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Abstract

Extraction using aqueous two-phase systems (ATPSs) is a versatile technique for the downstream processing of various proteins/enzymes.
The study of drop formation deals with the fundamental understanding of the behavior of liquid drops under the influence of various external
body as well as surface forces. These studies provide a basis for designing of the extractions in column contactors in which liquid drops play a
major role. Most of the drop formation studies reported so far is restricted to aqueous—organic systems. ATPSs, differ from aqueous—organic
systems in their physical properties. In view of this, an attempt was made to develop a model for drop formation in ATPSs adopting the
information available on aqueous—organic systems. In order to validate the model, experiments were performed by using polyethylene glycol
(PEG)/salt systems of different phase compositions at various flow rates. At low flow rates the single stage model and at high flow rates the
two stage model are able to predict the drop volume during its formation from tip of capillary. The experimental results were found to agree
reasonably well with those predicted by the model.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction These studies provide a basis for understanding of mass
transfer during extractions, in which liquid drops play a ma-
Extraction using agueous two-phase systems (ATPSSs) is gjor role. In case of a spray column, the area available for
versatile technique for the downstream processing of variousmass transfer is directly proportional to the average surface
proteins/enzymes. Applications of ATPSs were extensively area of the individual drops, which in turn, is a function of
reviewed[1-5]. When the equilibrated dispersion is sepa- the volume and shape of the drops.
rated back into two individual phases, the desired protein The models reported in the literature for the predictions
concentrates in one of the phases, facilitating its isolation. of drop volume are pertaining to aqueous—organic systems
In some instances one such batch extraction is sufficient to[8—13]. ATPSs differ from aqueous—organic systems in their
achieve satisfactory separation, while in others, multistage physical properties. That is, they have low density and high
procedure is necessary. For multistage extraction procedurewiscosity differences between the individual phases and low
spray columns can be conveniently employed. Further, sprayinterfacial tension. For example review of published infor-
columns enable separation of the phases by gravity easily,mation on ATPS14,15] shows that the difference between
eliminating the need for an expensive centrifuge. In addi- viscosities of two phases in the ATPS is more than 14 mPas.
tion, they can be adopted easily for continuous processesSimilarly, in conventional aqueous organic system, the dif-
[6,7]. ference in density is at least twice as that of ATPSs. In
The study of drop formation deals with the fundamental addition the interfacial tension is more than 13 mNin
understanding of the behavior of liquid drops under the in- aqueous organic two phase systems, whereas in the ATPS it
fluence of various external body as well as surface forces.is in the range of 10* to 101 mNm~L. In view of this, it
was thought desirable to investigate the drop formation in
ATPSs. Based on the available information of aqueous or-
ganic systems, an attempt was made to develop a model for
fax: +91-821-251-7233. . drop formation in ATPSs and compare the predicted values
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1 present address: Mycolgy Laboratory, DAI, Wodsworth center, with the experimental as well as the values predicted by the
NYSDOH, Albany, NY 12208, USA. models reported in the literature.
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2. Materials and methods 3. Theoretical aspects

2.1. Materials The models proposed in the literature for the prediction of
the drop volume of aqueous organic systems are either based
Polyethylene glycol I, 6000) was procured from Sisco on force balancgl0,16]or geometric treatmenf8,17]. It is
Research Labs., Bombay, India. Potassium dihydrogen phosnot surprising that, these models are successful only under
phate and di-potassium hydrogen phosphate were procuredestricted conditions, because of the complexity of the drop
from Ranbaxy Chemicals, Punjab, India. formation process. Further, drop volumes estimated using
these models deviated considerably from the values in case
2.2. Preparation of aqueous two phase systems of ATPSs.
Predetermined, weighed quantities of polyethylene gly- 3.1. Atlow flow rates
col and potassium phosphates (mono/di) were added to
a known quantity of deionized water (Milli-Q, Millipore,
Bedford, MA, USA), to make the total weight of the system
to 100% on w/w basis. The mixture was mixed thoroughly

There are four major forces, which act on a drop during its
formation at the tip of a capillary. The buoyancy and kinetic
forces act to separate the drop from the capillary. The drag
for about an hour and allowed overnight to equilibrate. force and the interfacial tension exerted by the continuous

