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Measurement and calculation of liquid–liquid equilibria
of binary aqueous polymer solutions
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Abstract

The liquid–liquid equilibria (LLE) of aqueous solutions containing random copolymers of ethylene oxide (EO) and propylene oxide
(PO) with two different molecular weights were measured. The modified non-random two-liquid (NRTL) model was used to calculate the
phase behaviour of water–polymer systems with various molar ratios of EO to PO. Good agreement was obtained with the experimental
data. The results show that the molecular weight and the molar ratio of EO to PO of the polymer can strongly influence the phase behaviour
of H2O–EOPO systems. © 2000 Published by Elsevier Science S.A.
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1. Introduction

Aqueous two-phase systems (ATPSs) are widely used
for the separation and purification of biomolecules. The
most frequently used two-phase systems are aqueous so-
lution of polyethylene glycol (PEG) and dextran or PEG
and potassium phosphate [1,2]. One problem encountered
with these systems is the difficulty in separating target
biomolecules from the polymer solution. These systems are
more cost-effective if the polymer can be readily recycled
without costly ultrafiltration or the use of chromatography
steps. Recently, a method of temperature-induced phase
separation combined with ATPSs has been introduced for
the separation and purification of biomolecules in ATPSs
[3–6]. This method has proved to offer an effective solu-
tion to the problems of polymer removal and recycling. A
random copolymer of ethylene oxide and propylene oxide
(EOPO) can be used to bring about temperature-induced
phase separation.

The complexity of phase behaviour in binary polymer so-
lutions is well known. The temperature–composition phase
diagrams usually show a lower critical solution temperature
(LCST) or an upper critical solution temperature (UCST).
Some systems, which exhibit a miscibility loop, have both
LCST and UCST [7,8]. Compared to other phase-forming
polymers, EOPO has a relatively lower LCST in water.
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Below the LCST, the solution is a one-phase system. If
the one-phase solution is heated until it reaches the criti-
cal solution temperature, the solution becomes cloudy. The
temperature at which this phenomenon occurs is called the
cloud-point of the polymer. UCON 50-HB-5100, a random
copolymer with 50% EO and 50% PO (Mw=4000), has a
cloud-point at 50◦C (323 K) in water [9]. The cloud-point de-
pends on the structure, the molecular weight and the concen-
tration of polymer, and the addition of solutes with different
hydrophobicities [9,10]. The magnitude of the cloud-point
can be altered by varying the ratio of EO to PO groups
[11]. If the temperature of the polymer solution is increased
further, the solution separates into two clearly distinctive
phases. The upper phase (usually) contains most of the sol-
vent with very little polymer, while the bottom phase con-
tains part of the solvent with most of the polymer [12].
The point where the concentration and the temperature cor-
respond to the lowest cloud-point is defined as the LCST.
Other typical examples with LCST include the aqueous
solution of poly(ethylene oxide) (PEO) [10], poly(propylene
oxide) (PPO) [13], and Triton X-114 [14].

A large amount of work has been done in an attempt
to understand the mechanism of phase separation for
water–PEO systems. However, as far as we know, there is
a paucity of research reports on the binary liquid–liquid
equilibria (LLE) of water–EOPO systems. Application of
temperature-induced phase separation combined with ATPS
is limited. Furthermore, phase diagrams data are necessary
for the development of models that are capable of predicting
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Table 1
Experimental LLE data of H2O–EOPO systems

No. H2O–EOPO4000 H2O–EOPO2000

T (K) Concentration of EOPO (w/w) T (K) Concentration of EOPO (w/w)

Top phase Bottom phase Top phase Bottom phase

1 328.85 18.76 61.51 341.35 18.70 61.24
2 332.55 12.75 65.31 345.25 10.87 65.92
3 339.05 5.30 69.92 350.65 7.10 69.42
4 343.30 3.20 73.94 357.95 4.24 73.73
5 347.20 2.10 76.85 364.65 3.15 75.28
6 352.15 1.40 78.81 373.15 2.16 76.54
7 356.85 1.01 80.75
8 363.35 0.79 83.15
9 373.15 0.84 84.61

phase separation. Thus, the LLE of water–EOPO systems
were measured in this study. The modified non-random
two-liquid (NRTL) model proposed by our research group
[15] has been used to calculate the phase equilibria of
water–polymer systems. The polymer components are
EOPO (this work), PEO [10] and PPO [13], respectively.

