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a b s t r a c t

The liquid-liquid equilibrium (LLE) data for aqueous two-phase systems (ATPSs) comprising poly(propy-
lene glycol) 400 (PPG 400) and cholinium-aminoate-based ([Ch][AA]) ionic liquid were determined
experimentally at T = (288.15 and 308.15) K, while the LLE data at T = 298.15 K was adopted from our pre-
vious work for comparison. The experimental binodal data were satisfactorily fitted to a temperature-
dependent nonlinear empirical expression. The reliability of tie-line data was confirmed by fitting the
experimental data with the Othmer-Tobias and Bancroft equations. Furthermore, for the first time, the
electrolyte nonrandom two-liquid model (e-NRTL) was used to correlate the tie-line data of PPG 400
+ [Ch][AA] + water systems. The correlations of LLE data using these models provide a good description
of the experimental values. The effect of temperature on the phase-forming capabilities of the corre-
sponding [Ch][AA] was assessed using the experimental binodal data and the salting-out coefficient
(k2) derived from the Setschenow-type equation. The values of k2 were well correlated to the phase-
forming abilities of [Ch][AA], and were found to increase at higher temperature. Upon heating to
308.15 K, the solution of (PPG 400)-rich top phase from the primary PPG 400 + [Ch][AA] + water systems
formed the secondary ATPSs. The LLE data of the secondary PPG 400 + [Ch][AA] + water systems was also
determined. The PPG 400 was concentrated in the top phase of the secondary ATPS; this could serve as a
means to recover PPG 400 from the primary ATPS via the formation of secondary ATPS.

� 2017 Elsevier Ltd.
1. Introduction

Aqueous two-phase system (ATPS) is a type of liquid-liquid
extraction method that has been widely studied for application
in purification and separation of biomaterials such as proteins, cell
organelles, antibiotics and viruses [1–6]. The conventional ATPS
was prepared by mixing aqueous solutions of two incompatible
hydrophilic polymers or a polymer and an inorganic salt, above
their critical concentrations. The high water content in the ATPS
allows the biological activity of biomolecules to be maintained effi-
ciently [7]. Other advantages offered by an ATPS include low inter-
facial tension, economical for large-scale processes, and ease of
scaling-up [4].

However, the poor adoption of the conventional polymer-based
ATPSs in industrial applications is attributed to the difficulties in
final separation of target products from the polymer-rich phase,
and also the recycling of the phase-forming components [8]. In
recent years, research interest has been focused on the use of
‘smart’ polymers in forming ATPSs for practical applications [8–10].
These ‘smart’ polymers could be recovered easily via precipitation
induced by stimuli such as temperature, pH, light, and electric
potential [11]. For instance, the solubility of a thermo-responsive
polymer in water decreases when the temperature of the polymer
solution is raised above a critical temperature, which is known as
the lower critical solution temperature (LCST). At the LCST,
polymer-rich emulsion droplets are formed, rendering the solution
turbid. Eventually, two macroscopic phases consisting of a
polymer-rich phase and a water-rich phase separate from the
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turbid solution. In this manner, the phase-forming polymer can be
conveniently recovered for the next extraction process.

Poly(propylene glycol) 400 (PPG 400) is a type of thermo-
responsive polymer having a LCST at 313.15 K. The structure of
PPG is closely related to poly(ethylene glycol) (PEG), which is a
type of widely used phase-forming polymer in ATPS [12]. Owing
to the relatively more hydrophobic nature, PPG solution has a
lower LCST than the PEG solution. In general, the LCST of PEG solu-
tion is 368.15 K [13]. Therefore, the recovery of PPG from the PPG-
solvent mixture via thermo-separation is more economically viable
than that for PEG. For example, the top/bottom phases from a pri-
mary ATPS containing PPG 400 can be thermo-induced to form sec-
ondary ATPSs. The PPG-rich phase from the secondary ATPSs could
be recovered for subsequent use. In addition, the formation of sec-
ondary ATPS from the primary phases could serve as a means to
further fractionate several target biomolecules in ATPS, thereby
enhancing the separation of biomolecules in ATPSs. PPG was found
to be biodegradable and nontoxic. Also, the high solubility of low-
molecular-mass PPG makes it suitable for the formation of ATPSs
with phase-forming components like inorganic salts and ionic liq-
uids (ILs) [14–17]. Hence, PPG emerges as a popular ATPS-forming
candidate suitable for the applications demanding environmental
friendliness and recyclability. The mechanisms of phase formation
of ATPS composed of PPG and ionic liquids were recently disclosed
[18].

The potential of cholinium ([Ch])-based ILs as the phase-
forming component in ATPSs has been well explored. [Ch]-based
ILs with anions derived from perfluoroalkanoate [19], organic acids
[20,21], carboxylic acids [22] and others (i.e., formate, acetate, pro-
pionate, butyrate, glycolate, lactate, benzoate, oxalate, dihydro-
gencitrate, citrate, chloride, bicarbonate and dihydrogen
phosphate) [15,23] have been successfully used to form ATPS.
Recently, [Ch]-based ILs comprising aminoate [AA] anions have
been reported as useful for a number of applications [24] and are
known to be biologically compatible in benign extraction
processes.

Previously, our research group has developed a series of ATPSs
composed of PPG 400 and cholinium aminoate ([Ch][AA]) [25].
The separation of proteins in these ATPSs could be made specific
because the [Ch][AA] exhibits a broad range of hydrophobicity,
depending on the nature of [AA] anion species coupled to the
[Ch] cation. We also discovered that the charge of the [AA] anion
species in [Ch][AA] is tunable as a function of system pH, which
plays an influential role in the partitioning of protein in ATPS
[25]. By using an appropriate [AA] anion, the interactions between
the phase component and the proteins can be controlled, thereby
promoting the selective distribution of a target protein in the ATPS.
The phase-forming ability of the [Ch][AA] was proven to be depen-
dent on the hydration capacity of the respective anions.

