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Abstract

The phase diagrams of Ucon 50-HB5100/sodium citrate aqueous two-phase systems were determined at 5, 20 and 40 °C. Two medium pHs
5.20 and 8.20 were assayed. The binodal curves were satisfactorily described using a four-parameter sigmoidal equation. The two-phase area was
expanded by increasing both pH and temperature. The reliability of the measured tie line compositions was ascertained by correlation equations

given by Othmer—Tobias and Bancroft.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Aqueous two-phase systems (ATPSs) are formed when two
mutually incompatible water-soluble polymers or one polymer
and one salt are dissolved in water above a critical concentra-
tion [1,2]. These systems contain mainly water with a polymer
predominating in one phase and the other polymer or salt
predominating in the other. The high water content of both
equilibrium phases (>80%) provides a gentle environment for
proteins, nucleic acids, viruses and other biological molecules.
Therefore, the extraction technique using ATPSs is considered
a powerful one since it allows the separation and purification of
bio-molecules without losing their activity and structure [3,4].
In laboratory-scale separations the most commonly used sys-
tems are composed by the polymers polyethyleneglycol (PEG)
and dextran while for large-scale enzyme extraction, PEG/salt
systems are used. These systems are attractive because of their
low-cost and rapid phase disengagement. In spite of that, the

Abbreviations: ATPS, aqueous two-phase system; EOPO, copolymer of
ethylene and propylene oxides; PEG, polyethyleneglycol; Ucon, Ucon 50 HB-
5100; Cit, sodium citrate.
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high concentrations of salt (phosphate or sulfate) required to
form the two-phase systems cause environmental problems. Pre-
vious studies [5] have demonstrated that replacing the inorganic
salts by other biodegradable and non-toxic ones such as citrates
could be considered a good alternative, since citrates can be dis-
charged into biological wastewater treatment plants. However,
the difficulty of removing the PEG from the product of interest,
when this product has been selectively partitioned to the polymer
rich-phase, is a remaining problem of these PEG/citrate ATPSs.
A further processing of the top phase by ultra-filtration might
be required thus compromising the potential commercial value
of the product [6].

Recently, the use of thermo-separating polymers in ATPSs
has been introduced [7]. When such polymers are heated above
a lower critical solution temperature (LCST), the solubility of
the polymer will decrease and a system composed of a water
and a polymer phase is formed. This makes it possible to per-
form temperature-induced phase separation whereby a target
protein can be separated from the polymer and recovered in the
water phase. In addition, polymer can be recovered and recycled
in the other phase. Many thermo-separating polymers contain
ethylene oxide groups. PEG is also a thermo-separating poly-
mer but its LCST is too high (above 100 °C) for separation of
labile molecules. Several random copolymers of ethylene oxide
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and propylene oxide (EOPO) have LCST low enough to be
applied for separation of biological molecules. This property
makes these copolymers suitable as substitutes for PEG in the
conventional polymer—salt systems.

In this work, Ucon 50 HB-5100, an EOPO random copolymer
of 50% ethylene oxide and 50% propylene oxide (mass) with an
average molecular mass of 3900 was selected to form ATPSs
with sodium citrate at pH 5.20 and 8.20. The corresponding
phase diagrams were determined and the effect of temperature
on the binodal curves was also studied.

2. Experimental
2.1. Chemicals

Ucon 50 HB-5100 (Ucon), a random copolymer of 50%
ethylene oxide and 50% propylene oxide (mass) with an aver-
age molecular mass of 3900 was obtained from Union Carbide
(NY). Citric acid was obtained from Sigma Chemical Co. and
used without further purification. All the other reagents were of
analytical grade with a minimum purity of 99%. Enzymes for
citrate determination were obtained from Boehringer Ingelheim,
Germany.

2.2. Phase diagram determination

A phase diagram is constituted of a binodal curve and tie
lines. The determination of the binodal curve was carried out by
a turbidimetric titration method [8]. Stock aqueous solutions of
Ucon 40% (w/w) and sodium citrate 25% (w/w) of given pHs
(5.20 or 8.20) were employed. Small aliquots of approximately
0.01-0.05 g of the polymer stock solution were added to 1 g of
the sodium citrate stock solution, placed in a glass tube. After
each aliquot addition, the system was thoroughly mixed. The
first appearance of turbidity (the cloud point) indicated that the
system was about to enter the two-phase area. With knowledge
of the composition of the starting polymer and salt solutions and
of the added amounts (grams), the total system composition, just
prior to the two-phase formation, was calculated and provided
a point on the binodal curve. The starting and added solution
masses were measured on an analytical balance with a preci-
sion of +0.0001 g. Additional binodal points were obtained by
adding a small amount of water to clear the system and then
enough drops of the Ucon stock solution to produce turbidity
again. In order to obtain the binodal points corresponding to
higher polymer concentration, the above mentioned procedure
was inverted, thus titrating the stock polymer solution with the
stock salt solution. The system temperature was maintained con-
stant and controlled within £0.1 °C by immersing the glass tube
and the stock solutions in a thermostatic bath.

