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Abstract

The purpose of the proposed research is to ensure that the value of the dis-
tinction is adjusted to each application by using various supplements to sepa-
rate and clean up biological objects. The work presents the results of studies
of the phase diagram of the biphasic system composed of polyethylene glycol
(PEG)/sodium citrate-water and the effect of inorganic salts (sodium sulfate,
sodium carbonate, sodium nitrate, potassium sulfate, potassium chloride, po-
tassium iodide, potassium bromide) on the separating ability of this biphasic
system. Analysis of the data presented shows that the change in the parame-
ters of the phase diagram and different values of the separating ability (for
PEG—sodium citrate-water system n* = 9.3) of the biphasic system, depends
on the nature of the additives. The utilized inorganic salts change the struc-
ture of water clusters. Following the change, the biphasic system component
relative hydrophobicity rises, which results in phase separation. The displace-
ments of the binodal of the phase diagram in the direction of the origin of
coordinates, an increase in the area of the heterogeneous region of the dia-
gram upon the introduction of the studied salts indicate that these salts have a
structuring effect on the aqueous medium.
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1. Introduction

Aqueous biphasic systems were formed when two particular chemically different
polymers (e.g., dextran (dex) and polyethylene glycol (PEG)) were mixed at appro-
priate concentrations in an aqueous solution, and the solution was separated into
two immiscible phases. One phase is rich in one polymer, and the second phase is
rich in the other polymer, as with water as a solvent in both phases [1] [2] [3].

It should be noted that such incompatibility of components in a common sol-
vent (in water) could also be observed in the mixtures of one polymer with some
inorganic and organic salts [4] [5].

Albertson et al’s systematic studies of various water-polymer two-phase sys-
tems led to the emergence of a new universal, highly effective, gentle, cost-effec-
tive method of separation and purification of a wide variety of biological mate-
rials [6].

Because the solvent in both phases of the studied systems is water (70% -
80%), proteins, nucleic acids, viruses, cells, etc., can be introduced into such sys-
tems. Depending on their characteristics and distribution conditions (nature and
concentration of phase-forming components, nature and concentration of addi-
tives, etc.), these biological objects are unevenly distributed over coexisting
phases without losing their intact properties.

It should be noticed that the method (method of separation) is also success-
fully used for the quantitative assessment of the relative hydrophobicity of high
molecular weight compounds, which could not be determined previously [7].

The aqueous two-phase system (ATPS) composed of PEG 6000 and sodium
citrate (SC) has been proposed to recover the valuable soluble proteins from
tannery wastewater. Thus, the proposed ATPS can serve as an alternative to the
conventional precipitation method to recover the soluble proteins from tannery
wastewater [8].

Aqueous biphasic systems were used during downstream processing, mainly
in biotechnological and chemical industries [9]. Aqueous biphasic extraction pro-
cesses offer the potential for low-cost, highly selective separations. This coun-
ter-current extraction technique is involved in the selective partitioning of either
dissolved solutes between two immiscible aqueous phases [10].

Aqueous biphasic systems have been successfully used to detect veterinary
drug residues in food, separation of precious metals, sewage treatment, and a va-
riety of other purposes [11].

The practical application of aqueous two-phase systems (ATPS) to extraction
processes has been exploited for several years to recover biological products [12].
A critical overview of the fundamental thermodynamic properties related to
forming aqueous two-phase systems and their application to extraction and pu-
rification of bioparticles was studied previously [12].

For describing aqueous biphasic systems, it is traditional to study the phase
diagram of the system (binodal curves, connecting lines, separating ability, etc.).

The properties of the aqueous medium of the phases of a two-phase system and
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the nature of the phase diagrams are affected by different factors like concentra-
tion of phase-forming polymers, concentration and composition of salts [9] [13],
their molecular weight, nature of the second phase-forming component and sol-
vent, temperature, the presence of low molecular weight additives [13]-[18].

