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Liquid—Liquid Equilibrium of Aqueous Two-Phase Systems of PPG4 and
Biodegradable Salts at Temperatures of (298.15, 308.15, and 318.15) K
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Liquid—liquid equilibrium data for the PPG.q (poly(propylene glycol)) + salt (potassium citrate, potassium
tartarate, potassium oxalate) + water systems have been determined experimentally at T = (298.15, 308.15,
and 318.15) K. The effects of temperature on the binodal curves and tie-lines were studied, and it was
observed that an increase of the temperature generally led to an increase of the biphasic area. Furthermore,
the binodal curves were fitted to a five-parameter equation relating the concentrations of PPG4y and salt.
The effective excluded volume (EEV) values obtained from the binodal model were determined, and the
salting-out ability of the anions follows the ordering citrate®~ > tartarate?~ ~ oxalate?". Finally, the
Setschenow-type and Othmer—Tobias and Bancroft equations have been successfully used to correlate

the tie-line compositions.

I ntroduction

Liquid—Iliquid extraction utilizing aqueous two-phase systems
(ATPS’s) as an economical and efficient method has attracted
considerable attention for separation of biomolecules,*? metal
ions,> and drug molecules.* ATPS’s can be formed with
combinations of two hydrophilic polymers or of a polymer and
a salt in aqueous solution above a certain critical concentration.
Recently, several new types of ATPS’s have been reported, such
as those containing hydrophilic organic solvent—salt systems®
or ionic liquid—salt systems.®® The ATPS has several advan-
tages over the conventional extraction methods due to the lower
cost, r;ontoxicicty, and the possibility of application on a large
scale.

Low molecular weights of poly(propylene glycol) (PPG) are
completely water-soluble, so it can be used for the separation
of biomolecules, since its aqueous solutions with a suitable
polymer or a salt forms a two-phase system. Liquid—liquid
equilibrium (LLE) data for some aqueous PPG + inorganic salt
two-phase systems have been reported in the literature.’°~*? In
these studies, the salting-out of PPG has been accomplished by
the use of phosphate, sulfate, or carbonates. These salts,
however, lead to high salt concentrations in effluent streams,
and therefore they are of environmental concern. To avoid this
problem, biodegradable salts such as citrates can be used to
substitute these inorganic salts. However, only a limited amount
of experimental work has been devoted to PPG/organic salt
ATPS’s.

Salabat et al.™® determined the LLE, density, and viscosity
for the aqueous PPG + trisodium citrate system at 298.15 K.
The effect of aqueous solution of tripotassium citrate on the
volumetric behavior of PPGgy at T = (288.15 to 313.15) K
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was developed by Sadeghi and Ziamajidi.** Zafarani-Moattar
et al.”® studied the effect of temperature on the phase equilibrium
of the aqueous two-phase PPG + tripotassium citrate system;
however, only a small part of binodal data was determined, so
we added a portion of binodal data, which provided a basis for
selecting an appropriate salting-out agent in different salt
concentrations. However, the LLE data for PPG,q + potassium
tartarate + water and PPGgy + potassium oxalate + water
systems were not reported.

This work is devoted to the systematic study of the phase
behaviors of LLE for PPGq and biodegradable salts (potassium
citrate, potassium tartarate, potassium oxalate) aqueous biphasic
systems, which are scarce in the literature. A nonlinear equation
was proposed to correlate the binodal data, and the effective
excluded volume (EEV) values were used to evaluate the phase-
separation abilities of the investigated systems. The tie-line
compositions at different temperatures were fitted to the
Setschenow-type'® and Othmer—Tobias and Bancroft equa-
tions.*” The obtained results are necessary for the design of an
extraction process, understanding of general factors determining
partition of solutes and particles in such ATPS’s, and the
development and testing of both thermodynamic and mass
transfer models of ATPS’s.

Experimental Section

Materials. PPG with a quoted molar mass of 400 g-mol™!
was purchased from Aladdin Reagent Co., Ltd. (Shanghai,
China). Potassium citrate, potassium tartarate, and potassium
oxalate were supplied by the Sinopharm Chemical Reagent Co.,
Ltd. with a minimum mass fraction purity of 0.995, 0.990, and
0.998, respectively. All chemicals were used without further
purification. Double-distilled deionized water was used in the
experiments.