2. Experimental

2.1. Materials

EOPO4000 and EOPO2000 were obtained from Zhe-
jiang University Chemical Factory, PR China. The average
molecular weight and the molecular weight distribution of
EOPO were determined by gel permeation chromatography
(GPC, Waters 150C). Three-column systems (Ultrastyragel
linear, 500A and 100A) were used with the column temper-
ature set at 30◦C. The solvent was tetrahydrofuran and the
flow rate was 1.0 ml/min. The number-average molecular
weights (Mn) of EOPO4000 and EOPO2000 were 3640
and 2340, respectively. The polydispersities of EOPO4000
and EOPO2000 were 1.1095 and 1.0611, respectively. The
EOPO samples used in this work have an equal molar
number of ethylene oxide (EO) and propylene oxide (PO).
Double-distilled water was used in all water solutions.

2.2. Method

The initial solution contained 20% (w/w) EOPO, and the
total weight of the system was 10 g. After the solution was
mixed effectively in a test tube, it was placed in a well-stirred
water bath for 2 h (separation was completed within 1 h) in
order to reach proper phase separation. The cloud-point tem-
perature of a system was determined by heating the sample
in a water bath. The cloud-point temperature was defined as
the temperature at the time when the sample was visually
observed to start to get cloudy. The clouding was closely
followed by a macroscopic phase separation.

Phase separation and equilibration were performed over
the cloud-point temperature of the system. Phase diagrams
were obtained by analyzing the composition of the upper
and lower phases at each temperature. The concentration of
water was determined by a vacuum-drying method at 65◦C
for 24 h until the samples had reached constant weight. The
concentration of EOPO was calculated by the difference of
the concentration of water.

2.3. Experimental results

The cloud-point temperature of 20% (w/w) H2O–EOPO-
4000 and H2O–EOPO2000 are 324.85 and 338.25 K,
respectively. The results show that the cloud-point temper-
ature decreases with an increase in the molecular weight of
EOPO. The copolymer EOPO4000 (Mw=4038) used in this
experiment has a molecular weight approximately equal to
that of UCON 50-HB-5100 (Mw=4000), and both of them
have the same ratio of EO to PO. Thus, it can be found that
the cloud-point temperature of H2O–EOPO4000 is approx-
imately equal to that of H2O–UCON 50-HB-5100 (323 K).

The experimental data of LLE for H2O–EOPO4000
and H2O–EOPO2000 systems are given in Table 1. The
temperature–composition phase diagram is shown in Fig. 1.

Fig. 1. Experimental temperature–composition phase diagram for
H2O–EOPO: (h) EOPO4000; (j) EOPO2000.
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With an increase in temperature, the difference between the
concentration of EOPO in the two phases also increases.
For example, the upper phase is almost only water and
there is very little EOPO at 373 K, while the bottom phase
contains most of the EOPO. From the above results, it may
be said that the phase composition is strongly influenced
by the molecular weight of the polymer. Lowering of the
molecular weight causes the binodal curve to go upwards
with the two-phase region getting reduced.

3. Theoretical model

In the past several decades, significant efforts have been
made in polymer solution theory, beginning with the clas-
sical Flory–Huggins model [16,17]. However, it has been
known for many years that the Flory–Huggins theory for a
close-packed lattice is not able to describe LCST behaviour.
Later, many improvements have been made based on the
Flory–Huggins theory [18–20]. These theories can be used
to describe a phase diagram with both LCST and UCST.
However, it must be pointed out that quantitative agreement
is far from being satisfactory. In recent years, some thermo-
dynamic models, which can be used to adequately describe
phase behaviour including both LCST and UCST, have been
proposed for polymer solutions [21–23].

