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The phase separation behaviors of PEG1000/sodium citrate, PEG4000/sodium citrate, PEG1000/ammonium sulfate, and
PEG4000/ammonium sulfate aqueous two-phase systems were investigated, respectively. There are two distinct situations for the
phase separation rate in the investigated aqueous two-phase systems: one state is top-continuous phase with slow phase separation
rate and strong bottom-continuous phase with fast phase separation rate and weak volume ratio dependence. The system properties
such as density, viscosity, and interfacial tension between top and bottom phases which have effects on the phase separation
rate of aqueous two-phase systems were measured. The property parameter differences between the two phases increased with
increasing tie line length and then improved the phase separation rate. Moreover, a modified correlation equation including the
phase separation rate, tie line length, and physical properties of the four aqueous two-phase systems has been proposed and
successfully tested in the bottom-continuous phase, whose coeflicients were estimated through regression analysis. The predicted
results of PEG1000/sodium citrate aqueous two-phase systems were verified through the stationary phase retention in the cross-axis

countercurrent chromatography.

1. Introduction

In the 1960s, aqueous two-phase systems (ATPS) have been
exploited to process different biological sources for the
recovery of biological products, such as amino acids, proteins,
nucleic acids, antibodies, cells, and organelles [1-5]. ATPS
have also become an attractive separation technology due
to the mild conditions, the low cost of the phase forming
materials, the simplicity of the process, and the easy scale-up
to an industrial level. Recently, polymer/salt ATPS, especially
polyethylene glycol (PEG)/salt ATPS, have been extensively
applied in the separation of many biological products [6-10].
PEG/salt ATPS have advantages of low cost, low viscosity
of both the phases, and rapid phase separation rate, so this
kind of ATPS has been used for the production of biological
molecules on an industrial scale. For example, the scale-up
isolation of formate dehydrogenase from 30-50 Kg of wet

cells of Candida boidinii was investigated by Kroner et al. [11].
The separation of engineered protein was also successfully
scaled up to 1200L by Selber et al. [12]. It displays that
ATPS have potential for the large-scale implementation in
biotechnology.

Multistage extraction process such as high-speed coun-
tercurrent chromatography (HSCCC) has been applied fur-
ther to improve the target product purity compared with the
single-stage extraction. Organic/aqueous solutions system
has been widely used in HSCCC due to the short phase sepa-
ration time (<30 s) [13], while ATPS application in HSCCC is
limited due to the long phase separation time (>50s). The
phase separation time of ATPS increases to 3-5 min with the
increasing components concentrations [14, 15]. Moreover, the
emulsion phenomenon in ATPS is usually serious due to the
long phase separation time in the continuous process, which
makes it difficult to separate the target products thoroughly.



Many works focused on HSCCC instrument design for
ATPS separation to eliminate the emulsion [16-18]. There
are few reports about the phase separation rate and physical
properties of ATPS [14, 15] for HSCCC.

Much of the research [19, 20] in ATPS has found that
polyethylene glycol/organic salts ATPS could be employed
as a viable and potentially useful tool for separating proteins
instead of the conventional PEG/inorganic systems. The main
advantages of PEG/sodium citrate ATPS are the biodegrad-
ability and nontoxicity of the organic anion when comparing
with the high eutrophication potential of inorganic ions [21]
and its harmful impact on the environment. In our present
work, the physical properties and phase separation behav-
iors of the ATPS including PEG/organic salts (PEG/sodium
citrate) and PEG/inorganic salts (PEG/ammonium sulfate)
systems were investigated for comparisons. Here, ammonium
sulfate was selected as the inorganic salt due to its frequent
use in protein precipitation. The phase separation rate and
the physical properties of ATPS such as density, viscosity, and
interfacial tension were measured and correlated with the tie
line length (TLL) and ATPS V, which can contribute to the
HSCCC application using ATPS for protein separation.
Finally, the stationary phase retention of PEG/sodium citrate
ATPS in the cross-axis countercurrent chromatography (X-
axis CCC) was investigated based on the above correlated
models, in which the X-axis CCC was designed and fabri-
cated in our laboratory.

2. Materials and Methods

2.1. Chemicals. PEG1000 and PEG4000 (GR, > 95% mass
purity) were purchased from Merck (Shanghai, China).
Sodium citrate (GR, > 99.5% mass purity) and ammonium
sulfate (GR, > 99.5% mass purity) were of analytical grade
from local sources. Aqueous solutions were prepared with
deionized and doubly distilled water.