Apparatus and Procedure. The phase diagram includes the
binodal curves and the tie-lines. The experimental apparatus
employed is essentially similar to the one used previously.*®~2°

© 2010 American Chemical Society

Published on Web 05/10/2010



2858 Journal of Chemical & Engineering Data, Vol. 55, No. 8, 2010

Table 1. Binodal Data as the Mass Fraction for the PPGyy (1) +
Potassium Citrate (2) + Water (3) System at T = (298.15, 308.15,
and 318.15) K

T=298.15K T=2308.15 K T=231815K
100 w, 100 w, 100 w,y 100 w, 100 w, 100 w,
77.79 0.04 66.32 0.15 64.37 0.07
69.38 0.15 60.03 0.37 57.85 0.24
64.25 0.31 56.19 0.61 50.41 0.56
55.48 1.08 52.30 0.90 4441 0.89
52.72 1.32 47.51 1.42 38.43 1.34
49.59 1.75 42.61 2.02 33.64 1.63
43.07 2.93 39.06 2.45 30.04 1.89
37.48 4.08 35.03 3.11 23.68 2.46
27.01 6.39 32.86 3.43 20.77 2.84
23.67 7.39 31.26 3.74 13.39 4.12
20.65 8.22 20.10 591 10.69 4.89
16.05 10.06 13.64 7.54 8.64 5.52
14.27 10.62 12.98 791 7.73 5.96
11.87 11.68 10.78 8.82 7.10 6.21
10.16 12.49 9.28 9.34 6.44 6.80
7.82 13.98 6.92 10.70 471 8.04
7.01 14.48 5.77 11.31 3.97 9.27
5.55 15.70 4.63 12.49 3.23 10.24
4.64 16.67 3.74 13.31 2.38 11.05
3.65 17.67 2.97 14.84 2.26 11.78
3.01 18.44 211 15.95 1.92 12.48
2.49 19.52 1.58 17.28 1.69 13.29
2.11 20.05 1.28 18.23 151 13.78
1.59 21.37 0.99 19.34 131 14.46
1.07 22.30

The binodal curves were carried out by a turbidimetric titration
method. From the stock, a PPG,q solution of known mass
fraction was taken into the vessel. A salt solution of known
concentration was then added to the vessel until the mixture
became turbid or cloudy, which indicates the two-phase forma-
tion. Then, water was added until the turbidity disappeared, and
the procedure was repeated, and so on. The composition of the
mixture was determined by mass using an analytical balance
(BS124S, Beijing Sartorius Instrument Co., China) with an
uncertainty of & 1.0-1077 kg. The temperature of the working
vessel was maintained by circulating water through an external
jacket using a thermostat (Shanghai Hengping Instrument
Factory, China). The temperature was maintained with an
uncertainty of + 0.05 K.

For determination of the tie-lines, feed samples (about 2:107°
m®) were prepared by mixing appropriate amounts of PPGygp,
salt, and water in the vessel. The samples were stirred for 1 h
at a desired temperature, and then the mixture was allowed to
settle for at least 72 h at constant temperature using a thermostat.
When phases were separated, they were properly diluted to
determine PPG4 and salt equilibrium concentrations. The
concentrations of salts in the top and bottom phases were
determined by flame photometry. The uncertainty in the
measurement of the mass fraction of the salts was estimated to
be 4 0.001. Following Cheluget et al.,*® the concentrations of
PPG,q0 in phases were determined by refractive index measure-
ments performed at 298.15 K using an Abbe-type refractometer
with a precision of + 0.0001. The uncertainty of the mass
fraction of PPG was better than 0.002.

