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Abstract

An extended mathematical model has been developed to describe the continuous, steady state operation of an aqueous
two-phase system for protein extraction. The basic mode] is based on steady state mass balances of the main components and
phase equilibrium data. Phase equilibrium (binodial curve) was fitted by an equation that relates poly(ethylene glycol) (PEG)
to phase forming salt (e.g phosphate) and added NaCl. Experimental data on the separation of a-amylase from B. subtilis
supernatant in a PEG4000/phosphate system was used. The data show the effect of NaCl which was used to carry out the
extraction of a-amylase into the PEG phase and back into the salt phase. The partition coefficient of the a-amylase was
fitted to a sigmoidal Boltzman curve and gave a very good fit. Two simulations were carried out to show the effect of phase
ratio on purification and this was represented in an equilibrium system diagram of material balances. The model has been
extended to account for phase separation kinetics and thus aspects of continuous processing. Modelling the rate of settling of
the two phases using appropriate correlations has been presented and discussed.

Keywords: Continuous protein extraction; Aqueous two-phase systems; Computer simulation; Mathematical modelling;
Material balance diagram; Phase separation kinetics; Proteins; a-Amylase

1. Introduction

Aqueous two-phase systems (ATPS) exploit the
incompatibility between aqueous solutions forming
two phases [1]. They can be used to separate
therapeutic and other proteins from contaminants and
therefore represent an inexpensive and effective
initial downstream processing step [2,3]. These
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systems can be relatively sensitive to their environ-
mental conditions and hence, a mathematical model
can be useful to describe the effect of key parameters
on performance to assist in process design and scale
up, to perform simulations for process optimisation
and to find robust process conditions. Experimental
data on phase equilibrium is available and this can be
used as a base for modelling. Engineering models for
equilibrium phase formation in ATPS have only
started to be reported in the literature. Models for
phase separation are also scarce.

ATPS are usually composed of aqueous solutions
of polyethylene glycol (PEG) and salt (e.g. phos-
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phate or sulphate) or PEG and dextran. The former
system is more commonly used [2,4-6]. Differences
in the relative partitioning of the proteins and cell
debris between the two phases will result in the
constituents partitioning independently. Most soluble
and particulate matter will partition to the lower,
more polar phase of phosphate salt and when the
system properties have been properly manipulated
(e.g. addition of NaCl), the product protein will
partition to the top less polar phase, consisting of
PEG. This has been successfully carried out for a
number of proteins like thaumatin [4], tPA [5] and
a-amylase [6].

Schmidt et al. [6] show the effect of NaCl
concentration on the partition coefficients (K) for
a-amylase and B. subtilis contaminants in PEG/
phosphate and PEG/sulphate systems. The K of
«a-amylase at the low NaCl concentration was sever-
al folds smaller than that of the contaminants. At the
high NaCl concentrations, the K of a-amylase in this
system is several folds greater than that of the
contaminants. This feature can be exploited for
extracting a particular protein from its contaminants
in a first extraction, in the presence of high con-
centration of NaCl, and then back-extracting the
protein in a second salt phase (phosphate or sulphate)
without NaCl. The NaCl still present in the PEG
phase (from the first extraction) is now diluted into
the (sometimes larger) bottom phase thus dramatical-
ly lowering the partition coefficient of the product
protein and allowing its back-extraction into the salt
phase.

A very simple mathematical model was previously
proposed to describe the continuous steady state
operation of an aqueous two-phase system for pro-
tein extraction [7] using experimental data on the
separation of thaumatin from contaminant proteins of
an homogenate of E. coli [4]. In that simple model
however, partition coefficients were taken as con-
stant and for the binodial, an exponential curve that
did not give a very good fit was used. Recently it has
been shown that a polynomial will fit the binodial
better [8].

The aim of this paper is to develop a realistic
mathematical model that will take into account the
effect of added NaCl on the partition coefficients of
the target protein and the protein contaminants as
this is a key process feature and will also include the

effect of added NaCl on the displacement of the
binodial curve. The extension of the model to
include the kinetics of phase separation is presented
and discussed.