In this work, LLE data of ATPSs comprising PPG 400 and a series
of [Ch][AA]s, which include cholinium lysinate ([Ch][Lys]), cholin-
ium b-alaninate ([Ch][b-Ala]), cholinium glycinate ([Ch][Gly]) and
Table 1
List of chemicals.

Chemical name Source

Choline hydroxide (20.9 wt% in water) Sigma-Al
b-alanine Sigma-Al

L-serine Sigma-Al

L-lysine Sigma-Al

Glycine Merck (A
PPG (446 g mol�1) Sigma-Al
[Ch][b-Ala] Synthesiz
[Ch][Ser] Synthesiz
[Ch][Lys] Synthesiz
[Ch][Gly] Synthesiz
cholinium serinate ([Ch][Ser]), at T = (288.15 and 308.15) K are
presented and compared with the LLE data previously determined
at T = 298 K [25]. A variant of the Merchuk equation and a nonlin-
ear empirical expression with four fitting parameters were used to
correlate the binodal data. The Othmer-Tobias and Bancroft equa-
tions were used to validate the tie-line data of the investigated sys-
tems. The tie-lines were modeled using a modified symmetric
electrolyte nonrandom two-liquid model (e-NRTL) [26] that
includes the temperature-dependent binary interaction parame-
ters. Additionally, the Setschenow-type equation was employed
to correlate the tie-line data. The formation of secondary ATPSs
from the corresponding top phases of primary PPG 400 + [Ch]
[AA] + water systems was studied, and the liquid-liquid equilib-
rium (LLE) of secondary ATPSs were then characterized.
2. Experimental

2.1. Materials

Table 1 shows the list of the materials used in this work,
together with their sources and purity, respectively. All of these
chemicals were used without further purification. The synthesis
and characterization of [Ch][AA]s used in this study can be found
in Supporting Information. The water content in [Ch][AA]s, as
shown in Supporting Information, was accounted for upon the
preparation of solution.

2.2. Construction of binodal curves

The binodal curves were determined by a turbidimetric titration
method [27]. The defined mass fractions of [Ch][AA], PPG 400 and
deionized water were added into a 15-mL centrifuge tube to form a
turbid solution. The turbid mixture was maintained at a specific
temperature using a thermostatic bath (Alpha RA 8, Lauda). Then,
deionized water was added drop-wise into the mixture followed
by quick vortexing. The addition of deionized water continued
until the turbid solution became clear. By determining the amount
of deionized water added to the solution, the mass fractions of [Ch]
[AA] and PPG 400 at the phase-transition point can be calculated.
The point data were then used to plot the binodal curve.

2.3. Determination of tie lines

The tie-line data were obtained from the compositions of both
top and bottom phases of the investigated ATPSs. In brief, the ATPS
was prepared by loading the appropriate amounts of [Ch][AA], PPG
400 and deionized water into a 2-mL micro-centrifuge tube. The
micro-centrifuge tube was then incubated in a thermostatic bath
at a desired temperature for 2 h to ensure a complete phase sepa-
ration. After attaining the phase equilibrium/separation, samples
from both phases were carefully withdrawn. The UV absorbance
Initial mole fraction purity

drich (Australia) 0.95–1.11
drich (Australia) 0.995
drich (Australia) 0.990

drich (Australia) 0.980

ustralia) 0.990
drich (USA) 0.995
ed in-house 0.954
ed in-house 0.972
ed in-house 0.952
ed in-house 0.949



C.P. Song et al. / J. Chem. Thermodynamics 115 (2017) 191–201 193
of samples were then measured at 277 nm using a spectropho-
tometer (Cary 100 UV–Vis, Agilent Technologies). The wavelength
277 nm was selected for the quantification of [Ch][AA] based on
the wavelength screening and interference test (see Fig. S5 and
Table S1 in Supporting Information). The concentration of [Ch]
[AA] was calculated using the standard curves for UV absorbance
of [Ch][AA] shown in Fig. S6 (in Supporting Information). Next,
the samples were vacuum-dried using a freeze dryer (CoolSafe ser-
ies, ScanVac) operated at 181.15 K for 24 h; the average dried
weight was determined gravimetrically [28]. Subsequently, the
concentration of PPG 400 was calculated by subtraction of the cor-
responding [Ch][AA] concentration from the average dried weight
of the samples.

2.4. Formation of secondary two-phase systems

The primary PPG 400 + [Ch][AA] + water systems were first pre-
pared at 298.15 K. Next, the (PPG 400)-rich top phase was removed
and transferred to a 2-mL micro-centrifuge tube. The micro-
centrifuge tube was incubated in a thermostatic bath at 308.15 K.
After 2 h of incubation, the homogenous solution was separated
into two phases, which are denoted as a ‘secondary ATPS’ in this
study. The concentrations of PPG 400, [Ch][AA] and water in both
top and bottom phases of the secondary ATPSs were analyzed
using the methods described in Section 2.3.
3. Results and discussion

3.1. LLE data of primary PPG 400 + [Ch][AA] + water systems

The availability of LLE data is crucial for defining the working
region of an ATPS [29] for the practical applications such as purifi-
cation of biomolecules. The LLE data provide information of (i) bin-
odal data, i.e., the concentration of phase-forming components
required to form two phases in equilibrium; (ii) the concentrations
of phase components in the top and bottom phases. The composi-
tions of the top and bottom phases, which are in thermodynamic
equilibrium, are linked by a tie line. The tie-line length (TLL) and
the slope of the tie line (STL) were calculated using Eqs. (1) and
(2), respectively:

TLL ¼ wt
1 �wb

1

� �2 þ wt
2 �wb

2

� �2h i0:5
ð1Þ

STL ¼ wt
1 �wb

1

wt
2 �wb

2

ð2Þ

where w is the mass fraction of phase component; the subscripts ‘1’
and ‘2’ refer to PPG 400 and [Ch][AA], respectively; the superscripts
‘t’ and ‘b’ refer to top and bottom phases of the system, respectively.