Results and Discussion

Correlation of Binodal Data. The binodal experimental data
for the PPGyqo + salt (potassium citrate, potassium tartarate,
potassium oxalate) + water systems obtained at T = (298.15,
308.15, and 318.15) K are shown in Tables 1, 2, and 3,
respectively. Several expressions have been developed to
correlate the binodal data; however, better results were obtained
with the following equation

W, W,
w, = a; exp . + a, exp o +c (D)
1 2

where w; and w, are the mass fractions of PPGgqo and salt,
respectively. This equation has been used to fit the results of
ATPS’s based on hydrophilic organic solvents.?* The coef-
ficients &y, a, by, by, and ¢ along with the corresponding standard
deviations for the investigated systems were obtained, and the
results are collected in Table 4. On the basis of the obtained
standard deviations, we conclude that eq 1 can be satisfactorily
used to correlate the binodal curves of the investigated systems.

Effect of Salt on Binodal Curvesand Tie-Lines. The binodal
curves determined at 298.15 K for PPG4y + salt (potassium
citrate, potassium tartarate, potassium oxalate) are plotted in
Figure 1. Considering that the salts shared a common cation
(K*) but contained different anions, it can be see that three
anions promote the formation of the ATPS’s in the following
order: citrate®~ > tartarate?~ A oxalate?". The salting-out powers

Table 2. Binodal Data as the Mass Fraction for the PPGyg (1) +
Potassium Tartarate (2) + Water (3) System at T = (298.15, 308.15,
and 318.15) K

T =298.15 K T =308.15 K T=231815K

100 w, 100 w, 100 w,; 100 w, 100 w, 100 w,
73.50 0.18 78.07 0.11 67.64 0.11
66.27 0.39 66.01 0.33 64.95 0.16
58.90 0.90 55.34 0.96 62.53 0.20
55.40 1.28 44.68 2.12 59.69 0.27
51.35 177 39.80 2.79 56.71 0.36
47.50 2.35 31.04 3.98 52.73 0.53
42.56 3.27 23.53 5.30 47.84 0.82
35.62 4.78 20.03 6.07 42.57 117
20.00 9.01 15.27 7.41 32.72 1.88
13.74 11.65 13.43 7.99 26.41 2.48
10.40 13.08 11.79 8.64 20.93 3.40
8.56 13.97 9.96 9.71 14.72 4.56
6.48 15.42 8.45 10.20 10.94 5.82
5.95 15.97 6.57 11.66 7.89 6.91
5.03 16.72 5.88 12.24 6.61 7.74
4.03 17.49 491 13.04 521 8.74
3.00 18.86 4.12 14.01 4.66 9.32
2.37 19.73 3.19 15.58 3.48 10.66
1.80 20.89 2.43 16.37 2.68 11.86
1.38 22.51 171 18.12 2.03 13.44
1.05 23.41 112 20.13

Table 3. Binodal Data as the Mass Fraction for the PPG4y (1) +
Potassium Oxalate (2) + Water (3) System at T = (298.15, 308.15,
and 318.15) K

T =298.15 K T =308.15 K T=231815K
100 w, 100 w; 100 w,y 100 w, 100 w, 100 w,
67.60 0.26 73.88 0.06 64.97 0.15
59.39 0.63 65.31 0.21 60.50 0.25
54.59 0.99 59.00 0.44 54.51 0.40
52.91 1.15 53.88 0.77 43.71 0.72
49.29 1.55 47.60 1.26 38.00 0.91
46.80 1.86 41.71 1.74 33.63 1.07
44.08 221 35.99 2.34 21.92 1.88
40.10 2.85 31.59 2.79 19.42 2.14
37.47 3.33 29.05 3.07 11.81 3.44
30.04 4.68 24.40 3.74 9.03 441
23.15 6.10 17.59 4.88 8.01 4.80
18.48 7.22 13.92 571 6.02 5.65
14.06 8.56 12.80 6.08 4.84 6.60
10.74 9.80 10.62 6.79 3.84 7.30
8.13 10.91 8.38 7.69 3.01 8.26
5.59 12.42 5.67 8.99 2.69 8.96
4.14 13.43 4.46 9.86 2.15 9.85
3.19 14.37 3.57 10.74 1.72 10.71
2.39 15.24 2.28 12.30 141 11.41
1.60 16.94 1.48 13.89 1.18 12.10

1.26 14.33



Table 4. Values of a;, a,, by, by, and ¢ of Equation 1 for PPGyp
(1) + Salt (2) + Water (3) Systems at T = (298.15, 308.15, and
318.15) K