2.2. Preparation of ATPS. ATPS were prepared from stock
solutions of PEG (50% w/w), sodium citrate (30% w/w), and
ammonium sulfate (40% w/w). Phase boundaries of all ATPS
were obtained by cloud-point measurements in a thermo-
static bath (DC-0506, Shanghai Jingtian Electronic Instru-
ment Co. Ltd) of 25°C. The temperature was maintained with
an uncertainty of +0.05°C. The PEG/salt ATPS with five tie
lines lengths (30, 35, 40, 45, and 50) were equilibrated for 12 h
at 25 + 0.05°C before use. The compositions of the tie lines
were determined by the V, and the lever rule [22]. The V, was
determined in graduated centrifuge tubes with an uncertainty
of +0.1 mL.

2.3. Density Measurements. The top and bottom phase den-
sities were measured using a 10 mL density bottle with an
uncertainty of +0.1 kg-m > at 25 + 0.05°C. The measurements
were done in triplicate, and the average value was reported.

2.4. Viscosity Measurements. The viscosity of all ATPS was
measured using digital rotary viscosimeter (NDJ-5S, Shang-
hai Jingtian Electronic Instrument Co. Ltd) with a precision
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of £0.0001 Pa-s. The samples were first maintained at working
temperature in thermostatic bath with an uncertainty of
+0.05°C for 10 min, and measurements were done in tripli-
cate.

2.5. Interfacial Tension Measurements. The interfacial tension
was measured by a drop volume method [23, 24] at 25°C.
Some burettes having capillaries with different outer diame-
ters were used, since the interfacial tension changed with the
composition of ATPS. Interfacial tension between the two
phases was determined by the numbers and volumes of fallen
drops from the top phase solution and the density difference
between the top and bottom phases. The interfacial tension is
then given by
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where y is the interfacial tension between the phases of ATPS,
Ap is the density difference of the two phases, V is the average
volume of drops, r is the radius of the tip of burette, g is
the local value for the acceleration due to gravity, and v is
the correction factors determined by the values of V and r.
The uncertainty of interfacial tension measurement was
+0.000l mN-m . All the measurements were done in trip-
licate.

2.6. Phase Separation Rate. ATPS mixing was performed in
centrifuge tubes with 10 mL volume. The time of mixing was
10 min by manual operation. For all the experiments, the time
for phase separation was defined as the time needed for most
bulk of the phases to separate and a horizontal interface was
formed. Some small drops of one phase which remained in
the other phase were ignored. The measurements were done
in triplicate with a precision of +0.1s.

Kaul et al. found that the kinetic behavior depends greatly
on which of the phases is continuous and that the properties
of the continuous phase strongly influence the movement of
the drops of the dispersed phase [25-27]. Two typical batches’
separation is shown in Figure 1. For the top-continuous ATPS,
the drops of bottom phase descend in centrifuge tubes and
form a settling front; for the bottom-continuous ATPS, the
drops of top phase ascend in centrifuge tubes and form a
rising front. It can be seen that the process of coalescence is
slower than droplet descent and ascent due to the existence of
the front.

The problems of phase continuity and phase inversion
are important for the phase separation behavior and phase
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FIGURE 1: Two typical batch separations for PEG4000/ammonium
sulfate ATPS. Left: top-continuous phase; right: bottom-continuous
phase.

separation rate. It has been shown that the phase continuity
and phase inversion occurred as the V, changed according to
Kaul et al’s methods [28]. During the ATPS phase separation
process, when the descending droplets in the dispersive
region were observed, it means a top-continuous phase, while
ascending droplets means a bottom-continuous phase. For
the same TLL of ATPS, different composition concentrations
with various V, make different continuous phase. Hence, both
the top-continuous region and bottom-continuous region
can be seen in the same phase diagram. A locus of phase
inversion points is found in the phase diagram between top-
continuous region and bottom-continuous region, creating
a phase inversion band. To determine this band, four ATPS
with five different TLL were chosen, and the separation
behavior of the ATPS at TLL with different V, was investi-
gated.

An equation can express the correlation between the
phase separation rates and the physical properties of PEG/salt
ATPS. The comprehensive efficiency of the physical prop-
erties including density, viscosity, and interface tension can
be represented by Morton number (M,) [29-31]. Hence, a
generalized correlation equation given by Mistry and Golob
[4, 27] was developed for the ATPS with different PEG molar
masses and salt relating the Morton number (M), the ratio
of interfacial tension to surface tension, V,, and TLL:
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where a,b, ¢, d, e are the coefficients of the equation, dh/dt is
the phase separation rate, y, is the viscosity of the continuous
phase, o is the surface tension of continuous phase, V,; is the
volume of top phase, Vi, is the volume of bottom phase, and
Ay is the viscosity difference between top and bottom phases.