The binodal data, along with the tie-line compositions and TLL
and STL, for PPG 400 + [Ch][Lys]/[Ch][Ser]/[Ch][Gly]/[Ch][b-Ala]
+ water systems were experimentally determined at T = (288.15
and 308.15) K. Literature LLE data for ATPSs at T = 298.15 [25] are
also presented for auxiliary illumination. The binodal curves of
the investigated systems at different temperatures are shown in
Fig. 1 and Table S2 (in Supporting Information). When the temper-
ature increased from 288.15 K to 308.15 K, all the binodal curves
were located closer to the origin. This indicated that the formation
of an ATPS can be facilitated by use of higher temperature condi-
tions. However, in the [Ch][Lys] systems, the positions of the bin-
odal curves at 298.15 K and 308.15 K were nearly identical.

The effect of temperature on the binodal curves of ATPS was
noticeably dependent on the type of phase-forming components
used. For instance, the binodal curves of polymer + polymer
+ water systems, or polymer + kosmotropic salt + water systems
shifted towards the origin of phase diagram at an increasing tem-
perature; this indicated that a higher temperature was conducive
to the formation of ATPS [30,31]. Conversely, the binodal curve of
IL + salt + water systems was displaced further from the origin of
phase diagram, hinting that the formation of two-phase system
was less favourable [32–34]. On the other hand, the binodal curve
of ATPSs consisting of a hydrophilic alcohol and salt was hardly
influenced by the temperature [35,36]. Here, the effect of temper-
ature on the binodal curves of PPG 400 + [Ch][AA] + water systems
showed a good agreement with that of polymer + polymer + water
systems, and polymer + kosmotropic salt + water systems.

Table 2 presents the tie-line data for the investigated systems at
different temperatures. The decrease in STL is more prominent at
288.15 K and 308.15 K as compared to 298.15 K. In general, at
any given temperature, the TLL increased when the total composi-
tions of phase-forming components in ATPS increased. For
instance, systems composed of 40 wt% PPG 400 + 9.5 wt% [Ch]
[Lys] + 50.5 wt% water, 45 wt% PPG 400 + 10.5 wt% [Ch][Lys]
+ 44.5 wt% water, or 50 wt% PPG 400 + 11.4 wt% [Ch][Lys]
+ 38.6 wt% water, have a longer TLL at 308.15 K than that at
288.15 K. This indicates that the two-phase region in phase dia-
gram (i.e., above the binodal curve) was expanded by an increase
in temperature. The formation of these ATPSs was mainly attribu-
ted to the mutual miscibilities of PPG 400 and [Ch][AA] [18]. PPG
400 becomes more hydrophobic with increasing temperature
[37], making its interactions with water molecules weaker at a
higher temperature. As a result of water migration from the PPG-
rich top phase to the [Ch][AA]-rich bottom phase, the concentra-
tion of PPG 400 in the top phase increased while the concentration
of IL in the bottom phase decreased.

Plait point is a critical point on the binodal curve at where the
TTL has decreased to zero, indicating that the composition and vol-
ume of two phases become theoretically identical. The estimated
plait points for all the investigated PPG 400 + [Ch][AA] + water sys-
tems at T = (288.15, 298.15 and 308.15) K are tabulated in Table 2
and illustrated in Figs. S7–S10 (in Supporting Information). Based
on the tie-line compositions in phase diagram, an auxiliary straight
line was first plotted using a linear equation: [38].

w1 ¼ f þ gw2 ð3Þ
where w1 and w2 are the mass fractions for PPG 400 and [Ch][AA],
respectively, while the f and g represent the fitting parameters. The
corresponding plait point was then calculated as the intercept
between the extrapolated auxiliary straight line and the binodal
curve (i.e., derived from the four-parameter nonlinear expression
as a function of temperature). The calculated fitting parameters of
Eq. (3) and the corresponding R2 for all the studied systems are pre-
sented in Table S3 (in Supporting Information).

The position of plait point in PPG 400 (1) + [Ch][AA] (2) + water
(3) systems at different temperatures is closely related to the STLs.
For example, the tie lines from PPG 400 (1) + [Ch][AA] (2) + water
(3) systems at T = 298.15 K are nearly parallel as shown in Table 2;
the generated auxiliary straight line can therefore pass through the
mid-points of all the tie lines, and eventually intersect with the
binodal curve at a lower position in the phase diagram. On the
other hand, for PPG 400 (1) + [Ch][AA] (2) + water (3) systems at
T = (288.15 and 308.15) K, the STLs decreased at an increasing con-
centration of [Ch][AA]. Thus, the point of intersection between the
auxiliary straight line and the binodal curve was found to be at a
higher position in the phase diagram.

3.2. Binodal data correlation

A four-parameter nonlinear expression, as shown in Eq. (4), was
used to correlate the experimental binodal data obtained in this
study.