In our previous paper, a modified NRTL equation was
developed for the calculation of phase equilibrium of a
binary polymer solution [15]. A simple temperature depen-
dence of the model parameters is introduced to account for
the oriented interactions without changing the general for-
mulation of the free energy of mixing. The present model
is expected to provide a flexible thermodynamic framework
for both correlating and predicting the phase equilibrium of
polymer solutions.

Based on our previous work, the Helmholtz free energy
of mixing, 1A, can be expressed as follows:
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andN1 andN2 refer to the molecule numbers of solvent (1)
and polymer (2).

G21 = exp(−ατ21), G12 = exp(−ατ12)

whereτ is the energy parameter and has meanings similar
to the NRTL model.

Xi is the effective mole fraction of the segment of
speciesi:
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The activity of solvent in the system can be derived from
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The non-random factorα is a structural factor of solution
and is assumed to be independent of temperature and com-
position. The value ofα falls typically within a range of
0–0.4, and should be carefully selected for different kinds
of solutions. At that moment, the general rule proposed in
the NRTL model may be used, orα should be fitted to the
experimental data.

Considering oriented interactions, the interaction param-
etersτ can be expressed as follows:
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whereT0 is the reference temperature,T0=298.15 K, and
the adjustable model parametersa(1) anda(2) are assumed
to be independent of temperature and composition.

The vapor–liquid equilibrium (VLE) of a homologous
polymer solution can be correlated using the above-
mentioned modified NRTL model. Good agreement with
the experimental data was obtained. Some LLE of polymer
solution systems were also calculated. However, to calcu-
late LLE of the system with both UCST and LCST seems
to be difficult [15].

As for the description of systems with strong and local
interactions, especially for the calculation of the water–
polymer systems with both UCST and LCST, a new adjust-
able parametercr is introduced. The adjustable parameter
of cr is defined as follows:

cr = r2

r0
2

(4)

wherer0
2 is the number of segments of polymer, andr2 the

site-occupancy number per molecule of polymer based on
r1=1. Therefore, Eqs. (1) and (2) can be rewritten as
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Thus, Eqs. (5) and (6) are our working equations.
The need forcr arises because the lattice model provides

only an approximation for polymer solutions. The solvent
molecule can hardly be considered as a spherical monomer,
and the polymer molecule is not an ideal flexible chain as
has been assumed in the previous theory.

4. Calculation results and discussion

The condition for LLE is the equality of component ac-
tivities in both phases. The spinodal curve lies inside the
binodal, representing the limits of metastable composition,
and thus, it is given by

∂2(1A/(NrkT))

∂φ2
1

= 0 (7)

The spinodal and the binodal meet at the critical point where

∂2(1A/(NrkT))

∂φ2
1

= ∂3(1A/(NrkT))

∂φ3
1

= 0 (8)

In the calculation, the pure-substance parametersr0
2 are

obtained from number-average molecular weight (Mn). The
non-random factor,α, is not treated as an adjustable param-
eter, but is a previously selected one. The other parameters
are fitted to the experimental data of two tie lines, and are
shown in Table 2. The phase diagrams of three types of
water–polymer systems are calculated using the parameters
obtained above, and are shown in Figs. 2–6.

Figs. 2 and 3 show the calculated results of H2O–EOPO-
2000 and H2O–EOPO4000 systems. The calculated binodals
are in excellent agreement with the experimental data. The

Table 2
The values of model parameters (α=0.25)

Systems a
(1)
12 a

(1)
21 a

(2)
12 a

(2)
21 cr

H2O–EOPO4000 17.3751 −3.6543 −16.4557 −57.1158 5.9728
H2O–EOPO2000 27.0791−10.6852 −27.9140 −39.6716 6.4991
H2O–PEO2270 5.6990 0.6412 −5.8704 −0.0815 1.6399
H2O–PEO2180 5.5246 0.6766 −5.7801 −0.0925 1.4786
H2O–PPO400 27.6703−12.3769 −27.6114 −37.6071 8.3529

Fig. 2. Phase diagram for H2O–EOPO4000 (Mn=3640, r0
2=177.5): (—)

calculated binodal; (---) calculated spinodal; (s) experimental data; (m)
calculated critical point.

