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ABSTRACT: Liquid—liquid equilibrium data for the PEG 4000 (poly(ethylene
glycol)) + salt [sodium citrate (Na;C¢H;O,), potassium citrate (K;CsHsO,), or
ammonium citrate ((NH,);CsH;O,)] + water systems have been determined
experimentally at different temperatures. 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 two-phase area. The salting-out
ability of the cations follows the ordering sodium citrate > potassium citrate >
ammonium citrate. Finally, the Setschenow-type, Othmer—Tobias, and Bancroft
equations have been successfully used to correlate the tie-line compositions.
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B INTRODUCTION

Aqueous two-phase extraction is a technique for the sepa-
ration, concentration, and purification of proteins, cell
organelles, and other biological products. An aqueous two-
phase system (ATPS) is expected to be a promising means of
separating biological materials because of the mild conditions
provided by the phases and their different physical and
chemical properties. ATPS's are formed by adding either two
structurally different hydrophilic polymers or one polymer
and one inorganic salt to water. Albertsson used polymer—
polymer ATPS's for separation and purification of biomole-
cules." However, the ATPS has many advantages: quick
separation, easy operation, clear phase boundary, and no
emulsification and most importantly, the system avoids or-
ganic solvents which are volatile, flammable, or explosive.
So ATPS's now have been a widely used extraction and
separation technique both in experimental and in industrial
applications.”™ Aqueous polymer—salt systems have several
advantages over the polymer—polymer systems due to the
larger differences in density, greater selectivity, lower
viscosity, lower costs, and so forth. In recent years, ATPS's,
especially poly(ethylene glycol) (PEG) + inorganic salt +
water systems, have found widespread applications, mostly
because of their use in the separation of macromolecules from
the mixture of biological materials.%” Although the aqueous
two-phase separation technique is successful, data on the
properties and equilibrium of phase systems are necessary for
the design of extraction processes and also for the
development of models to predict phase partitioning. Several
studies have been made on the liquid—liquid equilibrium
behavior using PEG with different molecular weights and
inorganic salts. The most common inorganic salts consist of
selective cations (ammonium, potassium, or sodium) and
anions (phosphate, sulfate, or carbonate). These salts,
however, lead to high salt concentrations in effluent streams
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and, therefore, to environmental concern. In this respect, as
an alternative approach citrates have been investigated as a
substitute for inorganic salts. Citrate is biodegradable and
nontoxic and could be discharged into a biological wastewater
treatment plant.® Equilibrium data for different ATPS formed
by PEG of different average molar masses and different
citrate based inorganic salts are reported in literature.””"!
Very limited experimental work on the PEG + citrate + water
system has been done, and few data have been reported.
However, this kind of data for systems containing PEG
4000 + inorganic salts of cations (NH;*, Na*, K*) at different
temperatures is scarce.

This work reports the systematic study of the phase
behaviors of LLE for PEG 4000 and biodegradable salts
(sodium citrate, potassium citrate, ammonium citrate) aqueous
biphasic systems. In this work, ATPS's composed of PEG
4000 + citrate salt + water were determined, and the phase
composition was measured. The influence of the temperature
on the phase diagram was also investigated. The tie-line
compositions were fitted to the Othmer—Tobias, Bancroft, "
and Setschenow-type equations.'” The obtained results are
necessary for the design of an extraction process, understanding
the general factors determining the partition of solutes and
particles in such ATPS's.

B EXPERIMENTAL SECTION

Materials. Poly(ethylene glycol), PEG (average molecular
weight 4000), was purchased from Merck. Trisodium citrate,
tripotassium citrate monohydrate, and triammonium citrate
were supplied by the Loba and (with a minimum purity of 99 %)
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used for the study. The polymer and salts were used without
further purification. Double-distilled water was used for the
preparation of solutions.