Fig. 1. Binodal curves for PPG 400 (1) + [Ch][AA] (2) + water (3) systems at different temperatures. (a) [Ch][Lys]; (b) [Ch][Ser]; (c) [Ch][Gly]; (d) [Ch][b-Ala]; s 288.15 K; }
298.15 K [25]; 4 308.15 K.
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w1 ¼ expðaþ bw0:5
2 þ cw2 þ dw2

2Þ ð4Þ
where w1 and w2 are the mass fractions of the PPG 400 and [Ch]
[AA], respectively, while a, b, c and d are the fitting parameters.
These equations have been widely used for the correlation of the
binodal data of polymer + salt + water [39], IL + salt + water [40],
and polymer + IL + water systems [41]; the obtained fitting results
were highly satisfactory. To incorporate the temperature depen-
dency in the fitting parameters of Eq. (4), a linear form of each
parameter as a function of temperature was adopted [42]. Thus,
the four-parameter nonlinear expression was expressed in the
forms of Eq. (5),

w1 ¼ expð a0 þ a1jðT � T0Þj½ � þ b0 þ b1jðT � T0Þj½ �w0:5
2

þ c0 þ c1jðT � T0Þj½ �w2 þ d0 þ d1jðT � T0Þj½ �w2
2Þ ð5Þ

where T is the absolute temperature and T0 is the reference temper-
ature (i.e., 298.15 K). The fitting parameters in Eq. (5) was estimated
by the least-square regression analysis of experimental binodal
data. The values of fitting parameters, along with the associated
square of correlation coefficients (R2) and standard deviations (sd),



Table 2
Experimental tie-line data in mass fraction (wi , where i = 1 and 2), tie-line length (TLL), slope of the tie-line (STL) and plait point for PPG 400 (1) + [Ch][AA] (2) + water (3) systems
at T = (288.15a, 298.15a,b and 308.15a) K and pressure (p) = 101.32 kPaa.

Total composition Top phase Bottom phase 100 TLL STL Plait point
(w1, w2)100 w1 100 w2 100 w1 100 w2 100 w1 100 w2

PPG 400 + [Ch][Lys] + water
T = 288.15 K (67.3, 2.78)
40.0 9.5 74.3 2.7 24.1 13.1 51.2 �4.8
45.0 10.5 76.1 2.6 17.3 18.9 61.1 �3.6
50.0 11.4 79.4 2.7 16.3 23.9 66.6 �3.0
55.0 12.4 83.1 2.6 15.9 27.1 71.5 �2.7
60.0 13.3 86.3 2.3 15.5 34.3 77.7 �2.2
T = 298.15 Kb (21.2, 9.24)
22.0 10.5 35.8 5.4 11.4 15.2 26.3 �2.5
29.0 9.5 43.0 4.3 10.2 17.0 35.2 �2.6
40.0 6.7 48.3 3.4 9.2 19.7 42.4 �2.4
49.0 5.7 57.5 2.3 8.5 23.2 53.3 �2.3
50.0 3.8 53.5 2.4 8.7 21.5 48.7 �2.3
T = 308.15 K (41.5, 3.75)
30.0 7.6 53.7 2.0 16.2 11.9 38.8 �3.8
35.0 8.6 59.4 1.5 12.5 16.6 49.2 �3.1
40.0 9.5 66.4 1.3 11.3 19.4 57.9 �3.1
45.0 10.5 73.3 1.0 8.3 24.4 69.1 �2.8
50.0 11.4 80.1 0.9 4.1 30.1 81.4 �2.6
PPG 400 + [Ch][Ser] + water
T = 288.15 K (67.9, 4.37)
40.0 9.7 73.3 4.1 20.9 13.5 53.2 �5.6
45.0 10.7 76.3 4.0 14.4 17.8 63.5 �4.5
50.0 11.7 79.5 3.9 10.5 23.7 71.8 �3.5
55.0 12.6 82.3 3.7 8.3 29.2 78.3 �2.9
60.0 13.6 86.4 3.6 7.7 34.7 84.7 �2.5
T = 298.15 Kb (17.8, 10.9)
22.0 10.7 30.8 6.3 11.3 16.6 22.1 �1.9
29.0 9.7 38.9 4.8 9.1 20.5 33.7 �1.9
40.0 6.8 45.7 3.9 8.3 23.8 42.4 �1.9
49.0 5.8 54.6 3.0 8.1 27.2 52.5 �1.9
50.0 3.9 51.7 2.9 8.1 26.2 49.4 �1.9
T = 308.15 K (47.8, 4.08)
25.0 6.8 52.1 3.8 19.1 7.80 33.2 �8.2
30.0 7.8 57.4 3.6 15.4 10.2 42.6 �6.4
35.0 8.7 64.3 3.4 13.2 13.3 52.0 �5.2
40.0 9.7 68.1 3.3 10.9 16.8 58.8 �4.2
45.0 10.7 72.9 3.2 10.2 20.9 65.1 �3.5
PPG 400 + [Ch][Gly] + water
T = 288.15 K (56.0, 4.62)
40.0 9.5 64.4 3.9 21.0 13.3 44.3 �4.6
45.0 10.4 70.3 3.3 15.4 20.1 57.4 �3.3
50.0 11.4 75.3 2.8 14.6 24.3 64.5 �2.8
55.0 12.3 80.1 2.4 14.3 29.5 71.2 �2.4
60.0 13.3 85.6 1.9 14.3 35.8 79.0 �2.1
T = 298.15 Kb (13.5, 11.7)
22.0 10.4 30.0 6.0 9.2 18.5 24.3 �1.7
29.0 9.5 41.0 3.8 8.8 21.6 36.8 �1.8
40.0 6.6 46.5 3.4 7.7 24.6 44.2 �1.8
49.0 5.7 56.3 2.1 7.2 28.5 55.7 �1.9
50.0 3.8 53.4 2.2 7.3 26.7 52.2 �1.9
T = 308.15 K (41.0, 3.20)
25.0 6.6 53.3 1.9 10.0 10.0 44.0 �5.3
30.0 7.6 60.1 1.6 7.9 12.9 53.4 �4.7
35.0 8.5 67.2 1.5 7.7 15.8 61.2 �4.2
40.0 9.5 72.1 1.5 7.6 18.3 66.7 �3.9
45.0 10.4 77.3 1.3 7.4 22.4 72.9 �3.3
PPG 400 + [Ch][b-Ala] + water
T = 288.15 K (45.2, 6.13)
40.0 9.5 55.1 4.0 17.5 19.2 40.5 �2.5
45.0 10.5 60.2 3.5 16.1 24.9 49.0 �2.1
50.0 11.4 65.2 3.4 15.8 31.2 56.7 �1.8
55.0 12.4 70.3 3.0 15.2 36.8 64.7 �1.6
60.0 13.4 75.4 2.8 14.6 44.9 73.9 �1.4
T = 298.15 Kb (12.8, 12.5)
22.0 10.5 31.7 5.9 8.0 18.5 26.8 �1.9
29.0 9.5 40.3 4.4 6.8 20.9 37.3 �2.0
40.0 6.7 47.7 3.4 6.4 23.1 45.8 �2.1
49.0 5.7 57.5 2.0 5.7 26.5 57.3 �2.1
50.0 3.8 53.8 2.2 5.8 24.6 53.0 �2.2