Studying the effect of various additives, in particular, inorganic salts, on the
water-polymer biphasic system is important since additives of inorganic salts are
widely used to regulate the distribution of biological materials in these systems
[19]. Similar research was carried out for biphasic systems, e.g., dextran-PEG,
dextran-PVP, and dextran-ficoll [20] [21]. The works presented that the degree
of influence of the addition of inorganic salts on the conditions of phase separa-
tion in the biphasic systems under consideration is associated with the position
of the salt in the lyotropic series of the ability of salts to precipitate proteins in
aqueous solutions [22]. However, it seems interesting to study the effect of inor-
ganic salts (sodium sulfate, sodium carbonate, sodium nitrate, potassium sulfate,
potassium chloride, potassium iodide, and potassium bromide) on the separa-
tion of biphasic systems into polymer-organic and salt-water phases.

In the presented work, the phase diagrams of the water-polymer biphasic sys-
tem PEG 6000-sodium citrate (CsHsO;Nas)-water and the concentration effect of
the sodium nitrate on the position of the binodal, on the value of the separating
ability of the system were investigated. The PEGs with different molecular
weights are widely used polymers in aqueous two-phase systems (ATPS) due to

their low toxicity, low price, and low volatile nature [13].

2. Results and Discussions

The aqueous two-phase systems (water + polymer + salt) based on PEG 6000
and sodium citrate were prepared using the phase diagram. The weighed dry
polymer is added to a given quantity of double distilled water and waited until
completely dissolved. The obtained solutions are boiled for sterilization and fil-
tered. Given the presence of adsorbed water in the primary polymers, the con-
centrations of the solutions are determined (calculated) after they have dried
mycophiles. Concentrations of the prepared solutions ranged from 38 + 40%. To
obtain two-phase systems a predetermined quantity of sodium citrate was dis-
solved in water. Afterwards, in order to form the ATPS, the corresponding quan-
tity of PEG according to the composition was added to the sodium citrate solu-
tion. Finally, the biomass was added. The system is then intensively mixed, placed
in a thermostat, and phased until it reaches equilibrium (approximately 24
hours). In some cases, the system rotates rapidly through a centrifuge to achieve
equilibrium in a short time (20 - 40 minutes at 4400).

For illustrating aqueous biphasic polymer systems, it is conventional [1] to
investigate the phase diagram-binodal curves, where the weight vs concentra-
tions of the phase-forming components, the tie line, its length and angle of in-
clination, separation capacity, etc., are plotted along the coordinate axes. Figure
1 shows the binodal curve of the PEG (6000)-sodium citrate/water tie line, which
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Figure 1. Binodal curve and tie lines of the biphasic system PEG/sodium
citrate -H2O.

is defined based on the method of least squares equation.

The binodal curve and tendency angle of connecting (or tie) lines are taken as
the main characteristic of polymer-polymer-water two-phase systems. The phase
diagrams depend on many factors: the nature of polymers, their molecular weights,
temperature, the presence of low molecular weight additives, etc. [20].

Figure 2, Figure 3, and Table 1 show the experimental results describing
the binodal and tie lines of the phase diagram of the studied biphasic system
in the absence and presence of various salts, where the concentrations of the
phase-forming components are plotted along the coordinate axes. The curves
(binodal) delimit the region of existence of homogeneous solutions (under the
binodal) and the region of existence of heterogeneous (above the binodal) solu-
tions.

Figure 3 describes a change in the position of binodal in the presence of Na-
NO:s at different concentrations.

As it follows from the results obtained by adding all salts to the system, the
binodal are somewhat displaced towards the origin of coordinates extensively
when the salt concentration increases (Figure 3). Proportionally the area of the
heterogeneous region of the phase diagram increases. The variations in the sys-
tem with two phases occur at lower concentrations of the phase-forming com-
ponents, which indicates that the structuring of the aqueous medium of the
system takes place under the influence of added salts. The structuring of the
aqueous medium of the biphasic system phases is due to changes in the degree of
hydration of the phase-forming components. Therefore, the differences in the
relative hydrophobic properties of the phases increase, leading to worse compa-
tibility of these components in the common solvent, and naturally, to separating
the system into two phases at lower concentrations the phase-forming compo-
nents.