2. Materials and methods
2.1. Materials

PEG with M_, 4000 was obtained from Fluka
Chemicals, Buchs, Switzerland. All other chemicals
were analytical grade.

2.2. Partitioning of a-amylase

Partitioning experiments of «-amylase and its
contaminants were carried out using an industrial
crude supernatant of B. subtilis kindly donated by
Rhone-Poulenc, ABM Brewing and Food Group,
Stockport, Cheshire, UK, as previously described [6].

2.3. Preparation of phase systems

Phase systems were prepared from stock solutions
of PEG (50% w/w), phosphate (40% w/w) and
NaCl (25% w/w). The phosphate stock solution
consisted of a mixture of K,HPO, and NaH,PO, at
the appropriate pH. Stock solutions were stored at
4°C and were tefnperature equilibrated before use by
standing at room ‘temperature (20°C). The phase
volume ratios were determined in graduated cen-
trifuge tubes.

2.4. Batch separation of phase systems

For all the experiments, the time for complete
phase separation was defined as the time required for
the main bulk of the phases to separate and a
horizontal interface to be formed. However very
small drops of one phase remain in the otheg for a
period of time even after a horizontal interfave is
formed.

2.4.1. Small scale

Separation studies were carried out in 10-ml
graduated centrifuge tubes for pure systems. Systems
were mixed for 2 min using a vortex-mixer to ensure
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complete mixing. The height of the dispersion was
measured as a function of time. Triplicate readings
were taken. The accuracy of the measurements was
well within =5% of the reading.

24.2. Large scale

Separation studies were carried out in a Bioen-
gineering 2-1 impeller agitated reactor with a height
to diameter ratio of 1.83. The height of the disper-
sion was measured as a function of time. Triplicate
readings were taken.

2.5. Identification of the continuous phase: effect
of volume ratio

For studies on the effect of volume ratio on phase
separation time, nine 150-g PEG—phosphate systems
were prepared from stock solutions. After phase
separation, the top and bottom phases of the systems
were separated and used as stocks for the preparation
of further systems. To make systems with different
volume ratios, certain amounts of top and bottom
phase stocks were mixed in 10-ml graduated cylin-
ders. The time for complete separation, after vigor-
ously shaking the of graduated cylinders for 30 s to
ensure complete mixing, was noted. Care was taken
to ensure that each system was mixed in the same
manner. Detection of the continuous phase was
carried out by visual observation and is discussed in
more detail later on.
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3. Model development
3.1. Phase diagrams

The effect of concentration of the phase con-
stituents on a phase diagram (Fig. 1) show the state
of the system with its characteristic binodial curve
(TCB). All points in the homogeneous region (to the
left of TCB) will only form one phase, while any
mixture in the heterogeneous region (to the right of
TCB) will separate into two phases.

The point M therefore represents a two-phase
system consisting of a top phase of composition T
and a bottom phase of composition B. Tie lines
connect phase compositions on TCB which are in
equilibrium with each other. Where the tie line cuts
the binodial represents the top and bottom phases
that will form. Points on the same tie line give rise to
systems with identical top and bottom phase com-
positions but with differing mass of phases. The
phase mass ratio is given by (inverse lever rule):

Vipr :M_B_ (1)
Vepy MT

where V and p are the volume and density of the
phases, respectively.

The critical point, C, represents the point where
the compositions and volumes of the two phases are
equal.

The partition coefficient, K, describes the protein
distribution between the phases and is defined as:

o]
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Fig. 1. Typical phase diagram.
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K=

c )
where C,=concentration in top phase and Cy=
concentration in bottom phase.

For good separation and purification, the product
should have a high partition coefficient and the
contaminants should have a very low partition
coefficient. To optimise conditions for separation, the
partition coefficient can be manipulated by altering
specific parameters such as molecular weight of
polymer, type of ions included in the system, the
ionic strength, or the use of modified polymers
which have a higher affinity for the required protein.