(continued on next page)
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Table 3
Values of parameters of Eq. (5), (ai , bi , ci , di , where i = 0 and 1) for PPG 400 + [Ch][AA] + water systems at T = (288.15, 298.15 and 308.15) K.

Temperature (K) a0 a1 10�2 b0 b1 10�2 c0 10�2 c1 d0 d1 R2 sda

PPG 400 + [Ch][Lys] + water
288.15 0.052 0.518 �0.766 �0.073 0.583 0.786 0.677 �0.068 0.9958 0.789
298.15 3.674 0 78.48 0 �39.86 0 0.008 0 0.9998 0.605
308.15 0.024 0.308 2.142 0.119 �0.462 �4.934 0.293 �0.028 0.9981 0.916
PPG 400 + [Ch][Ser] + water
288.15 0.075 0.942 �0.019 �0.428 0.429 9.045 �8.995 0.898 0.9812 1.655
298.15 4.756 0 �25.02 0 �12.95 0 0.003 0 0.9996 0.549
308.15 0.042 1.080 0.138 �0.546 �0.126 1.047 0.085 �0.010 0.9621 0.962
PPG 400 + [Ch][Gly] + water
288.15 0.066 0.827 �0.018 �0.329 0.405 6.388 �5.343 0.533 0.9733 1.492
298.15 4.109 0 33.77 0 �29.39 0 0.006 0 0.9999 0.873
308.15 0.040 0.243 1.022 0.225 �0.141 �9.451 0.254 �0.023 0.9985 0.479
PPG 400 + [Ch][b-Ala] + water
288.15 0.046 0.454 �0.017 �0.007 0.326 �1.083 0.648 �0.065 0.9979 1.172
298.15 3.972 0 42.81 0 �28.78 0 0.005 0 0.9997 0.611
308.15 0.039 0.459 0.723 �0.022 �0.135 �1.694 0.266 �0.026 0.9823 0.541

a sd =
Pn

i¼1ðwcal
1 �wexp

1 Þ2=n
h i0:5

, where w1 represents the concentration of PPG 400 (wt%) and n is the number of binodal data.

Table 2 (continued)

Total composition Top phase Bottom phase 100 TLL STL Plait point
(w1, w2)100 w1 100 w2 100 w1 100 w2 100 w1 100 w2

T = 308.15 K (34.0, 4.42)
25.0 6.7 36.6 4.0 18.7 8.60 18.5 �3.9
30.0 7.6 45.8 2.7 13.6 13.8 34.1 �2.9
33.0 8.6 50.2 2.3 8.9 19.3 44.6 �2.4
40.0 8.6 55.4 2.0 6.1 24.1 54.0 �2.2
45.0 8.6 60.1 1.7 2.2 29.7 64.3 �2.1

a Standard uncertainty of temperature, u(T) = 1 K and pressure u(p) = 0.5 kPa. Expanded uncertainty: for PPG 400 + [Ch][Lys] + water system, Uc are Uc(PPG 400) = Uc([Ch]
[Lys]) = 0.0023 (95% level of confidence); for PPG 400 + [Ch][Ser] + water system, Uc(PPG 400) = Uc([Ch][Ser]) = 0.0018 (95% level of confidence); for PPG 400 + [Ch][Gly]
+ water system, Uc(PPG 400) = Uc([Ch][Gly]) = 0.0021 (95% level of confidence); for PPG 400 + [Ch][b-Ala] + water system, Uc(PPG 400) = Uc([Ch][b-Ala]) = 0.0028 (95% level
of confidence).

b Data taken from literature [25].
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are shown in Table 3. The R2 values obtained for Eq. (5) are close to
unity, showing satisfactory fitting. Figs. S7–S10 (in Supporting
Information) present the visual comparisons of the experimental
and the calculated binodal data for PPG 400 + [Ch][AA] + water
systems.

3.3. Correlation of tie-line data

The experimental tie-line data was correlated using equations
such as Othmer-Tobias, Bancroft, Setschenow-type and e-NRTL.

3.3.1. Othmer-Tobias and Bancroft equations
The consistency of the determined tie-line compositions was

ascertained by the correlation of Othmer–Tobias [Eq. (6)] and Ban-
croft [Eq. (7)] equations [43].