Figure 4 shows the data describing the concentration effect of sodium nitrate
on the total concentration of phase-forming components at the critical point of

the studied biphasic system (PEG and sodium citrate).
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Figure 2. The influence of salts (NaNO3, Na2COs, Na,SO4) on the formation
of biphasic systems PEG-CsHsO7Nas-H.O.
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Figure 3. The influence of NaNOs on the phase diagram of aqueous biphas-
ic systems PEG-sodium citrate.

Table 1. Changes of the critical point of the binodal of the PEG (6000) - CsHsO7Nas-H.O
system with varying NaNOjs concentrations.

o, mN/m
Na?ﬁ; ;°n' CaPEG%  Cosalt% z %C“ (NaNOs + Ao, mN/m
H.0)
5 1.73 12.65 14.38 72.1 0.9
10 1.68 12.45 14.13 72.8 1.6
15 1.60 11.9 13.63 73.8 2.6
20 1.53 11.45 12.98 74.4 3.2

As shown in Figure 4, with an increase in the concentration of the added salt
(NaNOs), the total concentration of phase-forming components decreases at the
critical point for separating the system into two phases.

Figure 5 shows changes in the surface tension of water (Ac) depending on the
concentration of salt (NaNOs) and based on the data in Figure 4 and Figure 5.
The dependence of the shift of the value of the total concentration £C” of the
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Figure 4. Dependence of total concentration of phase-forming
components from the concentration of sodium nitrate
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Figure 5. Changes in the surface tension of water (Ac) depend-
ing on the concentration of NaNO3

phase-forming components of the biphasic system on the surface tension (Figure
6).

Figure 6 describes the magnitude of the shift in the total concentration of the
system components under the influence of the added salt (NaNO;) and its effect
on the surface tension of pure water. There is a good correlation indicating the
structuring of water under the influence of the introduced salt into the system.

For a more detailed analysis of the results obtained, let us consider the me-
chanism of the effect of salts on water based on Samoilov’s theory [23].

According to this theory, an ion (cation or anion) destroying the structure of
water means an ion, in the vicinity of which water molecules exchange with mo-
lecules of “free” water in the volume with a higher frequency than molecules of

“free” water among themselves, Ze.

(1)

V(HZOO—HZOh) < V(HZOO—HZOO)

where H,0° —water in volume, H,O" —water in the hydration shell of the

ion. In other words, the settled life of a water molecule near a water ion in the
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Figure 6. Dependence of total concentration of the phase-forming

components XC/ from Ac.

volume

T <7 (2)

H,0" H,0°

And an ion that stabilizes the structure of water means ions for which the fol-

lowing conditions are met:
V00 " Vhyot < Vo0 T Vo0 3)

and

THZOh > THZOO 4)

Our results indicate that in our case, conditions (3) and (4) hold. When salts
are introduced into the system, water molecules of anions (all studied salts have
the same cations) exchange with “free water” molecules at a lower frequency
than free water molecules with each other, which ultimately leads to the struc-
turing of all water molecules.

All the above discussion makes it possible to qualitatively explain the results
obtained in this work on the effect of salt additions on the characteristics of the
phase diagram of the PEG/sodium citrate-water.

Thus, the displacement of the binodal of the phase diagram towards the origin
of coordinates, an increase in the area of the heterogeneous region of the dia-
gram upon the introduction of the studied salts (NaNO3, Na,SO,, Na,CO;, KCl,
KBr, KJ, K;,SO4), as well as a decrease in the total concentration of phase-form-
ing components at the critical point of the two-phase system with an increase in
salt concentration (for example, NaNOs) clearly indicates that these salts have a
structuring effect on the aquatic environment of the system.