3.2. Description of the process

The first stage in the flow scheme (Fig. 2) is the
major separation step. Target and contaminant pro-
teins enter the process via stream F\, either in the
form of whole or disrupted cells or just soluble
proteins after cell debris removal. The recycle stream
F, from Stage 2 consists of the top PEG phase after
back extraction of the product protein into the salt
phase. The high NaCl concentration aids the product
protein partitioning to the top phase in Stage 1 while
the partitioning of the contaminant {6] is unaffected
and leaves via the bottom phase waste stream, F},
with virtually no product. Stream F, passes on the
product rich top phase to Stage 2 for back extraction.
Fresh PEG and phosphate are continuously added in
Stage 1 to account for phase component losses from
the system.

Extra phosphate is added by stream F, to dilute
the NaCl concentration. This aids product partition-
ing back into the lower phosphate phase. The top

Nl

Separation Back Extraction
Feed —1  Stage Fesh — Stage
i T Sovent
B F6
Waste Product

Fig. 2. Flow scheme of process.

phase is then recycled to minimise PEG loss and also
increase the process yield. F, is the final product
output stream from the bottom phase of Stage 2. The
mathematical model of the process is composed of
mass balances and phase equilibrium relationships.
These are described below.

3.3. Mass balances

The steady state mass balances account for the
main components, i.e. flow-rates, phase forming
chemicals and the proteins present in both stages.

2 F=2F (3)

out

2 FP=2FP, (4)

out

EF:'XIZZ FX (3)

in out

where i = stream number, F = flow-rate (m’s '), P=

phosphate, PEG or NaCl concentration (kg m ) and

X=product or contaminant concentration (kg m ).
These equations are written for each stage j.

3.4. Phase equilibrium

The phase equilibrium for an aqueous two-phase
system can be represented as a binodial curve
relating the phosphate and PEG concentrations. The
binodial is known to vary in the presence of NaCl, so
this was modelled over the range of 0-10% NaCl.
The binodial data for a PEG4000—phosphate system
at pH 7 was collected and fitted to an equation of the
form:

In(Y)= A + BX’ + CVX (6)

where Y=PEG concentration and X =phosphate
concentration.

The fitting was performed using ‘‘Tablecurve”, a
program that automatically fits 2000 different expres-
sions to a set of experimental data and classifies the
resulting equations according to the R square. The
form of the equations is, therefore, empirical. The
constants A, B and C are functions of the NaCl
concentration and are given by:

A=A, +AN+A,N
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B=B,+ B, VN

C=C,+C,N+C,NVN

where N is the NaCl concentration.
The resulting equation for each stream becomes:

PEG, = f(Phosphate,, NaCl,) 7
3.5. Equilibrium phase separation

To model phase separation requires calculating the
average concentration of the total incoming phase
components to give a point on the phase diagram.
This point then has an associated tie line whose
equation must be calculated. Finally the outgoing
phase components are calculated by finding the
intersections of the tie line with the binodial curve.

Each separation stage has two incoming streams
and the average concentration of the phase com-
ponents is given by the general formula:

Average P, =(§, FiP,.)(§ F,.) (8)

The tie line associated with this point has the
equation of a straight line relating to the outgoing
streams:

PEG,, = D,; - Phosphate; + D,, 9

where D, =gradient of line and D,=intercept of
line.

Experiments were carried out to ascertain the
effect of the salt concentration on the gradient, D, of
the tie lines.

The value of D, is found by using the average
concentration of the incoming phase components,
which gives:

D,; = (Average PEG,) — D, (Average Phosphate;)
(10)

Thus, the outgoing phase compositions can be
calculated.

3.6. Partition coefficients
The equilibrium relationship for the concentration

of proteins (K ) and contaminants (K ) in each phase
can now be expressed as:

Protein,
p; Protein,

(11)

Contaminant (12)

¢; " Contaminantg

In a particular ATPS, the partition coefficient of a
protein will be constant over a range of protein
concentrations as long as the protein concentration is
below its saturation range [1]. The partition coeffi-
cient of the contaminants should also be constant
when operating in the linear range for the individual
proteins even if it represents the value of K of a
mixture of proteins. This is true as soluble protein
composition of an homogenate of Escherichia coli or
B. subtilis supernatant made under industrial con-
ditions is relatively constant. The only other factor
that could affect this behaviour would be if the added
homogenate would significantly affect the phase
composition of the phases thus maybe affecting the
partition behaviour of the proteins.

