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The phase diagrams of the L35+ sodium sulfate+ water, L35+ lithium sulfate+ water, and L35+ magnesium
sulfate+ water systems were determined at (298.15 and 313.15) K. The phase diagrams of the F68+ sodium
magnesium sulfate+ water system was determined at (283.15, 298.15, and 313.15) K. In all ATPS systems, the
binodal position was influenced by temperature change, while an increase in polymer molecular weight makes
the separation process occur at lower salt and copolymer concentration. It was observed that the hydrophobic/
hydrophilic balance affects mainly the water content of the top phase.

Introduction

Aqueous two-phase systems (ATPS) have had much use,
especially in the separation, concentration, and purification of
proteins,1 cell organelles,2,3 membranes,4 and metal ions.5 The
most frequently used two-phase systems are produced using a
mixture of aqueous solution of polyethylene glycol (PEG) and
dextran or PEG and phosphate. Applications at an industrial
scale have been prevented by the high cost of the polymers
used and difficulties in recycling the polymers without costly
ultrafiltration or chromatography steps.

Recently, ATPS formed using triblock copolymers, which
offer an effective solution to the problems of polymer removal
and recycling, have been introduced for separation and purifica-
tion of hydrophilic and hydrophobic biomolecules.6-11 In
general, the triblock copolymers used are formed by arrays of
ethylene oxide (EO) and propylene oxide (PO) units, symbolized
as PEO-PPO-PEO or (EO)n(PO)m(EO)n, and they are a thermo-
separating macromolecule with lower cloud points. Additionally,
they are low cost, biocompatible, and environmentally safe
compounds. The advantage of these macromolecular systems,
when compared with other polymers are that they present a
capacity of auto-organization to form micelles. The triblock
copolymers have, in general, a very low critical micellar
concentration (cmc) and a low diffusion coefficient (which is
beneficial in micellar systems) where the concentration of
unimers in equilibrium with the micelles has to be kept to a
minimum.12 Experimental data obtained using dynamic light
scattering and small-angle neutron scattering have been used
to show the phase behavior of PEO-PPO-PEO triblock copoly-
mers dissolved in water.13-15 The molecular processes occurring
in solution depend on the polymer concentration and temper-
ature. At low temperatures (T e 15 °C) and low polymer
concentrations, the unimers were fully dissolved Gaussian chains
with a gyroscopic radius (Rg) of approximately 1.7 nm.12 By
increasing the temperature, the hydrophobic nature of the PPO

group caused aggregation of the macromolecules into spherical
micelles with core sizes on the order of 5 to 10 nm, consisting
of only the PPO block and a corona region consisting of the
water and PEO blocks.

For the application of ATPS formed by triblock copolymers,
it is necessary to obtain the phase diagram data for the
development of models that can predict phase separation. In
this work, biphasic systems composed by (EO)11(PO)16(EO)11,
notation L35 (50 % EO)+ salt + water, and (EO)80(PO)30-
(EO)80, notation F68 (80 % EO)+ salt+ water, were prepared
and phase compositions measured. Liquid-liquid equilibrium
data at (283.15, 298.15, and 313.15) K were determined for
the L35 (1900 g‚mol-1) + salt+ water and F68 (8400 g‚mol-1)
+ salt + water systems. The salts used were Na2SO4, Li2SO4,
and MgSO4. The influence of copolymer molecular weight,
temperature, and hydrophilic/hydrophobic balance on the phase
diagram formation was also evaluated.

Experimental Section

Materials. L35, (EO)11(PO)16(EO)11 copolymer with average
molecular weight (Mw) 1900 g‚mol-1 and 50 % ethylene glycol,
and F68, (PEO)80(PPO)30(PEO)80 copolymer with Mw 8400
g‚mol-1 and 80 % ethylene glycol, were obtained Aldrich Co.
(USA). The copolymers were analyzed by gel permeation
chromatography (GPC) (AKTA, purifier, 10X, Pharmacya)
using the following conditions: for L35, tetrahydrofuran was
used as the mobile phase at a rate of 0.8µL/min, injection
temperature 30°C; for F68, toluene was used as the mobile
phase at a rate of 0.8µL/min, injection temperature 45°C,
refraction index detector, sample injection of 100µL. In both
cases the standard polymer was polystyrene. This methodology
was used in order to obtain theMw and polydispersity index
(Mw/Mn) of the copolymers. For the L35 copolymer,Mw and
Mw/Mn were 1945 g‚mol-1 and 1.14, respectively; for the F68
copolymer, Mw and Mw/Mn were 8460 g‚mol-1 and 1.42,
respectively. GPC traces of homopolymers or diblock copoly-
mers were not observed. Na2SO4, Li2SO4, and MgSO4 were
analytical reagent grade purchased from Merck (USA). Milli-Q
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II water (Millipore, Bedford, MA) was used in all aqueous
solutions.