2.7 Stationary Phase Retention in the Cross-Axis Countercur-
rent Chromatography. The cross-axis countercurrent chro-
matography (X-axis CCC) was designed and fabricated in
our laboratory. The X-axis CCC apparatus is displayed as
Figure 2, which includes the six separation columns at the
total column capacity of 71mL. Each column was tightly
coiled by the polytetrafluoroethylene (PTFE) tube with
2.0mm inner diameter. In view of the best experimental
partition efficiencies of ATPS in X-axis CCC [32], the mea-
surement of stationary phase retention of ATPS in our X-axis
CCC was designed as follows: the bottom phase was selected
as mobile phase, X-axis CCC revolution direction was coun-
terclockwise, the elution mode was from head to tail and from
inward to outward, and the flow rate was 0.5 mL/min. The
specific operations for the stationary phase retention mea-
surement were the same as Shinomiya’s methods [33].

3. Results and Discussion

3.1. The Effect of TLL on ATPS Density, Viscosity, and Inter-
facial Tension. The effect of TLL on the density can be seen
in Figure 3. It has been shown that the densities of both top
and bottom phases are increasing as the TLL becomes longer.
Compared with the influence of TLL on the density of the
top phase, the variation in density of the bottom phase is very
significant. This is because the influence of the composition of
salt on the density is larger than the influence of the compo-
sition of PEG. Furthermore, the bottom is rich in salt and the
top phase is rich in PEG. As a result, the density difference
between the bottom phase and the top phase increases with
the increasing TLL. Moreover, it can be seen that the PEG
molecular weight has no obvious effect on the density of the
PEG-rich phase of ATPS compared to Figures 3(a) and 3(b)
or Figures 3(c) and 3(d).

The viscosities of the top and bottom phases as a function
of the TLL are shown in Figure 4. Figure 4 shows that the vis-
cosity of the top phase increases slightly with the increasing
TLL. Furthermore, there is a marked change in viscosity of
PEG4000 ATPS as TLL increasing compared with PEG1000
ATPS. It is because the viscosities of ATPS increase with the
increasing molar mass of PEG at the same PEG concen-
tration. Perumalsamy and Murugesan have measured the
viscosity of PEG solutions at 25°C and observed the same
result [34].

Figure 5 shows that the interfacial tension increases with
the increasing TLL for all the ATPS. Mishima et al. used the
drop volume technique and observed the same trend [35].
The compositions’ concentrations play a key role in the solu-
tion’s interfacial tension. In ATPS, the compositions’ concen-
trations increase with the increase of TLL in both the top
phase and the bottom phase. Thus, the interfacial tensions in
various ATPS are significantly enhanced with the increasing
TLL.

3.2. The Separation Behavior of ATPS. 'The separation behav-
iors of four ATPS are shown in Figure 6. As can be seen in
Figure 6, to the left of the solid points, the top phase of ATPS
is continuous. To the right of the hollow points, the bottom
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FIGURE 2: Photographs of our cross-axis countercurrent chromatography without the cover case (a) and the overall appearance (b).
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FIGURE 3: Densities of the top phase and the bottom phase as a function of TLL at 25°C. (a) PEG1000/ammonium sulfate ATPS, (b)
PEG4000/ammonium sulfate ATPS, (c) PEG1000/sodium citrate ATPS, and (d) PEG4000/sodium citrate ATPS. The error bars represent
the standard deviations in triplicate experiments.
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FIGURE 4: Viscosities of the top phase and the bottom phase as a function of TLL at 25°C. (a) PEG1000/ammonium sulfate ATPS, (b)
PEG4000/ammonium sulfate ATPS, (c) PEG1000/sodium citrate ATPS, and (d) PEG4000/sodium citrate ATPS. The error bars represent

the standard deviations in triplicate experiments.

phase of ATPS is continuous. The region which is called phase
inversion band between the solid points and hollow points on
the same TLL is a range of ambiguity. Both top-continuous
phase and bottom-continuous phase can be seen in this
region of ATPS. Within this region, the continuity of the
phase is affected not only by composition of the mixture, but
also by the fluid dynamics. The region of ambiguity becomes
large with the increasing TLL and locates nearly at the
constant salt concentration line. In Figure 6, the region of
bottom-continuous phase is almost 4 times larger than the
region of top-continuous phase. Furthermore, the middle
points of TLL locate in the bottom-continuous phase. This
indicates that the four investigated ATPS of V, = 1 were
operated in the region of bottom-continuous phase.

