The accuracy of the
measurements was found to be well within þ 5%.

3.2.3. Phase density and viscosity measurements

Density and viscosity of the individual phases were mea-
sured using speci¢c gravity bottles and an Ostwald-U-tube
viscometer of 10 ml capacity, respectively. All the mea-
surements were carried out in duplicate at 27 þ 0.5³C
and average values are reported.

4. Results

4.1. Demixing behavior with respect to phase composition

Systems selected to examine the e¡ect of phase compo-
sition on demixing as well as their densities and viscosities
are given in Table 1. Fig. 2 depicts the typical kinetics of
phase demixing (dispersion height as a function of time)
for an intermediate phase composition (15/11) both in the
presence and in the absence of an acoustic ¢eld. Demixing
times for the remaining phase compositions are given in
Table 2. In order to bring out the positive e¡ects of acous-
tics more clearly, demixing time is plotted against phase
volume ratio with phase composition as a parameter in
Fig. 3. It can be seen that as phase composition increased
demixing time decreased gradually under gravity as well as
in the acoustically assisted process. The acoustically assist-
ed process resulted in an about 18, 43 and 55% reduction
in demixing times at high (35/11), intermediate (15/11) and
low phase compositions (7/11), respectively, as shown in
Fig. 4. It may be noted that the e¤cacy of the acoustic
¢eld decreased with an increase in phase composition.

Fig. 1. Schematic diagram of the acoustically assisted demixing process.

Table 1
Viscosity and density at various phase compositions of the PEG (6000)/potassium phosphate two-phase system

Sl. # Phase composition (PEG/salt, % w/w) Viscosity Density

Top phase (mPa.s) Bottom phase (mPa.s) Top phase (kg m33) Bottom phase (kg m33)

1 7/11 11.68 1.21 1121.9 1143.0
2 10/11 12.29 1.23 1130.9 1152.9
3 15/11 24.47 1.41 1135.2 1190.7
4 10/16 36.77 1.40 1138.2 1209.0
5 25/11 56.79 1.57 1142.6 1253.7
6 20/16 71.99 1.68 1144.4 1276.3
7 35/11 97.75 1.83 1152.0 1330.0
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4.2. Demixing behavior with respect to phase volume ratio

It can be noted from Fig. 3 that volume ratio has a
signi¢cant e¡ect on demixing time at low phase composi-
tion and the e¡ect decreases gradually as phase composi-
tion increases. As a general trend, demixing time decreased
with an increase in volume ratio. An exception to this
trend was at the 50/50 volume ratio of low phase compo-
sition where the demixing time was higher than that at the
30/70 volume ratio.

4.3. Phase demixing in the presence of microbial cells

Addition of microbial cells to the PEG/phosphate sys-
tem signi¢cantly increased the demixing time. Table 3
shows the experimental results of the e¡ect of yeast and
L. casei cells on the demixing behavior in the PEG/phos-
phate system at 1 and 8% cell concentrations. Experiments
were carried out at an intermediate composition of PEG
15% and potassium phosphate 11% because of the suit-
ability of this phase composition for large-scale applica-
tions. In both cases, almost all cells partitioned to the
bottom phase forming a band between the interface and
the bottom phase. Demixing time in the case of yeast cells
was found to be much higher when compared to L. casei
cells. It was observed that in both cases the volume ratio
had little e¡ect on demixing time, at intermediate phase

composition. Hence, the e¡ect of cell concentration (2^
7%) was studied at the 70/30 volume ratio only.

As cell concentration was increased, at a constant vol-
ume ratio, demixing time increased signi¢cantly in the case
of yeast cells. However, a very marginal increase in demix-
ing time was observed in the case of L. casei cells as in-
dicated in Fig. 5. The acoustically assisted process was
found to decrease the demixing time signi¢cantly in these
systems having cells. In the case of L. casei cells up to 40%
and in the case of yeast cells up to 60% decreases in dem-
ixing times were observed (Table 3 and Fig. 5). Addition
of microbial cells did not signi¢cantly a¡ect the physical
properties such as density and viscosity of the systems
(Tables 4 and 5).

5. Discussion

5.1. Demixing behavior with respect to phase composition

Droplet coalescence is the critical factor for phase dem-
ixing in ATPSs. Ultrasonication generates mild circulation
currents in the phase dispersion thereby increasing the
droplet^droplet interaction (collision), as the binary colli-
sion frequency is proportional to the shear [18,19]. An
increase in collision frequency enhances the probability
of coalescence, which in turn hastens phase demixing
due to increased migration velocity of the larger droplets.

Table 2
Demixing times (min) at di¡erent volume ratios of various phase compositions in the PEG(6000)/potassium phosphate two-phase system

Phase composition (PEG/salt, % w/w) 70/30 volume ratio 50/50 volume ratio 30/70 volume ratio

Gravity Acoustics Gravity Acoustics Gravity Acoustics

7/11 6.00 3.45 14.40 6.00 12.20 4.90
10/11 5.80 3.35 11.96 5.83 10.92 4.80
10/16 4.83 3.14 5.28 3.35 6.16 3.82
25/11 4.10 2.82 4.20 2.86 4.40 2.94
20/16 3.5 2.5 3.70 2.6 3.87 2.65
35/11 2.95 2.40 3.15 2.53 3.25 2.60

Fig. 2. Kinetics of phase demixing at 15% PEG and 11% potassium
phosphate two-phase system (dispersion height as a function of time).
Open symbols : demixing under gravity alone, closed symbols : demixing
under ultrasonication, E : volume ratio 70/30, O : volume ratio 50/50,
a : volume ratio 30/70.