Phase Diagrams.Aqueous two-phase systems were prepared
by weighing appropriate quantities of L35 or F68, sodium sulfate
(or lithium sulfate or magnesium sulfate), and water on an
analytical balance (Gehaka, AG200, Brazil), with a given
uncertainty of( 0.0001 g. Liquid-liquid equilibrium cells were
used to carry out phase equilibrium determinations. Typically
30 g of system was prepared. After vigorously stirring of the
system, until it became turbid, it was placed in a temperature-
controlled bath (Microquimica, MQBTC 99-20, Brazil, with an
uncertainty of( 0.1 K) for 24 h at (283.15, 298.15, or 313.15)
K. The top and bottom phases were collected for characteriza-
tion.

QuantitatiWe Analysis.The concentration of a salt (Na2SO4

and Li2SO4) was determined by using capillary electrophoresis
(Agilent CE DEO1602497 model, USA). The standard deviation
in the salt mass percent by this method was( 0.08 %. The
concentration of a salt (MgSO4) was determined by using atomic
absorption spectrophotomety (Carl Zeiss JENA model AAS-3,
Germany). The standard deviation in the salt mass percent by
this method was( 0.06 %. The concentrations of L35 and F68
were determined by measurements at 298.15 K using a
refractometer (Analytic Jena AG Abbe refractometer 09-2001
model, Germany).16,17 Since the refractive index of the phase
samples depends on the total concentration (copolymer and salt
concentrations) and is an additive property, copolymer concen-
trations were obtained by subtraction from the total solution
composition (refractive index), the salt concentration measured
by capillary electrophoresis or atomic absorption spectrometry.
The standard deviation in the triblock copolymer mass percent
was at the order of( 0.03 %. The concentration of water was
determined by freeze-drying (Speed Vacuum Concentration
HETO, model VR-1, Denmark) at-20 °C for 24 h.18 The
standard deviation of the water mass percent was( 0.06 %.
All analytical measurements were performed in triplicate.

Results and Discussion

The liquid-liquid equilibrium data, expressed in mass
percent, of the L35-Na2SO4, L35-Li2SO4, L35-MgSO4, and
F68-MgSO4 systems at (283.15, 298.15, and 313.15) K are
given in Tables 1 to 4. It is observed that in the biphasic systems
an increase in global composition promoted an increase in
copolymer and salt segregation, which is in agreement with the
reported experimental results for the other aqueous two-phase
systems.19,20 However, as a consequence of the hydrophobic
contribution of the PO segments,21 in the L35-sulfate biphasic
systems, the top phase water content is markedly lower than
the water concentration observed in the top phase of PEO-

sulfate ATPS systems. On the other hand, in the F68-MgSO4

ATPS system, which has a small hydrophobic/hydrophilic
ratio,22 the amount of water in the top phase is similar to the
well-known poly(ethylene oxide)+ sulfate+ water systems.
Interestingly, the amount of water in the top phase is not
influenced very much by the electrolyte nature.

The binodal curves for each ATPS, at two temperatures, are
shown in Figures 1 to 4. For all ATPS systems the phase
separation process is endothermic, with a significant temperature
effect on equilibrium compositions of all ATPS, except for

Table 1. Mass Fraction for the L35 (w1) + Na2SO4 (w2) + H2O (w3)
Systems

overall composition upper phase lower phasetie
line 100w1 100w2 100w3 100w1 100w2 100w3 100w1 100w2 100w3

T ) 298.15 K
1 13.36 12.06 74.58 46.91 0.82 52.27 2.59 15.75 81.66
2 15.06 12.99 71.95 50.85 0.66 48.49 1.91 17.46 80.63
3 17.69 14.65 67.66 55.08 0.38 44.54 1.30 20.72 77.98
4 18.55 15.31 66.14 57.80 0.22 41.98 1.00 21.89 77.11
5 21.09 16.81 62.10 59.59 0.15 40.26 0.77 25.53 73.70

T ) 313.15 K
1 16.22 6.29 77.49 46.56 1.16 52.28 2.43 8.47 89.10
2 18.18 6.57 75.25 47.55 1.09 51.36 1.92 9.14 88.94
3 19.02 6.70 74.28 52.16 0.83 47.01 1.80 9.65 88.55
4 22.03 7.13 70.84 58.89 0.67 40.44 1.66 10.60 87.74
5 26.18 7.73 66.09 60.06 0.61 39.33 0.09 12.98 86.93