1�wt
1

wt
1

¼ b1
1�wb

2

wb
2

� �n
ð6Þ

wb
3

wb
2

¼ b2
wt

3

wt
1

� �r
ð7Þ

wherew is the mass fraction of phase component; the subscripts ‘1’,
‘2’ and ‘3’ refer to PPG 400, [Ch][AA] and water, respectively; the
superscripts ‘t’ and ‘b’ refer to top and bottom phases of the system,
respectively; b1, n, b2 and r are the fitting parameters. The values of
the fitting parameters in Eqs. (6) and (7) for all the investigated sys-
tems at T = (288.15 and 308.15) K, along with the associated (R2)
and sd, are given in Table 4. On the basis of the obtained R2 values,
the plot of log [(1�wt
1)/w

t
1] against log [(1 �wb

2)/w
b
2] from Eq. (6)

and the plot of log (wb
3 / wb

2) against log (wt
3 / wt

1) from Eq. (7) were
linear, thereby proving the consistency of the experimental results.

3.3.2. Setschenow-type equation
The phase-forming abilities of [Ch][AA] at different tempera-

tures was investigated based on the salting-out coefficient in the
Setschenow-type equation. It is known that the formation of poly-
mer + IL + water system is essentially driven by the salting-out
component, which affects the solubility of the non-electrolyte
component in the system. The empirical equation of Setschenow
is commonly used to evaluate the salting-out effect [14,44]. This
equation, as proposed by Hey et al. [45], has also been used to
study the salting-out effect on polymer component at different
temperatures.

As shown in Eq. (8), the Setschenow-type equation is a two-
parameter equation that can be derived from the binodal theory:

ln
mt

1

mb
1

� �
¼ k1ðmb

1 �mt
1Þ þ k2ðmb

2 �mt
2Þ ð8Þ

where m1 and m2 represent the molalities of PPG 400 and [Ch][AA],
respectively; the superscripts ‘t’ and ‘b’ refer to top and bottom
phases of the system, respectively; k1 is a parameter relating the
activity coefficient of PPG 400 to its concentration; k2 is the
salting-out coefficient.

In this study, the experimental tie-line compositions of PPG
400 + [Ch][AA] + water systems were used to fit the Setschenow-
type equation. In Eq. (8), the term lnðmt

1=m
b
1Þ was considered as a



Table 4
Values of fitting parameters in Eqs. (6) (b1 and n) and (7) (b2 and r) for PPG 400 + [Ch][AA] + water systems at T = (288.15, 298.15a and 308.15) K.

System T (K) Othmer-Tobias equation Bancroft equation

b1 n R2 sd b b2 r R2 sd b

PPG 400 + [Ch][Lys] + water 288.15 0.111 0.653 0.921 0.017 18.14 1.252 0.948 0.041
298.15a 0.105 1.634 0.991 0.006 3.648 0.599 0.989 0.010
308.15 0.103 1.106 0.977 0.013 6.384 0.773 0.971 0.033

PPG 400 + [Ch][Ser] + water 288.15 0.113 0.655 0.961 0.014 16.83 1.111 0.967 0.039
298.15a 0.187 1.553 0.993 0.006 2.740 0.631 0.995 0.008
308.15 0.129 0.796 0.996 0.004 11.30 1.097 0.996 0.010

PPG 400 + [Ch][Gly] + water 288.15 0.108 0.919 0.962 0.016 9.217 1.012 0.978 0.035
298.15a 0.128 1.928 0.989 0.008 2.687 0.518 0.991 0.012
308.15 0.068 1.173 0.997 0.004 9.118 0.824 0.998 0.012

PPG 400 + [Ch][b-Ala] + water 288.15 0.284 0.750 0.995 0.001 4.803 1.361 0.997 0.010
298.15a 0.061 2.398 0.994 0.005 3.021 0.411 0.993 0.012
308.15 0.392 0.623 0.995 0.001 4.269 1.424 0.995 0.010

a Data taken from literature [25].
b sd =

Pn
i¼1ðwcal

1 �wexp
1 Þ2=n

h i0:5
, where w1 represents the concentration of PPG 400 (wt%) and n is the number of tie-line data.
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linear function of the term ðmb
2 �mt

2Þ. The salting-out coefficient,
k2, was determined from the slopes of Setschenow-type plots
shown in Fig. S11 (in Supporting Information). The values of k2,
together with the corresponding R2 and sd values, for PPG 400
+ [Ch][AA] + water systems at different temperatures are presented
in Table 5. The tie lines reproduced using Eq. (8) are plotted along
with the experimental tie lines in Fig. S12 (in Supporting Informa-
tion). From Table 5, it can be observed that the k2 values are greater
at higher temperature. The increasing k2 value indicates that the
position of the binodal curve shifts towards the origin of the phase
diagram, which corresponds to a decrease in the homogenous
phase region. The similar observation can also be noted in Fig. 1.
Hence, at an increasing temperature, the phase-forming ability of
[Ch][AA] becomes higher due to the greater incompatibility
between the [Ch][AA] and PPG 400.