Apparatus and Procedure. The binodal curves were
determined by the cloud point method."* Salt (sodium citrate,
potassium citrate, and ammonium citrate) of 30 % (w/w) and
PEG 4000 of 40 % (w/w) was prepared. A known amount of the
salt solution was taken and titrated against PEG. To ensure the
end point, PEG was added in drops until the appearance of tur-
bidity. The first appearance of turbidity indicates that the system is
about to enter the two-phase area. Water was then added until the
disappearance of turbidity. The procedure was repeated to get
the other binodal points. The composition of the mixture was
determined by mass using an analytical balance with a precision of
0.0001 mg. The temperature of the working vessel was maintained
by circulating water through an external jacket using a thermo-
stat (Pricillab Equipments, India). The temperature was main-
tained with an uncertainty of + 0.1 °C. For the determination
of tie lines, samples were prepared (50 g) by mixing polymer,
salt, and water in appropriate proportions in a centrifuge
tube. The samples were thoroughly mixed and kept in a
thermostat at constant temperature for 24 h. The individual
phases were separated and were properly diluted to
determine PEG 4000 and salt equilibrium concentrations.
The concentrations of salts in the top and bottom phases
were determined by flame photometry (Systronics128 flame
photometer). The uncertainty in the measurement of mass
fraction of the salts was estimated to be + 0.001. The
concentration of PEG in both phases was determined by
refractive index measurement at different temperatures [(20,
30, and 40) °C] using an Abbe-type refractometer with a
precision of + 0.0001. The uncertainty of the mass fraction
of PEG was better than + 0.002. The tie line lengths
(TLL) for the different compositions were calculated
according to

T B\2 T B\2
TLL:\/(WI W)+ (Wy —wy) (1)
where W,T, W,T, W.®, and W,® are the top (T) and bottom
(B) equilibrium mass fractions of PEG (1) and citrate (2).
The tie line lengths are expressed in mass fractions.

B RESULTS AND DISCUSSION

The binodal experimental data of the phase system for PEG
4000 + salt (sodium citrate, potassium citrate, ammonium
citrate) + water systems obtained at three different temper-
atures [(20, 30, and 40) °C] are shown in Tables 1, 2, and 3,
respectively. The effect of temperature on the binodal curve is
shown in Figure 1. The figure shows that the increase in
temperature from (20 to 40) °C causes an increase of the area
of two-phase region. It is evident to see that the two-phase
region expanded with increase in temperature and also the salt
solubility increases with increase in temperature. Therefore the
binodal curve shifts close to the origin. According to the model
proposed by Kjellander and Florin,' the entropically
unfavorable structuring of water produced by PEG at low
temperatures is overcome due to the large decrease in enthalpy
(due to the energetically favorable and highly directional
interactions, such as hydrogen bonding, between unlike
molecules). Even at higher temperatures, the effect of
temperature does not break down the structure of water in
the PEG hydration shell rapidly, and the unfavorable entropy
contribution makes the system phase to separate itself. This
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Table 1. Binodal Data for the PEG 4000 (1) + Sodium
Citrate (2) + Water (3) System at Temperatures of (20, 30,
and 40) °C

T =120"°C T=130°C T =40 °C
100w, 100W, 100w, 100W, 100W; 100w,
44.67 2.37 42.24 221 41.26 1.94
43.09 2.63 41.10 2.41 39.68 225
41.96 2.78 39.54 2.63 37.85 2.57
40.68 3.0 38.42 2.78 36.56 2.74
394 3.21 37.27 3.00 35.14 2.83
38.12 3.36 35.85 3.31 33.99 3.00
36.99 3.58 34.29 3.47 32.72 3.16
35.85 3.74 32.71 3.69 31.01 3.48
34.57 4.00 31.45 3.90 29.88 3.74
33.15 4.32 30.03 4.17 28.61 3.95
31.86 4.63 28.17 4.48 27.17 4.17
30.87 4.96 26.89 4.79 26.04 4.48
29.59 5.27 2591 5.06 2491 4.85
28.31 5.54 24.05 5.54 23.06 S.17
27.17 5.75 22.19 5.90 21.78 5.54
26.18 5.95 21.21 6.28 19.93 5.85
25.19 6.22 19.78 6.71 18.23 6.33
23.57 6.61 17.94 7.33 17.09 6.71
22.77 6.81 16.09 8.02 15.67 7.07
21.92 7.07 14.10 8.77 14.52 7.50
20.93 7.50 12.53 9.29 13.39 7.92
19.78 8.02 11.11 10.19 11.68 8.34
18.51 8.39 9.41 10.77 10.69 8.82
17.51 8.82 8.27 11.52 9.41 9.40
16.65 9.08 6.71 12.31 8.27 9.98
15.38 9.61 543 13.00 6.84 10.62
13.24 10.46 4.71 13.74 543 11.36
12.39 10.77 4.14 14.48 4.29 11.94
114 11.15 343 15.32 3.29 12.58
10.26 11.67 272 16.55 2.58 13.31