Fig. 3. Phase diagram for H2O–EOPO2000 (Mn=2340, r0
2=115): (—)

calculated binodal; (---) calculated spinodal; (s) experimental data; (m)
calculated critical point.

average relative deviation (ARD) values are 1.02 and 2.01%
for EOPO2000 and EOPO4000, respectively. The LCST of
EOPO2000 and EOPO4000 are calculated to be at 337.63 K
(32.22% (w/w)) and 325.37 K (34.96% (w/w)). The calcu-
lated UCST of EOPO2000 and EOPO4000 are 426.41 K
(41.03% (w/w)) and 459.59 K (37.79% (w/w)). It can be

Fig. 4. Phase diagram for H2O–PEO2270 (Mn=2270, r0
2=102.4): (—)

calculated binodal; (---) calculated spinodal; (s) experimental points —
from Sakei et al. [10].
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Fig. 5. Phase diagram for H2O–PEO2180 (Mn=2180, r0
2=98.5): (—)

calculated binodal; (---) calculated spinodal; (s) experimental points —
from Sakei et al. [10].

found from Figs. 2 and 3 that the spinodal and the binodal
meet at the critical point. With an increase in polymer molec-
ular weight, the difference between LCST and UCST of the
water–EOPO system increases. It seems difficult to obtain
the experimental data of LLE when the temperature is over
373.15 K. Therefore, the calculated results (over 373.15 K)
cannot be compared with the experimental data.

Figs. 4 and 5 show the results of H2O–PEO2180 and
H2O–PEO2270 systems. The experimental data are obtained
from Sakei et al. [10]. Compared to the H2O–EOPO system,
a relatively large deviation arises between the calculated bin-
odals and the experimental data. The experimental LLE data
from Sakei were obtained by determining the cloud-point of
the system. However, the upper- and the lower-phase com-
position at a constant temperature after phase separation
should be real LLE data. The slight difference between the
two methods results in the deviation of calculation being
larger. Furthermore, polymers are polydispersive in general;
the cloud-point data of the system are influenced by the
distributions of the molecular weight for the polymer. As
the broadness of the molecular weight distributions of the
polydisperse polymer increases, the cloud-point curve is far

Fig. 6. Phase diagram for H2O–PPO400 (Mn=400, r0
2=13.2): (—) calcu-

lated binodal; (····) calculated spinodal; (s) experimental points — from
Malcolm and Rowlinson [13].

removed from the binodal curve that reflects phase equilib-
rium. In this work, the broadness of the molecular weight
distributions of EOPO4000 and EOPO2000 is small. Unfor-
tunately, there are no published reports on the polydispersiv-
ity for the polymers used in Sakei’s experiments. Thus, it is
difficult for us to definitely confirm the above explanation.

In contrast to PEO, the solubility of PPO in water is
much poorer. For example, PPO400, a very short polymer,
is water-insoluble in a rather wide concentration range when
the temperature is higher than about 325 K. Fig. 6 shows the
calculated binodal and spinodal and experimental point for
the H2O–PPO400 system. Good agreement is obtained.