A function relating the partition coefficient to the
concentration of NaCl was fitted instead of using
constant values of K, as used previously [7,8]. The
partition behaviour of a-amylase [6] was studied to
show the effect of the salt concentration on the
partition coefficient (K). The partition behaviour of
the protein as a function of NaCl concentration in the
system was fitted to a sigmoidal Boltzman curve of
the form:

Gl

{(NaCl - Gy) }
1 +exp G
4

Partitioning of contaminants {6] was much simpler
and could be modelled by a straight line as they were
not a strong function of the concentration of NaCl.

log K, = +G, (13)

log K, =E NaCl + E, (14)
3.7. Kinetics of phase separation

The steady-state model described above makes
two important assumptions, (1) total equilibrium is
obtained in each of the contacting stages, (2) com-
plete separation of the two phases can be obtained
after each mixing/equilibration stage.

These assumptions do not take into consideration
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the performance of the equipment used for mixing
and for separation. If the mixers and settlers used do
not comply with the ideal behaviour assumed, devia-
tions from the performance predicted by the model
will occur. In this situation, the kinetics of mixing
and phase separation will have to be considered. In
aqueous two-phase systems, mixing is considered to
be very rapid due to the low interfacial tension but
phase separation kinetics can be critical [9].

4. Mixing

The principal issue here is that there is a minimum
time required to complete mixing at the molecular
scale (micromixing). It will be assumed that the time
required for macromixing, 7, can be taken instead
[10]. In general, we will be able to find a function of
the type:

(N Xt.)=f,(Re, Impeller Type) (15)

where Re is the Reynolds number.

Efficient mixing requires turbulence and this es-
tablishes the lower limit for V. It has been reported
[10] that under such conditions, the function f
becomes a constant, I:

f =

m

(16)

=z|~

where / depends only on the impeller type.
For a given total flow-rate, f,; can be used to
calculate the volume of the mixer, V_. in each stage:

my

Vm/ZJ’mj% F; (17

The constant J takes into account that the required
time in the mixer which includes phase formation, is
larger than the mixing time given by Eq. 16.

In the case of on line mixers, the requirements of a
minimum N is replaced by the election of the
diameter of the tube (which together with the total
flow-rate establishes the Re). Once the diameter is
fixed, a function relating ¢ (or number of mixing
elements) to flow-rate will give the minimal volume
of mixer required.

4.1. Phase separation

The separation after complete formation of the
equilibrated phases has been achieved is a time-
dependent process. In general, the height changes as
a function of time until the system is fully settled:

dh
E) =LA, o, py, . dy) = fr(Re, We) (18)

where We is the Weber number, A4 =height of the
interphase, Ap=density difference between the
phases, o =surface tension between the phases, u, =
viscosity of the heavy phase, u,=viscosity of the
light phase and d,=droplet diameter.

The mean droplet diameter is a function of the
hydrodynamic conditions in the mixer. In a stirred
mixer, it will be a function of Re, We and ¢, :

d,=f,(Re, We, 1) (19)

where the velocity of the droplets could be taken as
proportional to N.

Integration of Eq. (18) gives the profile of inter-
phase height as a function of time and from it the

time required for a complete separation, ¢_;, can be
estimated as:
t,; = fi(Re, We) (20)

The volume of the separator required in each
stage, ‘{,. can now be obtained from:

Yy :tsi%: F; (2D

Eq. (21) gives the maximal value of separator
volume, when complete disappearance of the inter-
phase is assumed.

5. Results and discussion
3.1. Binodial fitting

A close up of the fitted binodials with the ex-
perimental points is shown in Fig. 3. It can be seen
that the empirical equation used gave an excellent fit
to the data and can now be used to model the
binodial over the continuous range of NaCl con-
centrations from 0—10%. Table 1 shows the values



S.L. Mistry et al. | J. Chromatogr. A 741 (1996) 151-163 157

PEG (%)

U e e
0.0 25 50 75 100 125 15.0
Phosphiate Sat (%)

Fig. 3. Close-up of experimental points and fitted lines in center
region.

of the constants obtained by fitting Eq. (6) to the
experimental data obtained for each salt concen-
tration.