The equilibrated phases were separated and used for thé’hase act in opposite d|rect|(_)n. .At low flow rates, it was
study. assumed that the drag and kinetic forces are very low and

The physical properties of the phases were measured.hence can be neglected.The buoyancy force is given by:

Density was measured by specific gravity bottle and viscos- Fg = Vs Apg (2)

ity by Ostwald viscometer at constant temperature. ] ) ] o
The interfacial tension force is given by:

2.3. Experimental setup Fo =nDyy 3)

At static condition, these forces are equal and opposite,

The schematic diagram of the experimental setup is shown hence the volume of the drop at this stage can be written as:

in Fig. 1a A glass column of 95 cm height and 3.4 cm diam-
eter was used to hold the continuous phase. The diameters,_ _ mDny (4)
of different capillaries were measured using a microscope Apg

Laborlux model of Leica, Germany. The height of the con- _

tinuous phase was kept at a predetermined level. The dis-3-2. At high flow rates

persed phase was sparged through the capillary and flow rate . ] o
was varied using a needle valve. At relatively higher flow rates, the kinetic and drag forces

will come into picture where the kinetic force is given by:

2.4. Experimental procedure Fx = pvpQ (5)

and according to Hadamard—Rybzocynski, the drag force
dwith internal circulation can be given as:

uc + 1o )
0.661C + 11D

The drop formation was studied by employing both light
(PEG rich) and heavy (salt rich) phases as the disperse
phase. The reservoir was first filled with the dispersed phase,
then the continuous phase was added slowly into the col-
umn until a desired height was achieved. The flow of the

dispersed phase from the reservoir was then started so as to Buoyancy_ and kinetic f(_)rces (lifting for(_:es) puI_I the drpp
form individual drops at the tip of the capillary. The flow away from tip of the capillary, whereas interfacial tension

rate was measured by noting the time for a definite volume and dr_ag forces (rg_strgining forpg s) try to keep .the drop
change. The frequency of drop formation was adjusted in a_lt.cap|llary. At equilibrium cond|t!on, the restraining and
such a way that the drops fall/rise one after the other with- lifting forces are equal and opposite.

out coalescing. This ensured that the preceding drop did notFg + Fx = F, + Fp @)

influence the subsequent drop. The drop volume was esti- o ) )
mated by measuring the number of drdy) &t a particular After substituting the appropriate expressions for the forces

time () and noting the flow rateQ) (which was always ~ @nd rearrangingq. (7) we get:
kept less tha®Qjet). Thus, the experiential drop volume can Ve = aDyy  4mrucv ( uc + up ) _ poup@
be calculated as: gAp gAp \0.66uc+ up gAp

_ Q_T ) which gives the volume of drop at the tip of capillary in
N equilibrium condition.

Fp = 4nrucv ( (6)

(8)

14
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1. Rubber cork 4. Dispersed phase drop
2. Glass column 5. Needle valve
(a) 3. Continuous phase 6. Peristaltic pump

Fig. 1. (a) Experimental set up for drop dynamics studies; (b) heavy (salt rich) phase as a disperse phase; (c) light (PEG rich) phase as a disperse phase

Before this detaches from the capillary a considerable can be calculated as:
amount of liquid flows into the drop/y) and it starts grow- Vy = Qt (10)
ing further. Thus, expression for the final drop volume can

be written as: time taken by the drops to detach during which additional
N Ime taken oy € arops 1o aetac uring wnicn additiona
VE=Vs+Vy ©) liquid flows into it.

So, to obtain the final volume of the drop it is necessary  To evaluate this time the force balance equation has to
to estimate this additional flow of liquid into the drop, which be solved and the various forces to be considered during the

whereQ is volumetric flow rate through capillary ands the
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drop detachment are Kinetic force, which is given by:

Fx = pvcQ (11)
Buoyancy force, which is given by:
and the drag force, which is given by:
uc+ up
Fp =4 — 13
b = 4nrucvc <0-66MC+MD) (13)

wherevc is the velocity of the dispersed phase inside the
capillary.