9.98 11.84 2.58 17.76 2.44 14.21
8.42 12.94 2.25 18.5 1.59 15.19
727 13.90 2.36 20.09 1.47 15.84
6.13 14.69 2.36 21.39 1.46 16.54
5.56 15.44 225 22.54 0.88 17.95
4.57 16.18 0.591 19.39
4.14 16.91
3.58 17.66
3.58 18.51
3.43 19.75

trend also agrees with experimental results from the literature
for other ATPS's."®"” The binodal curve and the tie lines for
PEG 4000 + sodium citrate + water systems at a temperature of
30 °C were shown in Figure 2. The border line between one
and two phase area was a curved line, and the tie-line describes
the compositions of the two phases in equilibrium, that is, the
top phase (PEG-rich phase) and bottom phase (salt-rich
phase). Figure 3 presents the experimental binodal curves of
PEG 4000 + salt + water systems at a temperature of 30 °C. The
salts considered share a common anion but contain different-
sized monovalent cations. Ammonium, potassium, and sodium
ions have radii of (0.137, 0.133, and 0.098) nm, respectively.'®
It can be seen that the size of the two-phase region increases
as the size of the cation decreases. It seems that, in these
systems, the size of cations may be responsible for this trend.

dx.doi.org/10.1021/je201137v | J. Chem. Eng. Data 2012, 57, 1112—1117



Journal of Chemical & Engineering Data

Table 2. Binodal Data for the PEG 4000 (1) + Potassium
Citrate (2) + Water (3) System at Temperatures of (20, 30,
and 40) °C

Table 3. Binodal Data for the PEG 4000 (1) + Ammonium
Citrate (2) + Water (3) System at Temperatures of (20, 30,
and 40) °C

T=20°C T =30°C T =40°C T=120°C T =30°C T =40°C
100w, 100w, 100w, 100w, 100W; 100W, 100w, 100W, 100w, 100W, 100w, 100W,
40.37 4.61 40.93 4.02 39.40 3.35 42.95 5.06 43.59 4.60 39.71 4.35
38.56 5.04 39.51 422 37.55 3.54 41.66 5.33 41.66 4.94 37.72 4.63
37.39 5.23 38.59 443 36.28 3.98 40.37 5.64 39.97 5.32 36.33 491
35.57 S.61 36.91 4.63 34.86 4.17 38.95 5.96 38.68 S.61 35.05 5.24
34.55 5.92 35.24 4.97 33.43 442 37.53 6.38 37.26 5.85 33.77 5.56
33.38 6.23 33.95 5.22 31.26 4.79 35.97 6.76 35.72 6.19 32.49 5.81
31.70 6.55 32.78 543 30.30 5.29 34.29 7.23 34.29 6.58 30.98 6.09
30.29 7.11 31.75 5.70 29.32 5.55 32.74 7.71 32.74 6.86 29.82 6.37
28.48 7.68 30.33 5.90 27.74 5.79 31.32 8.18 3145 7.1 2842 6.69
26.53 8.11 29.04 631 26.46 6.04 30.03 8.56 30.16 7.49 27.14 7.01
24.72 8.67 27.99 6.51 25.33 6.36 28.46 8.98 28.87 7.82 25.74 7.30
22.92 9.29 26.97 6.78 24.19 6.67 27.06 9.45 27.45 8.16 24.58 7.62
21.62 9.80 25.93 7.28 22.77 6.92 25.63 9.83 26.16 8.50 23.31 8.29
20.20 10.36 24.51 7.59 2121 7.29 24.35 10.30 24.87 8.83 22.14 8.55
1891 1092 2322 8.06 19.65 7.61 2291 10.77 23.57 9.41 2098 8.77
17.75 11.42 22.06 8.53 18.64 8.04 21.62 11.20 22.54 9.79 20.33 9.29
16.72 11.87 21.02 8.87 17.36 8.48 2033 11.68 2149 10.09 19.03 9.83
15.68 12.49 19.87 9.27 16.09 8.86 18.91 12.42 20.07 10.66 17.62 10.36
1491 12.80 18.57 9.74 15.09 9.11 17.62 13.00 18.53 11.19 16.46 10.83
13.87 13.49 17.54 10.15 13.81 9.49 1543 14.32 17.37 11.68 14.91 11.41
12.85 14.17 16.24 10.62 12.39 9.92 14.39 14.96 16.07 12.20 13.75 12.04
1142 14.79 14.83 11.16 1097 1048 1322 15.54 14.79 12.78 12.20 12.79
10.64 15.36 13.66 11.69 9.68 11.05 12.06 16.12 13.87 13.21 11.29 13.37