5.2. Tie line variations

The tie line gradient for three different systems at
various NaCl concentrations are shown in Table 2
and the actual tie lines with associated binodial are
illustrated in Fig. 4. Considering that the relative
variations were not statistically significant, it was
decided to use D, = —2.4 throughout the rest of the
model.

Table 1

Binodial function constants
A, 4472

A, 0.06884

A, —0.3593

B, —0.0006540
B, —0.0001976
C, -0.5787

C, 0.04224

C —0.01395

m

Table 2

Tie line gradients at varying NaCl concentrations and at system
compositions of (1) 12.5% phosphate, 10.7%o0 PEG, (2) 11.692%
phosphate, 10.008% PEG and (3) 10.666% phosphate, 9.13%
PEG (all w/w)

System % NaCl

0 2 4 6 8 10
i —245 -240 =221 241 250 249
2 —242 -238 —242 =237 243 251
3 —234 218 =230 —228 —222 237

5.3. Partition coefficient fitting

A number of alternatives were searched for the
expression of the partition coefficient (K) of the
a-amylase and of the contaminant proteins from a B.
subtilis supernatant. The sigmoidal Boltzman (Eq.
13) used to express the a-amylase data gave a very
good fit to the experimental values as illustrated in
Fig. 5. Some of the discrepancy seen at the very low
values of Log K, can be attributed to the error
associated with the measurement of very low protein

0% NaCl 2% NaCl
80 60
4 4
20 20
0 0
0 5 10 5 N 0 5 10 5 D
4%NaCl 6% NaCl
80 60
4 4
% 2
0 0
0 5 10 15 N 0 5 10 15 2
8% NaCl 10% NaCl
60 60
40 4
2 20
0
0o 5 10 1B 2 0 5 10 15 2

Fig. 4. Tie line gradient and binodial location variations at
different NaCl concentrations.
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Fig. 5. Comparison of a-amylase (A) and contaminant (C) data
and model fit.

concentrations (K=10""-10""). Protein contami-
nants were fitted by a straight line (Eq. 14).

One of the main problems encountered in the
modelling was that the equation system was non-
linear due to the phase equilibrium behavior and to
the presence of a recycle. This meant that a powerful
and robust equation based simulator was required to
handle the simulation. The software chosen
(SPEEDUP) can readily be used for steady state and
dynamic simulation so it seemed ideal for the task.
SPEEDUP can also process experimental data to
estimate the coefficients of a given general equation
to the data and this proved very useful during the
model design stage.

5.4. Sample examples

The complete model has been successfully used to
study two very different cases.

5.4.1. Small PEG phase

Running the model with large bottom phases and
smaller top phases in both stages (Fig. 6) allows for
the NaCl to be significantly reduced (diluted) when
the PEG is transferred into the second stage. A large
fresh phosphate phase (F;) is added as shown in Fig.
2 thus obtaining dramatically different partition
coefficients for the product protein in Stage 1 (K,)
and stage 2 (K;) as shown in Fig. 5 and Fig. 7. The
overall system diagram of material balances is shown
in Fig. 8. M, and M, represent the overall com-
position of Stage 1 and 2. The two binodials shown
correspond to the NaCl concentrations of the stages
(8.8% and 2.0% respectively). Such a system dia-

60 80
]
a0} 5°3
a0\
= 30 PR
£ &
T a0
g g
20 b
20—
10 ™M 10
M
B8
o O
o s 10 16 20 o 5 10 15 20

Phosphate Salt (%) Phosphate Salt (%)

Fig. 6. Effect of large bottom phases on the equilibrium and phase
separation in Stage | and Stage 2.