Figure 7 shows the profile of the phase separation time
changes with the increasing top phase ratio (V, = 1/(V, +1)).
Phase inversion takes place near the point of V, = 0.8 (V, =
4), where the continuous phase can change into the dispersed

phase, and a sudden change of phase separation behavior is
observed. The bottom phase is continuous when the V; is
less than 0.8, and short phase separation times are observed
with the smooth variation. The top phase is continuous
when the V, is more than 0.8, and the dramatic increase of
phase separation time with the increasing V, is observed. It
indicates that ATPS would be better to operate in the bottom-
continuous region rather than top-continuous region.

3.3. Correlation Equations of Phase Separation. Since the
ATPS of V, = 1 have been widely applied in the separation of
biological products, the phase separation rate of ATPS of V, =
1 has been investigated. The surface tension of water (o,,) can
be used in the equation rather than the surface tension of
continuous phase (o,.). Hence, (2) can be modified as

dh <“_> - aM,’ (%)C(TLL)’J.

dt \ A @
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FIGURE 5: Interfacial tension between the top phase and the bottom phase as a function of TLL at 25°C. (a) PEG1000/ammonium sulfate
ATPS, (b) PEG4000/ammonium sulfate ATPS, (c) PEG1000/sodium citrate ATPS, and (d) PEG4000/sodium citrate ATPS. The error bars

represent the standard deviations in triplicate experiments.

The value of the coeflicients (a, b, ¢, d) can be calculated with
the experimental values (Tables 1 and 2). This was performed
by nonlinear regression using 1stOpt 1.5 software (China).
Using these values for the bottom-continuous region, (4) can
be written as (5) and (6).

For the bottom-continuous region of PEG/ammonium
sulfate ATPS, the correlation equation can be expressed:

dﬁ<@>=358xm*Mﬁm“<l-
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w

For the bottom-continuous region of PEG/sodium citrate
ATPS, the correlation equation can be expressed:
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The R* (correlation index) of the two equations is 0.960 for
PEG/ammonium sulfate ATPS and 0.971 for PEG/sodium
citrate ATPS, respectively. Equation (5) was used to predict

the phase separation rate of the bottom-continuous region
of PEG/ammonium sulfate ATPS of V, = 1 with an average
absolute relative deviation (AARD) value of 7.05%. Equation
(6) was used to predict the phase separation rate of the
bottom-continuous region of PEG/sodium citrate ATPS of
V. = 1 with an AARD value of 6.81%. The values of the coef-
ficient indicate the difference of the phase separation rates
between the two ATPS. The two equations show that the TLL
has a greater effect on the PEG/sodium citrate ATPS than the
PEG/ammonium sulfate ATPS. The M, has a similar effect on
the phase separation rates of both ATPS.

Both (5) and (6) have predicted the phase separation rates
of ATPS with V, = 1. For the batch separation, the results
of prediction can provide a reference since the stable ATPS
with V, = 1 are widely used. For the continuous separation,
such as HSCCC, the phase separation rate is the most
important factor for the choice of solvent systems [36].
Hence, it is necessary to investigate the relationship between
phase separation rate and physical properties of ATPS. In this
paper, as phase diagrams show in Figure 6, the bottom-
continuous regions of the four investigated ATPS are fit for
continuous separation due to the fast phase separation rates
and weak V, dependence.
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FIGURE 6: Experimental equilibrium data obtained for the ATPS at 25°C, phase inversion band between the points at the same TLL. (a)
PEG1000/ammonium sulfate ATPS, (b) PEG4000/ammonium sulfate ATPS, (c) PEG1000/sodium citrate ATPS, and (d) PEG4000/sodium
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TABLE 1: Experimental properties parameters of
PEGI1000/ammonium sulfate ATPS and PEG4000/ammonium
sulfate ATPS at 25°C.

TLL At Oy, y Ap Uy
[%w/w] [s] [mN/m] [mN/m] [mPa-s] [mPa-s]

30 9038 7197 0739 22130 2120

PEG1000/ 35 9346 7197  0.846 24158  2.193
ammonium 40 9752 7197  0.965 27053 2.148
sulfate 45 9644 7197 1140 28.595 2.205
50 10L.04 7197  L16l  32.305 2295

30 280.62 7197 0272 25010 1.990

PEG4000/ 35 24702 7197 0376 33.085 1.865
ammonium 40  218.88 7197  0.439 41625 1775
sulfate 45 188.00 7197 0592 54.005 1.895
50 16410 7197  0.805 67790 2.210

TaBLE 2: Experimental properties parameters of PEG1000/sodium
citrate ATPS and PEG4000/sodium citrate ATPS at 25°C.