For the determination of the tie lines, a series of ATPSs
of at least three different known total compositions were pre-
pared in 5mL graduated glass tubes (uncertainty £0.05 mL)
and placed in a thermostatic bath. After reaching the phase-
equilibrium, visual estimates of top and bottom volumes (V1
and Vg, respectively) were made. When phases were separated,
Ucon and citrate equilibrium concentrations were determined by

an enzymatic assay and refractive index measurements in each
phase.

The refractive index method [9] was used to determine the
total concentrations of Ucon and citrate in the top and bottom
equilibrium phases respectively. Standard curves (mass fraction
up to 25%) for refractive index of Ucon and sodium citrate (up
to mass fraction 10%) were determined using a refractometer
ABBE, NAR 3T (Atago-Japan) with a precision of £0.0001.
The determination was made at 25 °C in a temperature controlled
bath with an uncertainty of 0.1 °C. Since the refractive index
of a polymer and salt solution at low total mass fraction (i.e.
<0.10) is additive, a proper dilution of the phases was necessary
to determine the refractive index. Since the citrate concentration
can be measured accurately, the polymer concentration can be
calculated by determining the refractive index of a phase and
subtracting the contribution of the salt.

Citrate was determined by the following enzymatic assay. In
a first step, citrate was converted to oxaloacetate and acetate in
a reaction catalyzed by the enzyme citrate lyase (CL) [10]:

. CL
citrate—> oxaloacetate + acetate

In the presence of the enzymes L-malate dehydrogenase (L-
MDH) and L-lactate dehydrogenase (L-LDH), oxaloacetate and
its decarboxylation product pyruvate were reduced to L-malate
and L-lactate, respectively, by reduced nicotinamide-adenine
dinucleotide (NADH).

oxaloacetate + NADH + HT" 83"} _malate + NAD*

pyruvate + NADH + HH 2 Jactate +NAD"

The amount of NADH oxidized in the above reactions is
stoichiometric to the amount of citrate. NADH was determined
by means of its light absorbance at 340 nm. The uncertainty in
the measurement of the mass fraction of the salt was estimated
to be better than £0.03.

A mass balance check was made between the initial mass of
each component and the amounts in the bottom and top phases
on the basis of equilibrium compositions. The relative error in
the mass balance was <2%. The tie-line lengths (TLL) for the
different compositions were calculated according to:

2 2.1/2
TLL = [(W{icon — Wheon) + (Wi — W) ] (1)

where wij .., w&, wheon, W, are the top (T) and bottom (B)
equilibrium mass fractions of Ucon and citrate. The tie line
lengths are expressed in mass fractions.

3. Results and discussion
3.1. Binodal curve

The liquid-liquid equilibrium data of assayed Ucon/Cit
ATPSs are given in Table 1. Fig. 1 shows the phase diagram cor-
responding to the Ucon/Cit pH 8.2 ATPSs at 20 °C. It includes
the binodal curve, which represents the borderline between the
one-phase and the two-phase regions, and the tie lines. ATPSs
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Table 1
Phase compositions for Ucon/Cit ATPSs
Total compositions Top phase Bottom phase STL* g** 100TLL Kk
100wci 100wycon 100wcj 100wycon 100wci 100wycon
pH 5.20
T=5°C
7.97 8.96 3.22 2231 10.97 0.51 —2.81 0.11 23.14 34
8.99 8.98 2.81 25.88 12.12 0.39 —2.74 0.08 27.14 4.3
10.06 9.00 2.48 28.82 13.37 0.34 —2.61 0.13 30.49 5.4
10.99 8.98 222 30.96 14.44 0.32 —2.51 0.08 32.99 6.5
T=20°C
5.70 10.65 3.32 21.40 7.28 3.48 —4.53 0.14 18.35 22
5.99 11.02 2.84 25.21 7.87 2.52 —4.51 0.09 23.24 2.8
6.22 17.08 1.89 33.40 10.64 0.42 =3.717 0.08 34.12 5.6
6.54 17.87 1.64 35.53 11.38 0.21 —3.63 0.11 36.64 6.9
T=40°C
6.23 17.15 1.19 43.75 9.32 0.78 —5.28 0.21 43.73 7.8
6.48 17.81 0.97 46.43 9.87 0.19 —5.20 0.16 47.09 10.1
7.09 19.49 0.49 52.51 11.15 0.09 —4.94 0.15 53.49 22.6
pH 8.20
T=5°C
6.45 9.44 1.95 22.73 9.62 0.09 —2.95 0.09 23.90 49
7.48 9.37 1.50 26.78 10.71 0.19 —2.89 0.12 28.14 7.1
8.47 9.40 1.12 30.39 11.80 0.19 —2.83 0.11 32.03 10.5
9.41 9.37 0.74 33.90 12.78 0.18 —2.81 0.14 35.81 17.2
T=20°C
432 14.88 2.16 26.45 6.93 0.93 —5.35 0.21 25.96 32
4.49 16.33 1.93 29.37 7.58 0.61 —5.09 0.15 29.31 39
5.00 17.70 1.63 33.33 8.74 0.33 —4.64 0.14 33.76 5.4
5.49 19.18 1.41 36.24 10.02 0.22 —4.18 0.17 37.03 7.1
T=40°C
1.99 15.85 0.87 26.95 3.35 2.31 —9.94 0.40 24.76 3.8
2.20 16.39 0.82 28.80 3.83 1.75 —-8.97 0.18 27.22 4.7
2.64 20.21 0.42 41.69 5.03 0.04 -9.03 0.27 41.90 12
3.13 23.36 0.41 46.06 5.79 1.12 —8.35 0.25 45.26 14.1