It should be emphasized that changes in the characteristics of an aqueous bi-
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phasic system naturally affect the distribution of various substances in these bi-
phasic systems. To quantitatively characterize the difference in the affinity of the
phases to the distributing substance, we studied the separating ability (n*) of the
biphasic PEG (6000) -sodium citrate-water system at T = 298.15 K in the ab-
sence and presence of various additives. The obtained data are presented in Ta-
ble 2. The separating ability of the system is determined by the method proposed
in work [6].

The results obtained show that the addition of urea to the aqueous biphasic
system reduces its separation capacity (n* = 5.20 in the presence of 1.25 mol/l of
urea, while n* = 6.5 in the absence of additives). In contrast, the addition of car-
bohydrates, such as glucose and sucrose to the system leads to an increase in the
separation capacity of the system.

Urea changes the value (n*) associated with the destruction of the water
structure in the corresponding phases. Urea also leads to an increase in PEG hy-
dration and a change in the latter molecule nearest the aqueous environment,
which boosts the compatibility of the system components. This contributes to
the convergence of the properties of the phases, consequently, a more uniform
distribution of substances between the two phases, and leads to a decrease in the
separation capacity.

With the addition of carbohydrates, the structuring of the aqueous environ-
ment takes place, which should lead to a decrease in PEG hydration. Eventually,
it leads to a deterioration of hydrophobic phases. The distribution coefficient
can be elevated via using mineral salts results in an increase in the separation
capacity of the system.

A significant increase in the separating ability of the investigated biphasic sys-
tem with the introduction of salts (Table 2) indicates that these salts very strongly
stabilize the structures of the aqueous medium in the phases of the aqueous bi-

phasic system.

Table 2. Separating ability PEG—sodium citrate-water in the presence of some salts.

SYSTEMS n*

Absence of mineral salt 9.3
+NaNOs (4.67 mol/l) 12.6
+ Na,COs (3.76 mol/l) 13.5
+ Na2SOs4 (2.36 mol/l) 14.6
+ Na2SO4 (1.79 mol/l) 15.42
+KClI (5.5 mol/l) 7.19
+KBr (3.53 mol/l) 6.98
+KJ (1.04 mol/l) 10.6
+ K2S04 (0.47 mol/l) 14.35
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3. Conclusions

The binodal curves for PEG 6000 + sodium citrate + water system at 298.15 K
were constructed and adequately fitted with a non-linear equation. The least-
squares method was used to define the tendency angle of the tie line. With the
influence of salts (sodium sulfate, sodium carbonate, sodium nitrate, potassium
sulfate, potassium chloride, potassium iodide, potassium bromide), the obtained
binodal curve was slipped to the beginning of coordinate at the low concentra-
tions. Two-phase systems occurred with a low concentration of components
(PEG and salt) at a low concentration of polymer and salt, which formed phases.
To quantitatively characterize the difference in the affinity of the phases to the
distributing substance, we studied the separating ability (n*) of the biphasic PEG
(6000)—sodium citrate-water system at T = 298.15 K in the absence and pres-
ence of various additives. With the addition of sodium sulfate (n* = 14.6 in the
presence of 2.36 mol/l of sodium sulfate, while n* = 9.3 in the absence of addi-
tives), the structuring of the aqueous environment took place, which led to a de-
crease in PEG hydration and deterioration in hydrophobic phases. An increase
in the distribution coefficient increases the separation capacity of the system.
The effect of salts on the binodal curve and significant increase in the separating
ability of the investigated biphasic system indicates that these salts (sodium sul-
fate, sodium carbonate, sodium nitrate, potassium sulfate, potassium chloride,
potassium iodide, potassium bromide) very strongly stabilize the structures of
the aqueous medium in the phases of the aqueous biphasic system.

The studied systems can create conditions that enable the separation and ex-
traction of various biological objects, which promises potential application in

biotechnology and pharmacology.
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