Fig. 3. E¡ect of phase volume ratio on demixing time in the PEG/potas-
sium phosphate two-phase system. Open symbols: demixing under grav-
ity alone, closed symbols : demixing under ultrasonication, E : phase
composition 7/11, O : phase composition 15/11, a : phase composition
35/11.
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The enhanced rates could be observed by the increased
slopes in Fig. 2. This is how the acoustically assisted dem-
ixing process has resulted in a decrease in demixing time
(Fig. 3). The observed decrease in e¤cacy of acoustics
with an increase in phase composition is due to attenua-
tion of ultrasound intensity with an increase in phase vis-
cosity. For similar reasons attenuation of ultrasound in-
tensity was also observed when the top viscous phase was
forming the continuous phase at any given composition
(Fig. 4).

Kula and coworkers [20] have suggested that in PEG/
salt systems, the fastest separation could be expected at
intermediate compositions especially when the volume of
the higher viscous phase is smaller than that of the lower
viscous phase. However, we did not observe the fastest
separation at the intermediate phase composition. Instead,
as phase composition increased, demixing time gradually
decreased (Fig. 3 and Table 2). Further, at all the studied
phase compositions, the demixing time was higher when
the volume of the higher viscous (PEG rich) phase was
smaller than that of the lower viscous (salt rich) phase
(30/70 volume ratio) as shown in Table 2 and Fig. 3.
The observed decrease in demixing time with an increase
in phase composition mentioned above (Fig. 3) is mainly
due to the increase in droplet size of the dispersed phase
with an increase in phase composition.

An increase in phase composition increases the interfa-
cial tension, density di¡erence and the phase viscosities.

The combined e¡ect of these properties is that the average
drop size and the drop velocity increase with an increase in
the system composition [21,22]. Visual observations have
also indicated an increase in droplet size with an increase
in phase composition at all volume ratios. The higher the
droplet size, the faster its rise/fall thereby decreasing the
demixing time. As a result the demixing time decreased
with an increase in phase composition. In polymer/poly-
mer type ATPSs, it was reported that at high phase com-
positions the demixing rate becomes very slow owing to a
very high viscosity of the individual phases [1], which dras-
tically reduces the migration of the phase droplets. How-
ever, such an e¡ect of viscosity in reducing the migration
of droplets was not observed in the PEG/salt systems em-
ployed in our studies.

5.2. Demixing behavior with respect to phase volume ratio

At a 70/30 volume ratio, salt is the dispersed phase and
the more viscous PEG phase forms the continuous phase.
Owing to the higher viscosity of the continuous phase,
relatively less of the total energy given to form the disper-
sion will be transferred to the dispersed phase when com-
pared to the situation where the PEG phase is dispersed
and the salt phase of much lesser viscosity forms the con-
tinuous phase (50/50 and 30/70 volume ratios). Hence, the
droplet size will be larger at a 70/30 volume ratio when

Fig. 4. E¤cacy of acoustics on demixing behavior in the PEG/potassium
phosphate two-phase system. Closed symbols: percent reduction in dem-
ixing time, F : phase composition 7/11, R : phase composition 15/11, b :
phase composition 35/11.

Table 3
Demixing times in the 15% PEG and 11% potassium phosphate two-phase system in the presence of yeast and L. casei cells

Cell concentration (% w/v) Volume ratio (top/bottom) L. casei cells demixing time (min) Yeast cells demixing time (min)

Gravity Acoustics Gravity Acoustics

1 70/30 12.00 8.00 18.00 10.00
50/50 12.20 8.10 19.00 10.30
30/70 12.10 8.00 18.40 10.00

8 70/30 13.20 8.10 89.00 37.00
50/50 13.40 8.20 94.00 40.00
30/70 13.20 8.10 92.00 40.00

Fig. 5. E¡ect of microbial cell concentration (1^8%) on demixing time
at a 70/30 volume ratio of 15% PEG and 11% potassium phosphate
two-phase system. Open symbols: demixing under gravity alone, closed
symbols : demixing under ultrasonication, O : yeast cells, a : L. casei
cells.
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compared to 50/50 and 30/70, resulting in a lower demix-
ing time at this volume ratio at any given phase composi-
tion (Fig. 3 and Table 2).