*STL, tie line slope; **a, standard deviation; ***K, fraction of Cit retained in the bottom phase divided by the Cit in the top phase.

with total initial compositions above the binodal curve split
into two equilibrium immiscible phases: a Ucon-poor, Cit-rich
bottom layer and a Ucon-rich, Cit-poor upper phase. A sim-
ilar behavior was observed for the traditional PEG/phosphate
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Fig. 1. Phase diagram of the Ucon/Cit pH 8.20 aqueous two-phase system.
Temperature 20 °C.

ATPSs [1,2]. However, lesser salt and polymer concentrations
are required for the formation of two phases for the Ucon/Cit
ATPS when comparing with systems formed by PEG of similar
molecular weight (4000) [2] due to the higher Ucon hydrophobic
character. This makes the process more economical and reduces
the environmental problems.

Different expressions have been proposed for the correlation
of binodal data [11-13]. Table 2 shows the coefficients of deter-
mination (R?) obtained from fitting our experimental data with
the most widely used empirical equations found in literature.
Besides these empirical expressions, in a previous work [14],
we have proposed the following sigmoidal equation:

i

1 + e—(wci—xo//) 2)

WUcon = Y0 +
where wycon and weie (Ucon and Cit mass fraction, respectively)
are the coordinates of the binodal points, yg, xo, # and j, the fit
parameters. The parameters of Eq. (2) along with the correspond-
ing determination coefficients (R?) are summarized in Table 3.

From visual inspection of Tables 2 and 3, it is possible to con-
clude that Eq. (2) is the most suitable to fit the binodal data
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Table 2
Fitting of binodal data by literature equations

ATPSs Coefficient of determination (R?)
pH Temperature (°C) Equations
A* B** C**:\:

52 5 0.746 0.963 0.745

20 0.825 0.917 0.832

40 0.979 0.995 0.990
8.2 5 0.791 0.978 0.793

20 0.628 0.898 0.682

40 0.959 0.985 0.823

* Equation A [11]: 1 /wcit = a + bw%csm1 + cWycon; @, b, ¢ fitting parameters.
** Equation B [12]: wycon = a + waC'iSl + cwci; a, b, c fitting parameters.
“* Equation C [13]: weiy = a In(wucon + ¢) + b; a, b, c fitting parameters.

since their R? values are closer to one than those obtained from
literature expressions.

The effect of pH on phase separation was evaluated. Fig. 2(A
and B) summarizes the binodal data corresponding to ATPSs of
Ucon/Cit at different pHs. Binodal curves show similar shapes
for the several pH values and the two-phase area is found to
be expanded when pH is increased. At 20 °C, binodal curves
corresponding to the different pHs tend to superimpose at high
concentrations of Ucon or Cit, thus indicating that either the
exclusion or the salting out effect respectively prevails in phase-
separation processes. When Ucon and Cit concentrations adopt
intermediate values, a smaller concentration of citrate is needed
for two-phase formation at basic pHs (with higher ratios between
trivalent and divalent citrate ions). This effect is also observed
in binodal curves at 5 °C (Fig. 2A), even at high Ucon concen-
trations (low Cit concentrations) at which no superimposition
of binodal curves is observed. At low temperatures, the EO and
PO units in the copolymer, are known to be strongly hydrated
with two or three water molecules [7]. Similarly, ionic species
in solution are known to be hydrated and the extent of hydra-
tion depends upon the ion valency. Thus, triply charged citrate
can be expected to be more effective than doubly charged citrate
in salting out the copolymer because of competition for water.
Therefore, trivalent ions are more efficient than divalent ions in
promoting the phase separation [15]. However, this effect does
not seem to be significant at low Cit concentration at 20 °C,
since binodal curves corresponding to the different pHs overlap.
In this case, the breakdown of structured water molecules around

Table 3

Values of fit parameters i, j, xo and yo of Eq. (2) for Ucon/Cit ATPSs

ATPSs Parameters

pH Temperature (°C) i Jj X0 Yo R?