3.3.3. e-NRTL
The thermodynamic characteristics of the biphasic systems can

be estimated by the correlation of tie-line data with e-NRTL model.
In this study, the symmetrical e-NRTL model proposed by Song and
Chen [26] was selected to examine the performance of this model
in fitting the tie-line data of PPG 400 + [Ch][AA] + water systems.
According to the e-NRTL model, the excess Gibbs free energy of
the system (GE) was calculated based on the summation of two
contributions, namely a short-range interaction contribution (sr)
and a long-range interaction contribution (lr), as shown in Eq. (9):

GE ¼ GE
sr þ GE

lr ð9Þ
The excess Gibbs free energy for the short-range interaction can

be expressed as:
Table 5
Values of the salting-out coefficient (k2), in Eq. (8), for PPG 400 + [Ch][AA] + water system

System T (K)

PPG 400 + [Ch][Lys] + water 288.15
298.15
308.15

PPG 400 + [Ch][Ser] + water 288.15
298.15
308.15

PPG 400 + [Ch][Gly] + water 288.15
298.15
308.15

PPG 400 + [Ch][b-Ala] + water 288.15
298.15
308.15

a sd =
Pn

i¼1ðwcal
1 �wexp

1 Þ2=n
h i0:5

, where w1 represents the concentration of PPG 400 (w
GE
sr

nRT
¼ gE

sr

¼
X
m

Xm

X
i

XiGimsimX
i

XiGim

þ
X
c

Xc

X
i–c

XiGicsicX
i–c

XiGic

þ
X
a

Xa

X
i–a

XiGiasiaX
i–a

XiGia

ð10Þ
with

Xi ¼ ni

n
Ci; i ¼ m; a; c ð11Þ

where m is the molecular compounds (PPG 400 and water); c and a
are the cation and anions in the solutions, respectively; Xi is the
effective mole fraction of each species; ni is the number of moles
of species i; n is the total number of moles in the solution; Ci = 1,
for molecular components.

The binary interaction energy parameter (sij) was calculated as
the function of temperature using the equation proposed by Ko
et al. [46] In order to improve the process of parameter searching,
the temperature factor was normalized:

sij ¼ Dgij0 þ Dgij1ln
T
Tr

� �
þ Dgij2

T � Tr

Tr

� �
ð12Þ

where Tr is a reference temperature, which is arbitrarily fixed at
298.15 K.

The local binary parameter (Gij) was determined based on the
interaction energies:

Gij ¼ expð�aijsijÞ ð13Þ
where the non-randomness factor parameter (aij) is set to be 0.2.
s at T = (288.15, 298.15 and 308.15) K.

k2 R2 sda

0.870 0.940 0.259
1.867 0.987 0.013
2.239 0.997 0.038
1.056 0.961 0.361
1.319 0.992 0.025
1.792 0.950 0.196
0.675 0.961 0.214
1.160 0.994 0.011
1.342 0.945 0.153
0.361 0.974 0.088
1.602 0.989 0.022
1.734 0.992 0.084

t%) and n is the number of tie-line data.



Fig. 2. Plots of the GE for PPG 400 (1) + [Ch][AA] (2) + water (3) systems at 298.15 K based on e-NRTL model. (a) [Ch][Lys]; (b) [Ch][Ser]; (c) [Ch][Gly]; (d) [Ch][b-Ala]; x1 and
x2 are the mass fractions of PPG 400 and [Ch][AA], respectively.
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The long-range excess Gibbs energy was calculated using the
Pitzer-Debye-Hückel (PDH) formula [26,47]:

GE
lr

nRT
¼ gE

lr ¼ �4AuIx
q

ln
1þ qI1=2x

1þ qðI0xÞ
1=2

" #
ð14Þ

with:

Au ¼ 1
3

2pNA

v

� �1=2 Q2
e

ekBT

" #3=2
and Ix ¼ 1

2

X
i

xiz2i ð15Þ
where v is the molar volume of the solvent; e is the dielectric
constant (e ¼12.5 for PPG 425) [48]; NA is the Avogadro’s
number, Qe is the charge of an electron; q is the closest
approach parameter (q¼20); kB is the Botzmann constant and
Ix is the ionic strength.

The activity coefficient of each component (ci) can be derived
from Eqs. (9), (10) and (14), as shown below:

lnci ¼ ln csri þ ln clri ¼ 1
RT

@GE
sr

@ni
þ @GE

lr

@ni

 !
ð16Þ



Table 6
Values of Dgijk for PPG 400 (1) + [Ch][AA] (2) + water (3) systems.

i j k = 0 k = 1 k = 2 sd

Dgijk

PPG 400 + [Ch][Lys] + water 0.023
1 2 9.31 �1559.6 2223.0
2 1 9.35 7.59 2863.8
2 3 83.30 18.6 �22.2
3 2 8.88 25.4 �58.4

PPG 400 + [Ch][Ser] + water 0.019
1 2 16.8 �1478.2 1459.4
2 1 193.2 3557.9 �4357.5
2 3 �4.8 �13111.0 12638.3
3 2 10.6 �43799.6 �31031.4

PPG 400 + [Ch][Gly] + water 0.019
1 2 8.52 �300.0 350.6
2 1 0.66 183.8 �131.9
2 3 �6.5 50.1 �53.9
3 2 16.2 �0.321 �2.02

PPG 400 + [Ch][b-Ala] + water 0.039
1 2 8.8 �1.08 (� 104) 10546.4
2 1 178.9 �1.32 (� 105) 139392.8
2 3 �6.66 �473.2 467.6
3 2 16.0 3107.3 �3051.9

PPG 400 + water
1 3 �2.23 60.0 �34.6
3 1 4.43 0.008 58.0

Note: i and j are the phase components in the system.

Fig. 3. The secondary ATPSs formed by the thermo-separation of the primary ATPS.

Table 7
Compositions of phase-forming components in secondary ATPSs formed from the top phase of the primary ATPS composing of PPG 400 (1) + [Ch][AA] (2) + water (3) at 308.15 Ka

and p = 101.32 kPaa.