TIK =N a b, b, c sSD?
PPGyqo + Potassium Citrate + Water

298.15 67.08 18.49 8.09 0.17 —3.69 0.39

308.15 13.20 64.07 0.16 5.28 —-1.14 0.41

318.15 14.97 59.71 0.18 2.93 2.02 0.47
PPGyo + Potassium Tartarate + Water

298.15 19.20 68.76 0.28 8.37 -3.93 0.43

308.15 25.45 67.95 0.14 5.06 -0.23 0.31

318.15 16.10 59.88 0.16 291 2.05 0.45
PPG,q + Potassium Oxalate + Water

298.15 16.70 68.37 0.29 6.75 —4.91 0.39

308.15 14.24 66.72 0.12 3.76 —-0.34 0.20

318.15 24.47 49.21 4.17 0.93 -0.21 0.27

asD = (XN,((100ws2 — 100w8P)?)/N)°S, where N is the number of
binodal data.
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Figure 1. Effect of the type of salt on the binodal curves for the PPG,q (1)
+ salt (2) + water (3) ATPS’s at T = 298.15 K: A, potassium oxalate; O,
potassium tartarate; M, potassium citrate.

of tartarate?” and oxalate?™ are not very different, but the salting-
out power of citrate®~ is greater than of tartarate?~ and oxalate?”;
namely, anions with a higher valence are better salting-out
agents than anions with a lower valence, because higher-valence
anions hydrate more water than lower-valence anions, thus
decreasing the amount of water available to hydrate PPG.

The salting-out strength of the salt could be related to the
EEV, as proposed by Huddleston et al.?? In this paper, the EEV
for the studied systems was calculated using the binodal model
developed by Guan et al.® This model was originally used in
polymer—polymer systems, while we extended the application
of this model to the studied systems. The binodal equation can
be written as

W. W.
In(v’zklsmzz + les) + Vflavll = 2

where V313, f213, My, and M, are the EEV of salt, the volume
fraction of unfilled effective available volume after tight packing
of the salt into the network of the polymer, and the molar mass
of polymer and salt, respectively. The V33 and fy13 values
obtained from the correlation of binodal data along with the
corresponding standard deviations are given in Table 5. It can
be seen that at a constant temperature, the salting-out ability of
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Table 5. Scaled EEV of Equation 2 for the PPGyg (1) + Salt (2) +
Water (3) Systems at T = (298.15, 308.15, and 318.15) K

T/IK 103 V’zk13/(g . molil) f213 SD
PPG,q + Potassium Citrate + Water

298.15 1.46 0.07 2.16

308.15 1.78 0.04 1.98

318.15 2.47 0.01 2.87
PPG,q + Potassium Tartarate + Water

298.15 0.95 0.20 3.68

308.15 1.44 0.06 3.48

318.15 1.99 0.03 2.01
PPGyqo + Potassium Oxalate + Water

298.15 0.91 0.23 2.99

308.15 1.42 0.08 3.29

318.15 2.09 0.01 441

Table 6. Experimental Phase Equilibrium Data as Mass Fraction
for PPGyo (1) + Salt (2) + Water (3) Systems at T = (298.15,
308.15, and 318.15) K

total compositions top phase bottom phase
PPGyoo + Potassium Citrate + Water

298.15 27.91 7.55 51.79 1.56 14.83 10.85
30.83 7.71 55.09 117 11.07 12.48
34.92 7.56 60.90 0.70 7.11 14.93
308.15 24.02 8.01 56.09 0.72 5.57 12.02
30.95 8.97 62.87 0.36 1.80 16.94
33.44 9.98 66.39 0.16 1.00 19.23
318.15 18.11 3.63 52.44 0.55 13.25 4.10
22.91 4.08 59.61 0.22 7.93 5.80
25.08 4.30 61.03 0.21 6.83 6.51

PPG,q + Potassium Tartarate + Water
298.15 15.46 14.04 60.65 0.77 3.99 17.60
18.05 14.49 63.93 0.47 2.88 18.76
23.90 15.08 71.70 0.17 1.05 22.11