Alpha-Amylase Resuits

6.0
] K1
2.6
< o: Ka
8 © _/ K2
=] 7
2.6 K3
3
3
-8.0 T ——T——T—T T T T T T
o.0 2.6 5.0 7.5 10.0

Salt Concentration (%)

Fig. 7. Partition coefficients for system with small PEG and large
phosphate phases thus allowing for important NaCl dilution
between Stage 1 (K,.K,) and Stage 2 (K,,K,).

PEG (%)
1

i 1 )

G||||[|||||r1|||||15||

0 5 10 15 20
Phosphate Salt (%)

Fig. 8. Overall system diagram for system with large bottom
phases. M, and M, represent overall compositions of Stage 1 and
2. Numbers refer to feeds in Fig. 2. The two binodials correspond
to NaCl concentrations of 8.8% and 2.0%, respectively.



S.L. Mistry et al. [ J. Chromatogr. A 741 (1996) 151-163 159

Separation Stage1 Seaparation Stage2

50 60
4
a0 50
40
— 30 =
® T £ T
™M |
] 2 30
a. 20 -
20— ™
10 i
10-]
s E
o 0]
0 s 10 15 20 0 5 10 15 20

Phosphate Salt (%) Phosphate Salt (3)

Fig. 9. Effect of large top phases on the equilibrium and phase
separation in Stage | and Stage 2.

gram of material balances is a very clear representa-
tion of an extraction and back-extraction system. A
purification factor of 3.94 is obtained for the protein
product (@-amylase) in this system. This seems to be
the first time such a diagram is used to represent
extraction and back-extraction in aqueous two-phase
systems.

5.4.2. Large PEG phase

Running the model with large top phases in both
stages (Fig. 9) only gives a relatively small dilution
of the NaCl between stages (e.g. 5.9% and 4.3%
respectively) thus resulting in a much smaller change
in the partition coefficients between Stage 1 and 2
(K, and K, in Fig. 10). The overall system diagram
of material balances is shown in Fig. 11. Here, with
the smaller dilution of the NaCl, the binodials are
much closer together and a smaller purification factor
for the protein product of 2.09 is obtained when
compared to the case with a small PEG phase.

5.0

0
o
!

¢
°

LOG (K)
o
L] o
setel ooty
\u\
8

LI R e S R T M B s B
5.0 7.8 10.0

Salt Concentration (%)

Q
o
N
]

Fig. 10. Partition coefficients for system with large PEG phases
allowing for small dilution between Stage 1 (K,.K,) and Stage 2
(K,.K,).

oy
L]
) I TN N U VU N B |

PEG (%)
n
W

0 5 10 15 20
Phosphate Salt (%)

Fig. 11. Overall system diagram for system with large top phases.
M, and M, represent overall compositions of Stage 1 and 2.
Numbers refer to feeds in Fig. 2. The two binodials correspond to
NaCl concentrations of 5.9% and 4.3%, respectively.

3.5. Kinetics of phase separation

5.5.1. Mixing

Data is already available for the constant / from
Eq. (16) and so the time required for macromixing
can be found for a range of different impeller types
[10]. However as already stated, in aqueous two-
phase systems mixing is easily achieved [9].

5.5.2. Phase separation

In a batch separator the height of the interphase
changes as a function of time until the system is fully
settled. This has been recently investigated in some
detail [9]. However, no correlations to describe this
phenomena have yet been developed. Settling can
also be carried out continuously in a simple square
decanter. A rectangular unit of 1-1 volume, 4 cm
wide, 5 cm in height and 50 cm long was recently
designed and used [11] and the residence time
needed for total separation of the phases was very
similar to the settling time needed in a batch
separator of a similar height (e.g. 6-7 min for a
PEG4000-phosphate system with a stability ratio of
0.18).

An adequate expression needs to be used to find
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the settling rate (height of the interphase as a
function of time) and thus the time necessary for the
two phases to separate. A correlation, that describes
the functionality given by Egs. (18,19) that was used
by Golob and Modic [12] for aqueous—organic two
phases, is presently being investigated and used with
aqueous systems and is given by:

ﬁﬁi_ ) nu‘d a (fw b Ap ¢
Do (2) () (%) e

where u_ = viscosity of the continuous phase, u,=
viscosity of the dispersed phase, o =surface tension
between the two phases, o, =surface tension of
water at 20°C, p =density of the continuous phase
and a,b.c=constants.

