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Abstract

Liquid-liquid equilibrium data for aqueous biphasic system formed by polye-
thylene glycol (PEG)/sodium citrate (C;H;O,Na,)/water (H,O) were deter-
mined at 298.15 K, respectively. Binodal data were correlated using a four-
parameter equation. The effect of the molecular weight of PEG (1500, 3000,
6000) on the binodal curves was investigated, and it was found that the
two-phase region expands with an increase in the molecular weight of PEG.
The effects of some monohydric (methanol, ethanol, propanol) and polyhy-
dric alcohols (ethylene glycol, glycerin) on the formation of biphasic system
PEG/sodium citrate were examined simultaneously. It was found that the
phase diagram binodal in the presence of ethylene glycol and glycerin to the
system, obtained that binodal curve is slipped to the top of coordinate at the
high concentrations, two-phase systems occur with a higher concentration of
components which formed phases. This means that ethylene glycol and gly-
cerin acts as a factor that destroys the structure of water, breaking the hydro-
gen bonds between water molecules.
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1. Introduction

Aqueous two-phase systems (ATPS) are aqueous solutions of a combination of

two incompatible polymers or a polymer and salt that separate into two phases
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when their concentration surpasses a certain threshold value [1] [2] [3] [4] [5].
One phase is rich in one polymer, and the second phase is rich in the other po-
lymer as (or salt) with water as a solvent in both phases. These phases differ in
almost all physico-chemical properties, including their relative hydrophobicity.
This difference is reflected in the value of the distribution coefficient of the
substances entering the system of the phases. Water as the main component of
both phases in ATPS forms a gentle environment for biomolecules to separate

and polymers stabilize their structure and biological activities [4] [5] [6] [7].

Phase separation in ATPS is affected by different factors like, concentration and

molecular weight (MW) of polymer, concentration and composition of salt [8]

[9].

But two-polymer and polymer-salt (e.g., phosphate, sulfate or citrate) systems
have grown rapidly and a lot of work has been put into studying this technique
using these types of ATPSs [10] [11]. This method has advantages over conven-
tional extraction techniques like, environment-friendly, low cost, capable of con-
tinuous operation, ease of scaling-up and is efficient for many kinds of experi-
ments specially for the concentration and purification of biomolecules [10] [12]
[13] [14].

The main purpose of this work setting the phase diagrams of PEG/sodium citrate/
water biphasic systems and the explaining of mechanism formation of phases by
analyzing them. To achieve this goal, were put forward the following issues:

o Setting the binodal curves of the PEG/sodium citrate/water two-phase systems
and determining the equation of connecting line.

e Study of the effect of the molecular weight of the polymer and alcohols on the
phase diagram (binodal curve) of the PEG/sodium citrate/water two-phase
system.

The study of these effects can contribute to the formation of two-phase systems
and to the understanding of the mechanisms of distribution of substances in these

systems and to the improvement of their application.

2. Experimental Section

2.1. Materials

In this work using PEG with M, = 6000 (3000, 4000) molecular weight which
produced by “Panreac” firm, of Spain and “chemical cleaner” and “special cleaner”
salts, sodium citrate, alcohols. All experiments were conducted with double-
distillation water in quartz plates.

PEGs of different molecular weights are widely used polymers in ATPS due to
their low toxicity, low price, and low volatile nature [8]. Polyethylene glycol has
a low toxicity and is used in a variety of products [15]. The polymer is used as a
lubricating coating for various surfaces in aqueous and non-aqueous environ-
ments [16]. In biophysics, polyethylene glycols are the molecules of choice for
the functioning ion channels diameter studies, because in aqueous solutions they

have a spherical shape and can block ion channel conductance [17] [18].
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Sodium citrate is the sodium salt of citric acid. It is white, crystalline powder
or white, granular crystals, slightly deliquescent in moist air, freely soluble in
water, practically insoluble in alcohol. Like citric acid, it has a sour taste. From
the medical point of view, it is used as alkalinizing agent. It works by neutraliz-
ing excess acid in the blood and urine. It has been indicated for the treatment of

metabolic acidosis [19].

2.2. Methods

To prepare the initial solution of PEG (usually 40% - 50%), a certain amount of
polymer was weighed on the scales and dissolved in water for 10 - 15 minutes by
heating in a water bath at 100°C. In order to sterilize, the polymer solution was
filtered while hot and stored in 20 g containers in the refrigerator. Aqueous solu-
tions of salts of different molar concentrations were prepared and then ex-
pressed as a percentage.