308.15 25.60 8.06 60.58 0.65 5.58 12.42
31.55 8.95 63.27 0.50 2.70 15.76
35.13 10.00 67.89 0.29 1.23 19.79
318.15 20.17 4.10 61.04 0.23 13.24 4.64
23.17 4.99 62.75 0.19 8.03 6.73
26.06 5.50 63.91 0.18 6.20 8.17

PPG,qo + Potassium Oxalate + Water
298.15 10.22 12.44 65.73 0.29 3.82 13.76

14.07 12.97 69.02 0.23 2.19 15.64
14.06 13.47 70.12 0.21 1.90 16.18
308.15 29.93 6.48 58.69 0.41 251 12.11
33.06 6.98 62.55 0.27 151 13.82
34.90 7.54 66.53 0.19 0.99 15.38
318.15 20.38 2.57 52.16 0.42 13.46 3.04
22.50 2.57 54.01 0.39 13.23 3.26
25.06 3.10 63.53 0.21 9.53 4.32

the anions follows the order of citrate®™ > tartarate?” ~
oxalate?~, which was in agreement with the phase separation
order mentioned previously.

Additionally, Table 6 shows that, at constant temperature,
the polymer concentration in the top phase increases when the
salt concentration in the total phase increases and consequently
in the tie-line length, which is beneficial to phase separation.
This behavior is in agreement with the reported results for other
ATPS’s.5812 Figure 2 presents the effect of the salt type on
the phase compositions. The slopes of tie-lines increase with
increasing charge on the anion. That is because the anions with
a higher charge hydrate more water than the lower charged
anions, thus decreasing the amount of water available to hydrate
PPG.

Effect of Temperature on Binodal Curves and Tie-Lines.
As an example, the effect of temperature on the phase-forming
ability of the PPG4oo + potassium tartarate + water system is
illustrated in Figure 3. The locus for the experimental binodal
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Figure 2. Effect of the type of salt on the tie-lines for the PPGgq (1) + salt
(2) + water (3) ATPS’s at T = 298.15 K: -a-, potassium oxalate; -O-,
potassium tartarate; -M-, potassium citrate.
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Figure 3. Effect of temperature on the binodal curves for the PPGyo +
potassium tartarate + water system. Experimental binodal points for M,
298.15 K; O, 308.15 K; 4, 318.15 K.

data shown in Figure 3 indicates that an increase in temperature
expands the two-phase area of the binodal curve. In other words,
the critical concentration of a salt required to form an ATPS is
decreased with increasing the temperature. That is because the
PPG—solvent interaction decreased with an increase in tem-
perature and then resulted in a decrease in the solubility of PPG
in water.?* Moreover, to show the effect of temperature on the
phase equilibrium compositions for the investigated systems,
the experimental tie-lines for the PPG4y + potassium oxalate
+ water system are compared in Figure 4 with the temperatures
(293.15 and 318.15) K, as an example. As shown in Figure 4,
an increase in temperature promotes an increase in the slope of
the tie-line (STL) (STL = Apolymer/Asarr). It is possible that the
STL change was due to the transfer of water from the top to
the bottom phase. Therefore, the polymer concentration increases
in the upper phase, and the salt content decreases in the lower.
Similar results were reported in other ATPS’s. >
Tie-Lines. The tie-line compositions for the investigated
systems are also given in Table 6. Several models have been
developed to correlate the LLE data of ATPS. However, we
decided to use a relatively simple two-parameter equation
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Figure 4. Effect of temperature on the phase equilibrium compositions for
the PPGygo (1) + potassium oxalate (2) + water (3) system: -@-, tie-lines
at 298.15 K; ---A---, tie-lines at 318.15 K. These tie-lines were obtained
by connecting the experimental equilibrium phase composition data.