Table 2. Mass Fraction for the L35 (w1) + Li 2SO4 (w2) + H2O (w3)
Systems

overall composition upper phase lower phasetie
line 100w1 100w2 100w3 100w1 100w2 100w3 100w1 100w2 100w3

T ) 298.15 K
1 7.78 13.48 78.74 44.48 1.16 54.36 2.92 14.90 82.18
2 9.03 14.08 76.89 45.87 1.09 53.04 2.62 16.37 81.01
3 9.99 14.66 75.35 49.85 0.80 49.35 2.18 17.54 80.28
4 11.79 15.70 72.51 54.25 0.50 45.25 0.95 19.55 79.50
5 14.01 16.93 69.06 58.92 0.47 40.61 0.19 21.93 77.88

T ) 313.15 K
1 12.66 7.10 80.24 43.61 1.66 54.73 2.14 8.96 88.90
2 13.85 7.36 78.79 46.41 1.47 52.12 1.98 9.45 88.57
3 15.48 7.68 76.84 48.95 1.21 49.84 1.81 10.27 87.92
4 19.74 8.60 71.66 50.58 1.15 48.27 0.10 12.98 86.92
5 22.34 9.16 68.50 51.93 1.12 46.95 0.04 14.76 85.20

Table 3. Mass Fraction for the L35 (w1) + MgSO4 (w2) + H2O (w3)
Systems

overall composition upper phase lower phasetie
line 100w1 100w2 100w3 100w1 100w2 100w3 100w1 100w2 100w3

T ) 283.15 K
1 39.18 3.13 57.69 45.74 0.44 53.82 5.77 18.05 76.18
2 44.09 3.76 52.15 51.14 0.26 48.60 5.12 20.92 73.96
3 47.19 4.16 48.65 56.45 0.14 43.41 3.97 23.38 72.65
4 51.64 4.71 43.65 62.67 0.05 37.28 3.51 25.63 70.86
5 55.48 5.21 39.31 67.33 0.01 32.66 3.71 26.62 69.67

T ) 298.15 K
1 35.00 3.31 61.69 41.95 0.82 57.23 4.83 14.72 80.45
2 39.08 3.81 57.11 47.39 0.58 52.03 4.76 16.55 78.69
3 43.15 4.31 52.54 53.18 0.42 46.40 4.01 19.46 76.53
4 47.23 4.81 47.96 58.15 0.25 41.60 3.12 22.00 74.88
5 51.31 5.31 43.38 63.23 0.12 36.65 1.96 23.81 74.23

T ) 313.15 K
1 34.86 2.73 62.41 43.34 0.52 56.14 3.35 10.09 86.56
2 39.94 3.23 56.83 50.42 0.30 49.28 3.12 12.45 84.43
3 45.02 3.73 51.25 56.18 0.21 43.61 2.89 15.05 82.06
4 50.10 4.23 45.67 62.27 0.13 37.60 2.23 18.50 79.27
5 55.18 4.73 40.09 68.72 0.05 31.23 1.70 21.13 77.17

Table 4. Mass Fraction of the F68 (w1) + MgSO4 (w2) + Water (w3)
Systems

overall composition upper phase lower phasetie
line 100w1 100w2 100w3 100w1 100w2 100w3 100w1 100w2 100w3

T ) 283.15 K
1 17.20 4.58 78.22 25.96 1.84 72.20 5.87 8.28 85.85
2 19.48 5.21 75.31 30.47 1.44 68.09 5.83 9.68 84.49
3 21.30 5.71 72.99 32.88 1.13 65.99 5.21 12.37 82.42
4 23.12 6.21 70.67 35.02 0.91 64.07 4.43 14.88 80.69
5 24.94 6.71 68.35 37.13 0.84 62.03 3.84 16.91 79.25

T ) 298.15 K
1 13.22 4.41 82.37 20.71 1.87 77.42 2.67 7.77 89.56
2 14.98 4.78 80.24 25.19 1.60 73.21 1.88 9.32 88.80
3 18.32 5.50 76.18 29.59 1.33 69.08 1.56 11.83 86.61
4 20.47 5.96 73.57 33.22 1.00 65.78 1.12 13.42 85.46
5 21.97 6.28 71.75 36.76 0.84 62.40 0.42 14.32 85.26