Two-phase polymer-inorganic electrolyte systems were obtained by mixing
the initial solutions of polymer and salt. Usually, 2 grams systems were prepared.
To prepare the system of the given composition, the initial solutions were
weighed on a test tube and up to 2 grams of water were added. After that, system
was stirred intensively until a thermodynamic equilibrium was reached. To
speed up the process, the mixed systems were centrifuged for 20 minutes at a
frequency of 4000 rpm (revolutions per minute). Different experiments have
shown that the thermodynamic equilibrium conditions obtained by centrifuging
the systems or waiting 6 hours are the same.

One of the main characteristics of two-phase aqueous polymer systems is their
binodal curve. The binodal curve is the geometric location of the points in the
phase diagram that separate the single-phase (homogeneous) region of the sys-
tem from the two-phase (heterogeneous) region. Two methods are usually used
to construct the binodal curve, the turbidity method and the methods for study-
ing the phase composition of the system.

With the first method, 1 g of each of the initial solutions prepared to construct
the binodal curve is mixed. If the point obtained belongs to a two-phase region,
then a visible turbid solution (because it is a system that is not in thermodynam-
ic equilibrium) is obtained. By adding water to this system, we note the critical
point that passes from the two-phase region to the single-phase region. By in-
creasing the number of these points, we obtain critical points in the phase dia-
gram that move from a two-phase region to a single-phase region, where the
geometric location is the binodal curve of the system. With this method, the vo-
lumes of the simultaneously existing phases of the system were determined and
the volume ratio was used to determine the angle of inclination of the connect-
ing line.

The binodal curves constructed by the second method, is the method of de-
termining the phase composition of the system, become more accurate, and when

we construct this curve with this method, we also obtain a connecting line. For
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this purpose, an initial system is prepared according to the point falling in the
two-phase region. Thermodynamic equilibrium is achieved by waiting for six
hours or centrifuging. The phases of the system are separated, and the composi-
tion of these phases is determined separately. Amount of PEG in phases deter-
mined with Centro photometric method, amount of salt is determined with re-
fractometric method. Thus, points indicating the composition of the upper and
lower phases are obtained for the system corresponding to the initial point tak-
en. The line passing through these three points is called the connecting line. By
taking the point corresponding to the initial system near and far from the origin,
we obtain the binodal curve of the system and the connecting line.

The experiments were performed at room temperature (20°C - 25°C).

3. Results and Discussions

In this work physico-chemical properties of PEG-C,O,H;Na,-H,0O two-phase
systems were studied. For this purpose, polyethylene glycol (PEG)-6000, sodium
salt of citric acid (chemically pure) and bidistilled water were used. The binodal
curve of this system was constructed, and the angle of inclination of the
connecting line was determined. It should be noted that compared to polymer-
polymer-water and polymer-inorganic electrolyte two-phase systems, the process
of phasing in this system is faster, within 1 hour.

One of the main characteristics of polymer-water two-phase systems is its bi-
nodal curve. Figure 1 shows the binodal curve, the connecting line (CL) of a
two-phase system given by an aqueous solution of citric acid and polyethylene
glycol with a molecular weight of Mn ~ 6000, as well as the equation found by
the least squares method of CL

As can be seen from the equations, the tangent of the angle of inclination of
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Figure 1. Binodal curve and connecting line of aqueous biphasic system PEG (Mn = 6000)/sodium

salt

citrate/water.
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CL is tga = 0.97. Note that for this system the angle of inclination of CL is
constant.

Generally, binodal of two-phase aqueous polymer systems is understand that
the geometrical place of transition points from one-phase oblast to two-phase
oblast in coordinate system which consist of concentration of polymers. In the
figure, the region below the binodal curve is called a single-phase or homogene-
ous region, and the region above is called a two-phase or heterogeneous region.
In other words, according to the coordinates of any point taken from the upper
region, the system will be divided into two phases when it becomes thermody-
namic equilibrium. One of the phases of the system is enriched with any one of
components. The asymmetry of the binodal curve is known to be due to the
difference in the molecular masses of the components of the system.

In Table 1 given polymer and salt compositions of the systems corresponding
to different points taken from the heterogeneous region of the biphasic system
PEG (M, = 6000)/sodium citrate and the simultaneously existing phases of these
primary systems.

The process of phase separation is associated with the formation of two dif-
ferent water structures as a result of the different interactions of water with its
components. In the studied PEG-C;O,H;Na,-H,O biphasic system, phase sepa-
ration also occurs due to the formation of water of two different structures. It is
clear that under the influence of any external factor affecting the structure of the
water will be accompanied by a change in the main characteristics of the state
diagram of the system. One such external effect may be the molecular weight of
the polymer, which is one of the phase-forming components. Figure 2 shows the
effect of the molecular weight of polyethylene glycol on the phase diagram of the
biphasic system PEG (1500, 3000, 6000)/sodium citrate/water.