At 50/50 and 30/70 volume ratios, the dispersed phase
being the same (PEG phase), the lower demixing time at
the 50/50 volume ratio than that at the 30/70 volume ratio
at intermediate and high phase compositions (Fig. 3) is
mainly due to the higher droplet size at the 50/50 volume
ratio (visual observations). This higher droplet size at 50/
50 is the result of relatively lower energy availability (en-
ergy/unit volume) to form the dispersion owing to a higher
volume of the dispersed phase when compared to that of
the 30/70 volume ratio. However, as an exception to this
trend, at the 50/50 volume ratio of low phase composition,
although the droplet size was observed to be higher, the
demixing time was higher than that at the 30/70 volume
ratio as shown in Fig. 3. Visual observation indicated that
at this volume ratio, after reaching the interface, the drop-
lets assembled near the interface forming a densely packed
zone and took longer time to coalesce with the already
formed PEG layer. The formation of a densely packed
zone was due to the lower rate of droplet coalescence
with the interface when compared to the rate of migration
of the droplets. The droplet packing was also observed at
the 30/70 volume ratio of low phase composition. How-
ever, due to a lower concentration of the dispersed phase
droplets the density of packing was lower than that at the
50/50 volume ratio. This kind of accumulation was ob-
served only at this phase composition.

It can be noted that the extent of the decrease in demix-
ing time when the volume ratio was increased from 30/70

to 70/30 reduced with an increase in phase composition
(Figs. 3 and 4). For instance in gravity demixing, the ex-
tent of decrease in demixing was about 51, 18 and 8% at
7/11, 15/11 and 35/11 phase compositions, respectively
(Fig. 3). This is due to the synergistic e¡ect of the increase
in droplet size with an increase in phase composition as
well as phase volume ratio.

5.3. Phase demixing in the presence of microbial cells

The presence of cell surface associated biomolecules and
their interaction with the phase system will a¡ect the
charge, size and hydrophobicity of the dispersed phase
droplet and thus alter its surface properties, which in
turn discourages droplet coalescence. This could be re-
sponsible for the increase in demixing time (Table 3). It
was reported that the presence of cellular components and
other biomolecules in ATPSs can form stabilized emul-
sions that will considerably increase the phase separation
time [15].

It is known that yeast cell wall contains mannoproteins
and lipopolysaccharides [23], which stabilize the dispersion
through steric stabilization by adsorbing at the interface.
As the extent of this adsorption increases with an increase
in yeast cell concentration, the demixing time increased
consistently with an increase in cell concentration (Fig.
5). However, the L. casei cell wall is not known to contain
any such materials having emulsifying properties, which
appears to be the reason for the insigni¢cant increase in
demixing time with an increase in cell concentration.

The acoustically assisted process decreased the demixing

Table 4
Viscosity and density of the 15% PEG and 11% potassium phosphate two-phase system in the presence of L. casei cells

Cell concentration (% w/v) Volume ratio (top/bottom) Viscosity (mPa.s) Density (kg m33)

Top phase Bottom phase Top phase Bottom phase

0 70/30 17.01 1.46 1134.1 1166.9
1 70/30 17.23 1.46 1134.2 1166.4

50/50 17.21 1.46 1132.1 1167.3
30/70 17.19 1.46 1131.0 1171.3

2 70/30 16.45 1.46 1134.5 1163.8
4 70/30 15.75 1.46 1133.3 1165.8
6 70/30 15.42 1.46 1133.8 1167.5
8 70/30 14.98 1.46 1134.6 1168.3

Table 5
Viscosity and density of the 15% PEG and 11% potassium phosphate two-phase system in the presence of yeast cells

Cell concentration (% w/v) Volume ratio (top/bottom) Viscosity (mPa.s) Density (kg m33)

Top phase Bottom phase Top phase Bottom phase

0 70/30 17.01 1.46 1134.1 1166.9
1 70/30 17.51 1.46 1137.1 1166.8

50/50 17.19 1.46 1138.1 1166.7
30/70 17.33 1.46 1140.0 1165.8

2 70/30 18.21 1.46 1138.0 1166.2
4 70/30 19.98 1.46 1141.6 1166.0
6 70/30 21.24 1.46 1142.0 1166.2
8 70/30 22.64 1.46 1143.3 1166.3
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times up to 40% in the case of L. casei cells and up to 60%
in the case of yeast cells (Table 3 and Fig. 5). This de-
crease is again due to the mild circulation current caused
by the ultrasonic waves in the phase dispersion as ex-
plained earlier. In addition to the advantages already men-
tioned, another attractive feature of this acoustic method
is that it provides gentle treatment to the system, thereby
not causing any damage to the cells. This is quite in con-
trast to the classical application of acoustic ¢elds for dis-
ruption of cells to release intracellular compounds. Fur-
ther, the rise in temperature of the system due to acoustic
¢eld application was found to be less when compared to
an electrokinetic demixing process. This is more true in the
case of PEG/salt systems in which the application period
of the acoustic ¢eld is short.

6. Conclusions

Acoustic demixing, a new method for enhancing the
demixing rates of ATPSs, is reported. The e¡ect of phase
composition and volume ratio on demixing behavior was
explained based on droplet size, which is determined by
the resultant e¡ect of the physical properties of the system.
The present work suggests that the acoustic demixing of
two-phase systems would be useful in enhancing the dem-
ixing rates of the phases especially at low and intermediate
phase compositions irrespective of phase volume ratio and
even at high microbial cell concentration. The process is
simple, economical, easy to scale up and readily available
ultrasonic transducers could be employed.
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