T ) 313.15 K
1 16.94 4.03 79.03 26.33 1.66 72.01 6.38 6.72 86.90
2 19.45 4.53 76.02 31.37 1.34 67.29 6.36 8.14 85.50
3 20.85 4.81 74.34 32.90 1.18 65.92 6.02 9.21 84.77
4 22.45 5.13 72.42 34.61 1.07 64.32 5.89 10.75 83.36
5 26.18 5.88 67.94 41.09 1.01 57.90 5.86 12.50 81.64

Journal of Chemical and Engineering Data, Vol. 51, No. 6, 20062261



L35-MgSO4 biphasic system. In a previous study, Mendes da
Silva et al.23 found for L35-potassium phosphate and F68-
potassium phosphate a similar change in binodal curve position
with temperature change. As shown in Table 5, the temperature
increase caused a spontaneous diffusion of water from the top
phase to the bottom phase, changing the tie line slope (STL).
The tie line slope is defined as the ratio: STL) (∆polymer/∆salt)
in which ∆polymerand∆salt are respectively the difference of the
compound concentration in the two coexisting phases. This
water transference is more pronounced in the L35 ATPS,
probably caused by a higher hydrophobic/hydrophilic bal-
ance.24

The effect of polymer molecular weight, at three different
temperatures, can be observed in Figures 5 to 7. At (283.15
and 298.15) K, the larger polymer molecular weight (F68, 8400
g‚mol-1) induces the separation of phases more easily than L35
(1900 g‚mol-1). As expected, an increase in the macromolecule
size causes a decrease in the number of different molecular
configurations resulting in a decrease in polymer miscibility.
This effect of polymer molecular weight on the binodal curve
occurs in almost all ATPS systems.25 However as shown in
Figure 7, the temperature increase could inhibit the effect of
polymer molecular weight on the binodal position.

It is evident from Figure 8 that the phase separation process
occurring in ATPS formed by L35 or F68 with sulfate salts,
for both temperatures, is almost independent of the cation
species. On the other hand, the effectiveness of various salts to
form aqueous two-phase systems with PEO is dependent on
the cation characteristics (size and charge). For example, the
sodium sulfate concentration required to form a two-phase
systems is lower than that of ZnSO4.26

Figure 1. Temperature effect on the phase diagram for the L35 (1)+
Na2SO4 (2) + water (3) system:O, 298.15 K;2, 313.15 K.

Figure 2. Temperature effect on the phase diagram for the L35 (1)+
Li2SO4 (2) + water (3) system:O, 298.15 K;2, 313.15 K.

Figure 3. Temperature effect on the phase diagram for the L35 (1)+
MgSO4 (2) + water (3) system:O, 298.15 K;2, 313.15 K.

Figure 4. Temperature effect on the phase diagram for the F68 (1)+
MgSO4 (2) + water (3) system:O, 298.15 K;2, 313.15 K.

Table 5. Tie Lines Slope Values for L35-Na2SO4, L35-Li 2SO4,
L35-MgSO4, and F68-MgSO4 Systems

L35-Na2SO4

tie line T ) 298.15 K T ) 313.15 K

1 -2.97 -6.04
2 -2.91 -5.67
3 -2.64 -5.71
4 -2.62 -5.77
5 -2.32 -4.85

L35-Li2SO4

tie line T ) 298.15 K T ) 313.15 K

1 -3.03 -5.68
2 -2.83 -5.57
3 -2.85 -5.20
4 -2.80 -4.27
5 -2.74 -3.80

L35-MgSO4

tie line T ) 283.15 K T ) 298.15 K T ) 313.15 K

1 -2.27 -2.67 -4.18
2 -2.23 -2.67 -3.89
3 -2.26 -2.58 -3.59
4 -2.31 -2.53 -3.27
5 -2.39 -2.59 -3.18

F68-MgSO4

tie line T ) 283.15 K T ) 298.15 K T ) 313.15 K

1 -3.12 -3.06 -3.94
2 -2.99 -3.02 -3.68
3 -2.46 -2.67 -3.35
4 -2.19 -2.59 -2.97
5 -2.07 -2.70 -3.07
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Conclusion

Aqueous solutions of two triblock copolymers, L35 and F68,
and certain sulfate salts (Li2SO4, Na2SO4, and MgSO4) when
mixed together in appropriate concentrations separate to form
aqueous two-phase systems. These biphasic systems differ from
the classic PEO-sulfate ATPS systems by the small influence
that either temperature or the nature of the cation have on the
binodal position. Furthermore, the top phase of the ATPS formed
by L35 and F68 are more hydrophobic than the phase-enriched
PEO molecule, suggesting a potential application of the

copolymer ATPS in extraction/purification of water-insoluble
solutes.
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