Table 7. Values of ks and Intercept of Setschenow-Type Equation
(eq 3) for the PPGuq (1) + Salt (2) + Water (3) Systemsat T =
(298.15, 308.15, and 318.15) K

T/IK ks/(kg+mol™1) intercept R? dev®
PPG,qo + Potassium Citrate + Water

298.15 5.57 —0.44 0.9999 0.04

308.15 7.40 —0.43 0.9997 0.72

318.15 9.21 0.32 0.9986 0.52
PPGyo + Potassium Tartarate + Water

298.15 6.71 —2.29 0.9993 0.73

308.15 4.80 -0.12 0.9997 0.40

318.15 5.12 0.54 0.9976 0.76
PPGyo + Potassium Oxalate + Water

298.15 5.10 -1.29 0.9998 0.06

308.15 5.03 —0.39 0.9999 0.02

318.15 6.32 0.33 0.9980 0.34

ddev = (X,XX(100ws; — 100waP)?/6N), where wy,; is the mass

fraction of the component j (i.e., polymer, salt, or water) in the phase p
for Ith tie-line. N is the number of tie-line data.

(Setschenow-type) to examine the reliability of the tie-line
compositions, which can be derived from the binodal theory.*®
The equation used has the following form:

Ctop
In( Cﬁot) = k(G G FKE"-C) @)
P
where C,, C,, k;,, and ks represent the concentration of the
polymer, the concentration of the salt, a parameter relating
the activity coefficient of polymer to its concentration, and the
salting-out coefficient, respectively. Superscripts “top” and “bot”
stand for the polymer-rich phase and salt-rich phase, respec-
tively. If the first term on the right-hand side of eq 3 is small
compared with the second term, then a Setschenow-type
equation is obtained. Recently, eq 3 has been successfully
applied for correlating the tie-line data of polymer—salt
systems'>2® and ionic liquid—salt systems.® The fitting param-
eters of eq 3 along with the corresponding standard deviations
are presented in Table 7 for the studied systems. It is clear that
the tie-line data can be presented adequately by eq 3.

The Othmer—Tobias (eq 4) and Bancroft (eq 5) equations
have also been used to correlate the tie-line compositions of



Table 8. Values of k, n, ki, and r of Equations 4 and 5 for the
PPG.o (1) + Salt (2) + Water (3) Systems at T = (298.15, 308.15,
and 318.15) K

TIK k n R? kq r R? dev?

PPGyqo + Potassium Citrate + Water
298.15 0.11 1.02 0.9963 736 0.75 0.9979 0.13
308.15 0.17 0.77 0.9966 931 120 0.9976 0.44
318.15 0.09 0.74  0.9963 22.97 1.16  0.9950 0.80

PPGyo + Potassium Tartarate + Water
298.15 0.04 174 0.9999 564 052 0.9999 0.01
308.15 0.21 058 0.9867 13.00 158 0.9894 1.82
31815 035 020 09976 126.31 434 0998 0.32

PPGy + Potassium Oxalate + Water
298.15 0.08 1.04 0.9988 10.48 0.85 0.9992 0.31
308.15 0.06 121 0.9971 930 0.78 0.9975 0.15
318.15 0.01 130 0.9992 29.02 0.67 0.9982 0.24

2 Definition is given in Table 7.

the PPGyq (1) + salt (2) + water (3) systems, which have been
successfully used in the correlation of LLE compositions of other
ATPS’s.20%

1— \Ntlop B 1— WgOt n
KA ?
ot op\r
W w; -

— | = kl —
le)ot W;_Op

where k, n, ki, and r are the fitting parameters; wy, W,, and w;
are the mass fractions of polymer, salt, and water, respectively.
A linear dependency of the plots log((1 — wPP)/wi) against
log((1 — wa)Mm8%) and log(wWa*/wa) against log(wiP/wiP)
indicated an acceptable consistency of the results. The values
of the parameters k, n, ki, and r of equations with the standard
deviations are given in Table 8. On the basis of standard
deviations, we conclude that eq 4 and 5 can be satisfactorily
used to correlate the tie-line data of the investigated systems.

Conclusion

LLE of ATPS’s composed of PPG,q + salt (potassium citrate,
potassium tartarate, potassium oxalate) + water were studied
at T=(298.15, 308.15, and 318.15) K. The effect of temperature
and salt on the binodal curves and tie-line compositions were
studied. Additionally, the EEV values of salts were calculated
for the investigated systems, and it was found that anions with
a higher valence are better salting-out agents than anions with
a lower valence. Finally, the tie-line compositions for the studied
systems were satisfactorily correlated with the Setschenow-type
and Othmer—Tobias and Bancroft equations.
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