The question of which phase is the continuous one
in an aqueous two-phase system is thus extremely
important and has been recently addressed [9]. Fig.
12 shows the binodial for a PEG4000—phosphate
system with tie-lines that represent the systems
studied. Marked on each tie-line is the point of
transition where the continuous phase changes
(phase inversion point). Generally, moving away
from this point along either side of the tie-line, phase
separation times will increase. This can be seen in
Fig. 13. The phase inversion point which, in this
case, is represented by the vertical line (Fig. 12)
occurs at a phosphate concentration which corre-
sponds to that of the critical point. The phase
inversion line should pass through the critical point.

50
Continuous
top phase
404
z
2 309
o
5 Continuous
= bottom phase
& 207
1w
o
10
0 T T T i T
0 5 10 15 20 25

Phosphate% (w/w)

Fig. 12. Phase diagram for PEG4000/phosphate at pH 7, phase
inversion point, ®. To the left of vertical line, systems have a
continuous top phase and to the right a continuous bottom phase.

o - Continuous botiom phuse Continuous top phase
b~ \
5 \\
*
z N
E -—
=
) \
E 3 M e
= L
*
24
r \
|
!
o T T * T
0 20 40 60 80 100

% Top phase

Fig. 13. Effect of the change in % top phase on phase separation
time. PEG4000—phosphate systems on tie-line going through the
point PEG (12.5%), phosphate (10.7%) with a stability ratio of
0.18.

To obtain a generalised description of the process
of separation independently of the height of the
initial dispersion, two variables have been defined-

h*—i 23
= (23)
L 24
r=y (24)

where # is the height of the dispersion or interphase,
h, is the total height of dispersion which is equal to
the height of the ATPS, h" the relative height of the
dispersion and ¢ the normalised separation time
which has units of 1/velocity. Also, an average
separation rate has been defined as the ratio of the
initial height and the time required for complete
separation, f:

V=—2 (25)

The time for phase separation has been studied at
small scale (5-g systems) and large scale (1300-g
systems) for five systems with stability ratios of
0.038, 0.09, 0.12, 0.15 and 0.18. Fig. 14a shows the
relative height of dispersed phase as a function of the
normalised separation time for different values of the
stability ratio. The settling profiles were very similar
for the 5-g and 1300-g systems. The normalised
separation time is shown to be independent of the
height of the dispersed phase for systems with
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Fig. 14. Change in the normalised separation time (:"=1/4,) (a)
and relative separation time (#/t) (b), with relative height of
dispersion (k" =h/h,) as a function of the stability ratio for 5-g
systems (Ss=small scale; open symbols) and for 1300-g systems
(Ls=large scale; closed symbols).

stability ratios between 0.09 and 0.18. At a stability
ratio of 0.038 though, phase separation times are
clearly different. Fig. 14a also shows a straight line
of slope V,, for the curve of stability ratio 0.18,
which corresponds to Eq. (25). Given the shape of
the settling curve, V, can also be found from the
settling time when 4~ =0.5. When NaCl was added at
high concentrations to the systems (e.g. 8.8%) as it is
sometimes done to manipulate partition coefficients
(Fig. 5) the settling profiles were very similar but
there was a marked decrease in phase separation time
[9].

If, instead of plotting &~ vs. t we plot & vs. t/t,
then all the points fall virtually on the same line (Fig.
14b). This means that the actual mechanism of phase
separation is the same in all systems. In aqueous—

organic systems when the rate of sedimentation is
greater that the rate of coalescence, then a sigmoidal
curve like that shown in Fig. 14b is observed (rate of
coalescence is the limiting step). If the rate of
sedimentation is the limiting step, then an exponen-
tial curve is observed.