TLL At Oy y Ap Uy
[%w/w] [s] [mN/m] [mN/m] [mPa-s] [mPa-s]
30 15618 7197  0.083 5650 3.650
PEGI000/ 35 13348 7197 0169 7780  3.720
sodium 40 12202 7197 0249 9500  4.050
citrate 45 1198 7197 0297 1168  4.420
50 1132 7197 0405 14365 5.235
30 27993 7197 0167 23165 2435
PEG4000/ 35 24785 7197 0305 31185 2715
sodium 40 24429 7197 0433 42110  2.940
citrate 45 26705 7197 0579 55145 3.355
50 26648 7197 0755 71985  4.015

3.4. Stationary Phase Retention of PEG1000/Sodium Citrate
ATPS in the X-Axis CCC. PEG1000/sodium citrate ATPS
were selected to investigate the positive effect of fast phase
separation rate on the stationary phase retention in the cross-
axis countercurrent chromatography. According to the above
correlation equation (6), the shorter TLL of PEG1000/sodium
citrate ATPS could obtain the faster phase separation rate of
the two phases. Thus, PEG1000/sodium citrate ATPS with
TLL = 30 (16.54 w/w% PEGI1000 and 13.96 w/w% sodium
citrate) was determined as the investigated ATPS for the mea-
surement of the stationary phase retention in our X-axis CCC
at various rotation rates. Figure 8 displays that the effect of
the X-axis CCC revolution speed on the stationary phase
retention of PEG1000/sodium citrate ATPS with TLL = 30. It
can be seen that the maximum value of stationary phase
retention was 54.83% at 800 rpm, which was slightly higher
than the reported stationary phase retention of ATPS in other
X-axis CCCs [32]. It indicated that the phase separation rate
of ATPS played an important role in the stationary phase
retention in HSCCC.
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FIGURE 8: Effect of revolution speed on stationary phase retention
of PEG1000/sodium citrate in the X-axis CCC. The error bars
represent the standard deviations in triplicate experiments.

4. Conclusion

The physical properties of PEG/ammonium sulfate and
PEG/sodium citrate ATPS had been studied. The density of
bottom phase is larger than that of top phase and increases
with increasing TLL. The viscosity of the top phase is 3-35
times larger than the bottom phase and increases with the
increasing TLL. The interfacial tension between the phases
increases with the increasing TLL.

The bottom phase is continuous at high V, value, and
fast separation rate has been observed as well as the smooth
variation. The top phase is continuous at low V, value, and the
dramatic increase of phase separation time with the increas-
ing V, value was observed. There is a phase inversion band
between the top-continuous region and bottom-continuous
region. The phase inversion band is located at the constant salt
concentration line in the phase diagram. Within this region,
the continuity of the phase is affected not only by the compo-
sition of the ATPS, but also by the fluid dynamics.

The phase separation rate was correlated using a modified
correlation equation and the coefficients were found. It
showed that the R? of the two equations were 0.960 for PEG/
ammonium sulfate ATPS and 0.971 for PEG/sodium citrate
ATPS, respectively. The correlation equations gave good
results for the bottom-continuous ATPS with V, = 1. The
results may be useful for the choice of optimal conditions of
ATPS no matter in batch separation or continuous separation
process. The correlation equations were applied to estimate
the fast phase separation rate of PEG1000/sodium citrate
ATPS and further to measure the stationary phase retention
of PEG/sodium citrate ATPS in our X-axis CCC, in which the
higher stationary phase retention was obtained at 800 rpm.

Nomenclature

R%: Correlation index,

n n n 2
R = (Zi:l XiYi = Dicy Xi Lic y;/n)

) [Z?:l X%~ (Z?:l xi)2 /”] [Z:’l:l Vi - (ZL )’i)z /”]
(%)

>
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where x;, y;, and n are the experimental, calculated,
and number of data points, respectively

AARD: Average absolute relative deviation,

P2 o

Where Yey,i» Veal,i» and 11 are the experimental, calcu-
lated, and number of data points, respectively

L yexp,i - ycal,i
AARD = Z ZEBL T 100%

i=1

Y exp,i

Ah: Height of the interphase

At: Time of phase separation
: Volume of top phase

: Volume of bottom phase

M,: Morton number.

Greek Letters

Ap: Density difference between the top and bottom phases
p.: Density of the continuous phase
y: Interfacial tension between the top and bottom phases
: Surface tension of the air-water interface at 25°C

: Surface tension between air-continuous phase inter-
face

U Viscosity of the continuous phase
pg: Viscosity of the dispersed phase
Uy: Viscosity of the bottom-continuous phase

Au: Viscosity difference between the phases.
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