It has been mentioned previously that changes in the
molecular weight or the ratio of EO to PO can influence
the LLE of H2O–EOPO systems. In this study, EOPO
contains 50% EO and 50% PO, while PEO and PPO are
taken as copolymers with a molar ratio of 100% EO and
100% PO, respectively. Fig. 7 shows the influence of the
molecular weights and the ratios of EO to PO on the bin-
odals of the above three water–polymer systems. First, it
can be found from Fig. 7 that the two-phase region of the
water–polymer system expands with an increase in poly-
mer molecular weight. For example, the loop of curve/cÙ
(PEO2270) is larger than that of curve/cÚ (PEO2180), and
the loop of curve/cÛ (EOPO4000,Mn=3640) is larger than
that of curve/cÜ (EOPO2000,Mn=2340). Second, theMn
of PEO2270 is very close to that of EOPO2000. However,
from Fig. 7, it can be seen that the LCST of PEO2270
(Mn=2270) is higher than that of EOPO2000 (Mn=2340).
The miscibility loop of PEO2270 (curve/cÙ) is smaller
than that of EOPO2000 (curve/cÜ). This is due to PEO
containing only the EO group. Moreover, the phase separa-
tion of PPO400 can occur at a relatively low temperature
(325–425 K) and the two-phase region becomes very large
(5–85% polymer, curve/cÝ), but the copolymer contains

Fig. 7. The influence of molar ratios of EO to PO andMn on the binodals
of aqueous polymer solution./cÙ: PEO2270 (Mn=2270, 100% EO);/cÚ:
PEO2180 (Mn=2180, 100% EO);/cÛ: EOPO4000 (Mn=3640, EO/PO=1);
/cÜ: EOPO2000 (Mn=2340, EO/PO=l); /cÝ: PPO400 (Mn=400, 100%
PO).
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Fig. 8. Test of LLE — the calculated activities of H2O and EOPO4000
with respect to the concentration (W2) of EOPO at a temperature of
347.20 K.

only PO and the molecular weight is only 400. On the basis
of the above discussion, it can be predicted that the binodal
will move upwards and the miscibility loop will become
small when the molar ratio of EO to PO increases under
the same polymer molecular weight. The opposite change
will take place with a decrease in the molar ratio of EO to
PO. The prediction of this tendency is of great importance
in designing and operating phase separation processes.

As an example for testing the calculated LLE, the
activity–composition diagram of EOPO4000 is shown in
Fig. 8. The phase equilibrium condition can be met when
the two phases have the compositionsX′

1 andX′′
1, respec-

tively. The rectangular construction (dotted line) illustrates
that, for phase compositionsX′

1 and X′′
1, the activity of

water is the same in both phases, and the activity of EOPO
is also the same in the two phases. No other set of phase
composition will satisfy the equilibrium.

5. Conclusions

Phase equilibrium data for H2O–EOPO2000 and
H2O–EOPO4000 systems are obtained by determining the
upper- and the lower-phase composition. Experimental
results show that an increase in the molecular weight of
EOPO can cause an expansion of the two-phase region and
a decrease in the LCST.

The modified NRTL model is extended to describe the
phase behaviour of water–polymer systems. A new ad-
justable parameter (cr ) is introduced into the calculation of
LLE for the system having both LCST and UCST. Agree-
ment between the calculated and experimental values is
satisfactory for the three types of water–polymer systems
with various ratios of EO to PO. The calculated results show
that the binodal curves move upwards with an increase in
the ratio of EO to PO or a decrease in the molecular weight.
The two-phase region expands when the molecular weight
of polymer increases or the ratio of EO to PO decreases.

6. Nomenclature

a interaction parameter defined in Eqs. (3a) and (3b)
A Helmholtz free energy
cr adjustable parameter forr2
G binary parameter in the NRTL equation
k Boltzmann constant
M molecular weight
N number of molecules
q effective segment number of polymer, or ratio

of statistical degeneracies of two states
r site-occupancy number per molecule
T absolute temperature
X effective mole fraction of segments
Z coordination number in the lattice theory

Greek letters
α non-random factor in the NRTL model
φ volume fraction
τ binary interaction parameter defined in the

NRTL equation

Superscripts
0 pure state
′, ′′ upper and lower phases
(1), (2) notation for distinguishment

Subscripts
NR contribution from non-random mixing
i, j any species or segment
ij , ii , jj segment–segment pairs
1, 2 solvent and polymer, respectively
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