The algebraic sum of these forces is equal to the rate of

change of momentum of the drop:

dmv

dr

M“c + up

— ApgOt+ —4 _KerHD
pgQt+ pvcO ﬂmcvc<0.66uc+,uo

)

(14)

The interfacial tension in agqueous two phase system is

very low and can be neglected during the drop detachment.

And the mass of the dromt can be assumed to be constant
and equal to the mass of the static drop, as there is not muc

growth before detachment. Thus, the mass term can be given

as:

11
m = Vspp + — Vspc (15)

16

where 11/16{spc) is the correction factor, which accounts

for the inertia of the continuous phase. It assumes the flow !
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The above equation can be utilized to explain the growth
of the drop and that is written as:

_dr_Bt_B
d A A
where d/dt is the growth in radius of drop with respect to
time. On integration, the above equation becomes:
B2 _ Bt
2A A2
Applying the boundary conditions t6qg. (20)

(19)

(20)

t=0, r=0, K=0; tr=1t r=xDn

It was assumed that the radius of drop is equal toxthe
times the capillary diameter at tinte wherex is the cor-
rection factor to account for the dependency of drop size
on the capillary diameter (similar to the static drop size de-
pendency on the capillary diameter). Photographic measure-
ments Fig. 1b and g indicated that the drop diameter was
about two times the capillary diameter employed in case of
salt rich phase as the dispersed phase (that=s1.0) and
about 1.5 times in case of PEG rich phase as the dispersed

thase (that is = 0.75).

Then theEq. (20)becomes:

B2 Bt
and
1 1 2AxD,\Y?
=7 + (ﬁ + B n) (22)

around the drop is irrotational and unseparated as suggested

by Davidson and Schulg18].
Eq. (14)can be written as:

mc + Up
0.66uc + up

v
m-— =

ar ApgQt+ pvcQ — 4nrpcuc (

)

(16)

The above equation is a first order linear differential equa-
tion, the solution of which is:

C t 1 B C
-~ +B(L- = 2 Z)cexplA] (17

v=S1 (A A2)+(A2 A) pLAl  (17)
where
A:47rruc uc + 1p B:Ang

m 0.66uc + up /)’ m
CZQUCPD

m

The velocityvc of the dispersed phase inside the capillary
is very low, henceC can be neglected. Then tli&g. (17)
reduce to:

o=

t 1

A Az (18)

Then the final drop volume is obtained froEgs. (9)
and (10)

4. Results and discussion

The drop volumes were evaluated as a function of flow
rate for capillaries of different diameters and systems of dif-
ferent compositions. The diameter of the capillaries used in
the study is shown iTable 1 The phase composition and
physical properties of systems used are tabulatddloes 2
and 3 respectively. The proposed model considers drop for-
mation to take place in a single stage at low flow rates
(Eqg. (4) and in two stages at high flow rat&s(. (9). Each
case is discussed separately for light (PEG rich) and heavy
(salt rich) phase as the disperse phase. Drop volumes were

Table 1
Dimensions of the capillary

Sl. no. Capillary Diameter of nozzle (m)
1 o] 5.04 x 1074
2 G 9.24 x 1074
3 G 13.26 x 10°*
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Table 2

Composition of the phase systems

System no. Composition

1 12% PEG+ 12.4% (8.26 di and 4.13 mono)
potassium phosphate 75.6% distilled water

2 7.93% PEG+ 15.3% (10.2 di and 5.1 mono)
potassium phosphate 76.74% distilled water

Table 3

Physical properties of systems at X5

System no.  Densities Viscosity of Interfacial tension
(kgm=3) phases (mPas)  (MNm™1)
PEG Salt PEG Salt

1 1077 1159 16.72 1.55 0.535

2 1073 1147 1432 1.60 0.360

a8 From literature[17].