5.2 5 51.63 —1.48 2.79 0.30 0.992
20 65.24 —1.88 2.01 —0.23 0.995
40 1594 =277 —1.27 —2.60 0.996

8.2 5 5744 —1.54 1.31 —0.14 0.991
20 48.45 —1.01 2.35 0.30 0.992
40 1114 —0.81 —2.16 1.05 0.989

R2, coefficient of determination.
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Fig. 2. Effect of pH on binodal curve of Ucon/Cit aqueous two-phase systems.
(A)5°C; (B)20°C.

the EO/PO-chains associated with an increase in temperature, is
probably the predominant cause of phase separation.

The effect of temperature on phase-separation processes is
given in Fig. 3. An increase in temperature from 5 to 20°C
induced a slight increase in the biphasic area, while a significant
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Fig. 3. Effect of temperature on binodal curve of Ucon/Cit pH 8.20 aqueous
two-phase system.
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expansion of the two-phase region was observed when the tem-
perature was raised up to 40 °C. This trend was also observed
for other polymer/salt systems such as PEG/Cit [14]. According
to the model proposed by Kjellander and Florin [16], the entrop-
ically unfavorable structuring of water produced by Ucon at low
temperatures is overcome owing to the large decrease in enthalpy
(due to the energetically favorable and highly directional inter-
actions, such as hydrogen-bonding, between unlike molecules).
At higher temperatures, provided that the structure of water in
the Ucon hydration shell does not break down too rapidly with
increasing temperature [17], the unfavorable entropy contribu-
tion becomes prominent and the system phase separates itself.
In addition by increasing the temperature the magnitude of the
tie line slopes increases (see Table 1), indicating the increase of
the asymmetry of the diagrams. Similar results were obtained
for other polymer/salt systems from literature [18].

3.2. Tie lines

The equilibrium data are listed in Table 1. It also lists the
value of the partition coefficient (Kp) of the salt, defined as the
fraction of salt retained in the bottom phase divided by the salt
in the top phase. High values of K, were obtained (from 2.2 to
22.6) which is an indication of the separation obtained by adding
an amount of Ucon to a given brine solution.

For most of the assayed systems, the tie lines became steeper
for total compositions in the vicinity of the critical point.
An increase in the TLS magnitude indicates an increase in
the difference between the polymer concentrations at a given
difference in the salt concentrations in the same phase. This
implies a decrease in the mutual solubility of the aqueous
polymer- and salt-containing media. A similar behavior was
observed for other ATPSs [19].

Empirical equations have been proposed to ascertain the reli-
ability of calculated tie-line data in traditional liquid-liquid
extraction, being the most widely used those of Othmer—Tobias
(Eq. (3)) and Bancroft (Eq. (4)) [20]:

1—wB \"

T
1— Wocon __ — Wit
=k (3)
wT UJB
Ucon Cit
B T r
WH,0 Wy,0
5 =ki| — 4)
Wi Wycon
Table 4

Values of the parameters of Othmer—Tobias and Bancroft equations, k, n, k1 and
r for Ucon/Cit ATPSs

ATPSs Parameters

pH Temperature (°C) &k n R? ki r R?

52 5 0.178 1.412 0992 3452  0.713  0.991
20 0.110 1.361 0.985 5312 0.688 0.982
40 0.023 1.767 0.999 8.483 0.562 0.999

82 5 0.071 1.728 0.999  4.609 0.596 0.999
20 0.144 1.132  0.987 5.657 0.879 0.985
40 0.014 1.570 0981 14969 0.608 0.980

RZ, coefficient of determination.

where wﬂzo and wﬁzo are the mass fractions of water in the
top and bottom phases; k, n, ki and r represent the parame-
ters to be determined. Linearization of both equations produced
acceptable consistency in the results. Values of the fit parameters
and the corresponding coefficients of determination are given in
Table 4.

4. Conclusions

The phase diagrams of Ucon/Cit ATPSs were determined.
Reliable and complete data on the composition and properties of
these systems were not available at present, being this informa-
tion necessary for the design of an extraction process. The phase
formation proved to be both temperature and pH-dependent.
Much lower amounts of polymer and salt than conventional
systems are required to form the two phases, thus reducing
the environmental impact. In addition, thermo-separating prop-
erties of Ucon can be used to recycle this polymer from the
polymer rich-phase. These characteristics and several additional
advantages such as biodegradability of citrate anion, low-cost
and rapid phase separation make Ucon/Cit ATPSs a promising,
versatile and attractive system in the field of bio-separation.
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