As can be seen from Figure 2, as the molecular weight of PEQ increases, the
process of phasing at smaller concentrations of the components takes place. This
fact can be explained by the fact that as the molecular weight of the polymer in-
creases, the number of water molecules in its hydrate layer increases and the
number of free water molecules in the system decreases, dissolution becomes

more difficult, and different structural water phases occur. That is, the system is

Table 1. Liquid-liquid equilibrium data for PEG 6000 + sodium citrate + water systems at
298.15.

Overall top phase Bottom phase
Tie line 180y
PEG % Salt % PEG % Salt% PEG %  Salt%

1 20.3 13.9 0.6 21.8 40.4 5.8 -0.967
2 14 14 0.8 18.2 38.2 6 -0.975
3 14 15 0.6 204 35.4 6.2 -0.9721
4 16 14 0.6 19.2 37.2 6 -0.9717
5 18 12 1 17.8 36 6.2 -0.9777
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Figure 2. Phase diagram of the biphasic system PEG (1500, 3000, 6000)/sodium citrate.

Table 2. Changes of critical point with change in molecular weight of PEG.

C.,PEG C,, salt tga
PEG (1500)-C,H,0,Na,-H,0 7.4 12.7 1.47
PEG (3000)-C,H.O,Na,-H,0 1.87 14.6 0.91
PEG (6000)-C,H.O,Na,-H,0 0.5 15.35 0.975

divided into phases more easily.

Table 2 shows the concentrations of the components at the critical point of
the angle of tendency and binodal, which is one of the main characteristics of the
system under the influence of molecular weight.

The effects of some monohydric [20] and polyhydric alcohols on the PEG-
CsH;O;Na;-H,O system were examined simultaneously (Figure 3).

The results show that, with the influence of ethylene glycol, glycerin to the
system, obtained that binodal curve is slipped to the top of coordinate at the
high concentrations, two-phase systems occurred with a higher concentration of
components which formed phases. This means that ethylene glycol and glycerin
acts as a factor that destroys the structure of water, breaking the hydrogen bonds
between water molecules. As a result, the number of free water molecules in-
creases, the phase-forming components are easier to dissolve, and the phase se-
paration occurs at higher concentrations of the components.

It should be noted that propanol was the most influential among the alcohols
in the process of phase separation (Figure 4). At the same time, the effect of
different concentrations of ethanol (0.5 mol/l) and propanol (0.3, 0.5 mol/l) on
the binodal curve of the system was studied. It has been found that as the
concentration of propanol increases, the phase separation occurs at lower
concentrations of the phase-forming components. Thus, a systematic study of
the effect of alcohols on the binodal curves of PEG-C,H;O,Na;-H,O systems
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Figure 3. Effect of polyhydric alcohols on the binodal curve of the two-phase system PEG/sodium
citrate.
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Figure 4. Effect of monohydric alcohols on the binodal curve of the two-phase system
PEG/sodium citrate

from external factors revealed that ethanol and propanol have a structural effect

on the structure of water and accelerate the phase separation process.

4. Conclusions

The formation of a two-phase system is observed in an aqueous mixture of po-
lyethylene glycol with sodium citrate at thermodynamic equilibrium. A phase
diagram of the acquired two-phase system (binodal curve and tendency angle of

connecting or tie line) is investigated.
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e The effect of the molecular weight of PEG (1500, 3000, 6000) on the binodal
curves was investigated, it was found that the two-phase region expands with
an increase in the molecular weight of PEG.

e The effects of some monohydric (methanol (CH,OH), ethanol (CH,CH,OH),
(propanol (CH,CH,CH,0OH) and polyhydric alcohols (ethylene glycol, glyse-
rin) on the formation of biphasic system PEG/sodium citrate were examined.
It was found that that ethanol and propanol have a structural effect on the
structure of water and accelerate the phase separation process [20]. The
phase diagram (binodal) in the presence of methanol (CH,OH) and ethanol
(CH,CH,OH) is mixed upwards to increase the homogeneous region of the
diagram, the smaller the displacement, the greater the number of hydro-
phobic functional groups in the alcohol molecule [20].

e With the influence of ethylene glycol, glycerin to the system, obtained that
binodal curve is slipped to the top of coordinate at the high concentrations,
two-phase systems occur with a higher concentration of components which
formed phases. This means that ethylene glycol and glycerin acts as a factor
that destroys the structure of water, breaking the hydrogen bonds between
water molecules. As a result, the number of free water molecules increases,
the phase-forming components are easier to dissolve, and the phase separa-
tion occurs at higher concentrations of the components.

So that, conclusion these above, we can come to a conclusion that, any high-
molecular or low-molecular matters include water, are change the available structure

and corresponding state.
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