[19]. The corresponding flow rate in case of ATPSs is (7 to
12) x 100 19m3s 1,

Fig. 2andTable 4show that the drop volume predicted by
the proposed single stage modgb( (4) matches with the
experimental drop volume more closely than the static model
with Harkins and Brown correction factor (H & B correction
factor) reported in the literature for conventional aqueous
organic systems. From this figure and table, it can also be
observed that the drop volumes obtained by the latter model
were too low as compared to the experimental values. This
could probably be reasoned as follows. H & B correction
factor accounts for the fraction of drop at the tip of the cap-
illary after drop detaches and the fraction will be high when
interfacial tension value is high ((20 to 58) 10 3Nm™1)
as in the case of aqueous—organic system. But in case of
ATPSs, interfacial tension values are very low and for the
systems studied are¥Bx 10~3 and 0545x 103N m~L. In
view of low magnitude of interfacial forces, this correction
factor under predicts the drop volume.

predicted by the proposed model as well as the models re-
ported in the literature, static model with Harkins and Brown 4.1.2. At high flow rates

correction factor at low flow ratfl9] and two stage model
of Rao et al., at high flow rate.

4.1. Light (PEG rich) phase as a disperse phase

It may be noted that, the flow regime for two stage drop
formation in case of aqueous—organic systems inferred from
literature is of order of 108 to10~ " m3s~1[10]. The corres-
ponding flow regime in ATPSs is of the order of fm3s 1,
which is lower by at least one order of magnitude than that

The variation in drop volume with respect to flow rate of aqueous—organic systems.

for the situation where PEG rich phase is dispersed into salt

rich phase are shown iRigs. 2—4andTable 4

4.1.1. At low flow rates

Figs. 3 and 4show experimental and predicted drop vol-
umes at different flow rates by the proposed two-stage model
(Eq. (9) and that of Rao et al[10]. Although both the
models are based on two stage drop formation, former is

The reported flow regime for aqueous organic systems developed for ATPSs while latter for aqueous—organic sys-
in which kinetic and drag force can be neglected during tems. The close matching of the drop volumes predicted by

prediction of drop volume is of the order of 1tPm3s1

2.3

these two stage models with the experimental values in the

2.2
2.1
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1.9
1.8
1.7
1.6
15

—@— Expt
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Fig. 2. Volume of drop formation at various flow rates (system 2, PEG spgyg C
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Fig. 4. Volume of drop formation at various flow rates (system 1, PEG spgrg C
Table 4
Comparison of experimental drop volumes with the proposed and literature values at various low flow rates
Sl. no. Flow rate Experimental Proposed Eq. (4) H&B System Mode of Capillary
(x10710, m3s71) (x107%, m3) (x107%, m3) (x1079, m3) sparging
1 6.73 0.90 0.79 0.59 2 PEG C1
2 7.19 1.09 1.07 0.81 1 PEG C1
3 9.86 1.63 1.96 1.38 1 PEG c2
4 9.18 241 1.98 1.3¢9 1 Salt c2
Note The reported values are

4 Eq. (9)
b Rao et al[10].

the average of four values.
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Fig. 5. Volume of drop formation at various flow rates (system 1, salt spayg C

present study indicate that the kinetic and drag forces can-4.2. Heavy (salt rich) phase as a disperse phase
not be ignored in this flow regime. Furthermore, from these

figures, it can be observed that the drop volumes predicted The effects of flow rates on drop volumes, when a salt
by proposed model match with the experimental drop vol- rich phase is dispersed in the PEG rich phase are shown in
ume more closely than that of Rao et al. (especially in the Figs. 5—7and, Tables 4 and 5

flow range of (12 to 20)x 10~°m3s1). This is mainly

due to the more accurate estimation of the drag forces in the4.2.1. At low flow rates
proposed model by accounting the internal circulation of the  The flow regime was observed to be almost same for
droplets. both sparging modes where kinetic and drag forces could be

Drop volume V (E-09) m®
[e¢]
o

6.0
4.0 1
—@— Expt
2.0 1 —A—Rao et.al
—l- Proposed Two stage model
0.0 T T T T T T T T T T T
20 30 40 50 60 70 80 90 100 110 120 130 140

Flow rate Q (E-10) m%/s

Fig. 6. Volume of drop formation at various flow rates (system 1, salt spgyg C
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Fig. 7. Volume of drop formation at various flow rates (system 2, salt spayg C
neglected during prediction of drop volumé@sble 4. Sim- that of opposite to gravity. It can also be noted that the ob-

ilarly, as discussed previously in PEG rich phase as disperseserved drop volume in this mode of sparging is higher when

phase, the growth of the drop is expected to be essentiallycompared to the situation where PEG rich phase is sparged.