Measurements of the density and viscosity of the
top and bottom phases have been carried out [9] and
the surface tension between the phases is presently
being evaluated. This will allow the determination of
appropriate constants in Eq. (22) and find values for
the settling velocity and settling time whether we are
in the regime to the left or right of the phase
inversion line in Fig. 12. In addition, an evaluation
of droplet diameter d, is being carried out as this
will, to some extent, be determined by ¢, (Eq. 19)
and will, at least indirectly, have an effect on dh/d:
and r, although it does not appear explicitly in Eq.
(22). Preliminary evaluation of droplet diameter can
be done from photographs taken during settling of a
system with a continuous top phase and one with a
continuous bottom phase. Also, d, varies with time
as coalescence is the limiting rate and smaller
droplets that coalesce will give rise to larger ones.
Two such photographs are shown in Fig. 15.

Fig. 15 shows two pairs of PEG4000-phosphate
systems. Each pair lies on the same tie-line but they
have different volume ratios so they are on different
sides of the phase inversion line (Fig. 12). The
systems shown in Fig. 15a are on the tie-line that
goes through the point with a stability ratio of 0.18,
which is relatively near the binodial curve. The
systems shown in Fig. 15b are on the tie-line that
goes through the point with a stability ratio of 0.5,
which is rather far from the binodial curve. Each
system was vigorously shaken for 30 s and allowed
to separate, photographs were taken at intervals
during the separation, before mixing and at 15, 30,
45, 60, 75, 90, 105, and 120 s. Fig. 15 shows the
photographs taken after 60 s. It could be clearly seen
that the systems on the left of Fig. 15a and b have
continuous top phases (where droplets fall and
coalesce) and the systems on the right have continu-
ous bottom phases (where droplets rise and coalesce).
In Fig. 15a, the system on the left (continuous top
phase) separates faster than the one on the right
whereas in Fig. 15b, the one on the right (continuous
bottom phase) separates faster than the one on the
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(b)

Fig. 15. PEG4000-phosphate systems with different stability
ratios at 60 s after settling begins. In (a) and (b), the systems on
the left have a continuous top phase and the ones on the right have
a continuous bottom phase. Systems in (a) are on the same tie line
which goes through the point with a stability ratio of 0.18 to the
left and right of the phase inversion point. In (b), the systems have
a stability ratio of 0.5, the rest is the same as in (a).

left. The observation made in Fig. 14, that the rate of
coalescence controls the kinetics of phase separation
seemed confirmed clearly from the analysis of the

photographs. A comprehensive investigation aimed
at a more fundamental understanding of the mecha-
nisms and regimes controlling the kinetics of gravita-
tional ATPS separation is presently being carried
out. The effect of mixing on drop size and coalesc-
ence is also being studied.

6. Conclusions

An extended mathematical model that describes
the continuous, steady state operation of an aqueous
two-phase system for protein extraction based on
steady state mass balances is presented in this paper.
The main conclusions of the investigation and simu-
lation carried out with this model follow.

Phase equilibrium is described by a binodial curve
and the appropriate tie-lines under specific NaCl
concentrations. The phase equilibrium is fitted by an
empirical equation that relates PEG to the phosphate
and NaCl concentration. Tie lines are fitted to a
straight line equation of constant slope, D, = —2.4,
which is valid over the whole range of NaCl
concentrations.

The partition coefficient for the w-amylase data as
a function of the added salt (NaCl) is fitted to a
sigmoidal Boltzman curve and gives a very good fit.
High partition coefficients can be achieved for the
a-amylase at high NaCl concentrations and back
partitioning is possible due to the very low partition
in low NaCl concentrations. Contaminant protein
data is fitted by a straight line and the partition
coefficient is fairly close to 1 over the NaCl range.

Two simulations were carried out to show the
effect of phase ratio on the system. Working with a
large salt phase gave very good purification due to
the drastic dilution of the NaCl between stages which
aided the forward extraction. In the second case, the
large PEG phase led to reduced dilution of the NaCl
giving much poorer purification in the forward and
back extractions.

The model has also been extended to account for
phase separation kinetics and thus aspects of continu-
ous processing. The present work in modelling the
rate of settling of the two phases (and thus the time
for complete separation) using appropriate correla-
tions has been presented and discussed in some
detail.
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