System Primary top phaseb Secondary top phase Secondary bottom phase

100 w1 100 w2 100 w1 100 w2 100 w1 100 w2

50 wt% PPG 400 + 3.8 wt% [Ch][Lys] + 46.2 wt% water 53.5 2.41 82.5 2.01 18.4 2.51
50 wt% PPG 400 + 3.9 wt% [Ch][Ser] + 46.1 wt% water 51.7 2.93 78.2 2.32 19.7 3.32
50 wt% PPG 400 + 3.8 wt% [Ch][Gly] + 46.2 wt% water 53.4 2.23 80.7 1.90 20.3 2.53
50 wt% PPG 400 + 3.8 wt% [Ch][b-Ala] + 46.2 wt% water 53.8 2.23 80.1 1.75 20.5 2.84

a Standard uncertainty of temperature, u(T) = 1 K and pressure u(p) = 0.5 kPa. Expanded uncertainty: for PPG 400 + [Ch][Lys] + water system, Uc are Uc(PPG 400) = Uc([Ch]
[Lys]) = 0.0015 (95% level of confidence); for PPG 400 + [Ch][Ser] + water system, Uc(PPG 400) = Uc([Ch][Ser]) = 0.0025 (95% level of confidence); for PPG 400 + [Ch][Gly]
+ water system, Uc(PPG 400) = Uc([Ch][Gly]) = 0.0017 (95% level of confidence); for PPG 400 + [Ch][b-Ala] + water system, Uc(PPG 400) = Uc([Ch][b-Ala]) = 0.0023 (95% level
of confidence).

b Data taken from literature [25].
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The details of the development of the symmetric e-NRTL model
can be found in the work reported by Song and Chen [26].

The correlation was performed using a two-step method pro-
posed by Espiau et al. [49]. The first step was to minimize the activ-
ity difference of each compound in each phase, using the objective
function (OF1) as shown in Eq. (17):

OF1 ¼
X
i

X
j

xIijc
I
ij � xIIijc

II
ij

� 	2
=N

" #0:5
i ¼ ½1;2�; j ¼ ½1;N� ð17Þ

Then, the solution obtained in the first step was used as the ini-
tial value for the search of the minimum error between the model
and the experimental data, represented by the second objective
function (OF2) as follows:

OF2 ¼
X
i

X
j

X
J

xJij;exp � xJij;cal
� 	2

=N

" #0:5
i ¼ ½1;2�; j ¼ ½1;N�; J ¼ ½I; II�

ð18Þ
Both steps were solved using the Lagarias et al. simplex method

[50]. The values of the Dgijk for each systems, along with their
respective sd values, are tabulated in Table 5. Overall, an acceptable
fit was achieved for all the investigated systems, as shown in
Fig. S13 (in Supporting Information), where the calculated tie-
line data were in good agreement with the visual comparison of
the experimental data. Fig. 2 depicts the surface plots of GE for
PPG 400 + [Ch][AA] + water systems at 298.15 K, based on the val-
ues presented in Table 6. It is observed that the GE values obtained
for all the systems are relatively high; this indicates that the for-
mation of ATPS using PPG 400 and [Ch][AA] could be achieved
spontaneously.

3.4. Secondary two-phase system LLE data

The temperature-driven phase separation in polymer solution
is governed by (i) the balance between hydrophilic and
hydrophobic moieties of the polymer chain, (ii) the free energy
of mixing, related to the enthalpy, entropy and the temperature
of the system [51]. The enthalpy change is associated with the
hydrogen bonding of the water molecules surrounding the
hydrophobic groups of the PPG 400 and the hydrophobic interac-
tions between the hydrophobic groups present on the polymer
chains. Below the LCST, a hydrated cage is formed by the water
molecules around the hydrophobic moieties of the polymer chain.
As a result, the solvation of the hydrophobic moieties occurs
along the polymer chains. However, the increasing entropy of
the water molecules with increasing temperature causes
desolvation of the hydrophobic moieties and this in turn causes
the polymer chains to condense, producing an increase in
hydrophobic interactions [52].

In this study, the (PPG 400)-rich top phases originated from
the ATPSs (prepared at T = 298.15 K) were further thermo-
separated into secondary ATPSs at T = 308.15 K. Fig. 3 illustrates
the formation of secondary ATPS from the top phase of a
primary ATPS via thermo-separation. The compositions of the
PPG 400 and [Ch][AA] are tabulated in Table 7. The PPG 400
was predominantly concentrated into the secondary top phase
but the [Ch][AA] was not one-sidedly partitioned to either of
the secondary phases. On the other hand, the primary [Ch]
[AA]-rich bottom phases were unable to form secondary ATPSs.
This was attributed to the low concentration of PPG 400
(5.81–8.72 wt%) [25] in the bottom phase of primary ATPS. Based
on the results obtained, the PPG 400 (�80 wt%) from the
secondary top phase could be recovered and recycled for the
preparation of a new batch of ATPS.
4. Conclusion

The LLE data for PPG 400 + [Ch][AA] + water systems were
determined at T = (288.15 and 308.15) K. The experimental binodal
data were satisfactorily correlated using the four-parameter non-
linear expression with a linear form of (jT � T0j) K as a variable.
Good correlations of experimental tie-line data were obtained from
the Othmer-Tobias, Bancroft, Setschenow-type and e-NRTL model
equations. The salting-out abilities of phase components in PPG
400 + [Ch][AA] + water systems were determined by the
Setschenow-type equation, while the e-NRTL model was used to
evaluate the thermodynamic of the systems. The Othmer-Tobias
equations showed the best fit in the correlation of tie-line compo-
sitions of the systems studied. The LLE data of secondary ATPSs
were determined, and the PPG 400 was found to be concentrated
in the secondary top phase formed at 308.15 K. The formation of
secondary ATPS not only offers the possibility of recovering PPG
400 for subsequent preparation of ATPS, but also allows the further
partitioning of biomolecules or proteins between the secondary
phases formed.
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