radial in this case as well. This is mainly due to higher viscosity of continuous phase,
Table 4shows that the drop volumes predicted by pro- which prolongs the drop formation time.

posed single stage modetd. (4) matches with the ex-

perimental values more closely than reported model (static4.2.2. At high flow rates

model with H & B correction factof19]). This could be The flow regimes for two stage drop formation in case of

due to the similar reason as discussed in case of light (PEGsystems 1 and 2 are (8 to 268) 1019, and (20 to 70)x

rich) phase as the disperse phase. Furthermore, from thisl0~1°m3s™1, respectively. The growth of the drop in this

Table, it can also be inferred that the extent of under pre- flow regime is expected to take place similarly as mentioned

diction of drop volume by the reported model was relatively previously for sparging of light (PEG rich) phase at high

much higher when heavy (salt rich) phase formed the dis- flow rates.

perse phaseTable 4 compared to the situation where light Fig. 5andTable 5show the effect of flow rate on experi-

(PEG rich) phase formed the disperse ph#&sg. (). This is mental and predicted drop volumes (by proposed two-stage

due to the fact that the fraction of the drop associated at tip model E€g. (9)) and reported model of Rao et dlL0].

of the capillary in the direction of gravity will be less than From above figure and table, it can be observed that the

Table 5
Comparison of experimental drop volumes with the proposed and literature values at various high flow rates
Sl. no. Flow rate Experimental Proposed Eq. (9) Rao et al.[10]
(x107%0, m3s71) (x107%, m3) (x107%, m3) (x107%, m3)
System 2, salt sparg,.C
1 39.67 4.09 3.56 5.10
2 61.79 4.94 4.09 6.01
3 72.22 5.36 431 6.38
System 2, salt sparg,sC
4 14.25 2.14 3.61 4.54
5 25.32 3.53 4.23 5.49
6 30.70 3.84 4.43 5.70
7 45.23 4.07 4.94 6.47
8 59.30 4.74 5.37 7.11
9 75.77 5.95 5.80 7.78
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drop volume predicted by proposed model matches with the ¢ kinetic force (kg m52)

experimental drop volume more closely than the reported F interfacial tension force (kg nT$)

model. Further, at high flow rates the drop volumes is higher acceleration due to gravity (%)

than that of the mode where PEG rich phase formed the mass of drop (kg)

disperse phase and the difference is more prominent whe volumetric flow rate of disperse phase¥sT)
compared to that at low flow rates. This could be explained radius of growing drop (m)

as follows. When, the droplets of salt rich phase (of low vis- break time factor for drop (s)

cosity) sparged through PEG rich phase (of high viscosity), ,, velocity (growth) of the drop (msl)
drag experienced by drop is nearly 15 to 20 times more than e velocity of disperse phase inside the

that of PEG rich phase droplets sparged through salt rich
phase. This high magnitude of drag is expected to increase,
the drop formation time by allowing drop to stay at the tip Ve final volume of drop ()

of the capillary for longer duration thereby, resulting in big- additional volume enters to drop during
ger drop size for a given flow ratd=ig. 6). Furthermore, breakage ()

higher drag force tends to increase not only the internal
circulation within the droplet but also to change the shape
of the drop from spherical shape, which was also observed
visually.

At still higher flow rates, neither the proposed nor re-
ported models could predict the drop volumes satisfac- Y
tory (Figs. 6 and Y. In this flow regime, drop formation
mechanism is substantially governed by unidirectional
flow arising from capillary and significant difference
is expected in kinetic force due to synergetic effect of P
gravity and parabolic distribution of velocity component
within the capillary that limits performance of two-stage
models.

capillary (ms 1)
velocity of disperse drop (nT$)

static volume of drop ()
correction factor defined ikq. (21)

Greek letters

interfacial tension (N m?)

viscosity of continuous phase (mPas)

D Viscosity of disperse phase (mPas)

Ap  density difference between two phase (kg
I density of continuous phase (kg9

b  density of disperse phase (kg®)
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5. Conclusions

The flow regime where force balance analysis could
be employed to predict drop volumes in case of ATPSs
varies from (1.6 to 75)x 1071°m3s-1 depending upon
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