9.60 15.81 12.62 123 8.56 11.79 11.04 16.71 12.85 13.84 1025 13.95
8.58 16.42 11.07 1291 7.85 12.36 9.87 17.45 11.56 14.46 9.09 14.48
7.67 16.93 9.51 13.58 6.42 12.93 8.71 18.39 10.39 15.29 8.06 15.22
6.64 17.49 8.49 14.32 5.56 13.68 7.81 19.19 9.35 1591 741 1592
5.73 18.24 7.32 15.07 4.57 14.30 6.77 19.77 7.93 16.72 5.87 16.75
4.70 18.99 6.29 16.08 3.16 15.18 5.60 20.36 7.29 17.35 522 17.44
3.66 19.68 S.12 17.02 2.30 16.11 4.83 21.20 5.99 18.07 4.44 18.24
3.02 20.62 3.83 18.03 1.59 17.11 3.66 22.15 5.47 18.74 3.66 19.08
2.37 21.55 2.93 19.17 1.44 18.24 3.02 23.06 4.70 19.61 2.89 19.88
2.12 2249 1.89 20.11 1.44 19.25 3.02 24.01 3.66 20.43 2.49 20.88
1.85 23.87 1.52 21.39 3.02 21.24 173 21.68

2.37 2221

It can be seen that three cations promote the formation of the 1.98 23.03

ATPS in the following order: sodium > potassium >
ammonium.

The tie-line compositions for the PEG 4000 + salt (NayC,H O,
K,CeH;0,, (NH,);C¢HO,) + water systems determined at 30 °C
are shown in Table 4. The salting-out concept, the Setschenow-
type behavior of the phase diagrams for a number of aqueous
PEG + salt two-phase systems, has been substantiated by some
authors.'” Recently, eq 2 has been successfully applied for cor-
relating the tie-line data of polymer—salt systems™ and ionic
liquid—salt systems.*' However, we decided to use a relatively
simple two-parameter equation (Setschenow-type) to examine the
reliability of the tie-line compositions for the PEG 4000 + salt
(NayCeH;O,, KC¢Hs O, (NH,);CH;O,) + water systems
determined at 30 °C, which can be derived from the binodal
theory.”® The equation used has the following form:

t

C
C—L = kp(CP — ) + kg(Cd - C5)
1

In

@)

where C;, C,, kp, and kg represent the concentration of the
polymer, the concentration of the salt, a parameter relating the
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activity coefficient of polymer to its concentration, and the salting-
out coefficient, respectively. Superscripts “t” and “b” stand for the
polymer-rich phase and salt-rich phase, respectively. If the first term
on the right-hand side of eq 2 is small compared with the second
term, then a Setschenow-type equation is obtained. This would
imply that k, << kg since the absolute values of (¢,° — ¢,") exceed
the (&,” — ¢,) values. The tie-line data values were fitted by a least-
squares linear regression method to eq 2, and the obtained
slopes which give the salting out coefficients, kg, together with
corresponding intercepts and correlation coefficients are listed in
Table S, for each working salt. To examine the relation between the
Setschenow-type behavior and the phase diagram very closely, the
Setschenow-type plots of the tie-line data for the studied system
have also been shown in Figure 4. The increase of kg is reflected in
the phase diagram by altering the position of the binodal curve to
the left corresponding to a decrease in the area representing
the single-phase mixture as shown in Figure 2, indicating an
increasing phase-forming ability. The values of kg are in the order
Na;CH;O; > KCH;O, > (NH,);C¢H;O-, which is in agreement
with the salting-out ability of the cations. For the studied systems, it

dx.doi.org/10.1021/je201137v | J. Chem. Eng. Data 2012, 57, 1112—1117
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Figure 1. Effect of temperature on the binodal curves for: (a) PEG 4000
(1) + sodium citrate (2) + water (3) systems, (b) PEG 4000 (1) +
potassium citrate (2) + water (3) systems, (c) PEG 4000 (1) + ammonium
citrate (2) + water (3) systems. l, 20 °C; @, 30 °C; A, 40 °C.
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Figure 2. Binodal curve and tie lines for PEG 4000 (1) + sodium
citrate (2) + water (3) systems at 30 °C.
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Figure 3. Effect of the type of salt on binodal curves for the PEG 4000
(1) + salt (2) + water (3) systems at 30 °C. M, Na;C,H;0,; ®,
K;CeHsO7; A, (NH4)3C6H507-

Table 4. Tie-Line Data for PEG 4000 (1) + Salt (2) + Water
(3) Systems at 30 °C

top phase bottom phase
100W, 100W, 100W, 100W, TLL
PEG + NayCH,O, + H,0
23.06 571 4.18 14.32 20.75
27.06 4.79 3.01 16.10 26.58
31.06 3.98 2.37 17.93 31.90
34.93 345 225 19.61 36.46
PEG + K,C4H,0, + H,0
28.89 6.76 9.11 14.50 21.24
32.02 6.09 6.79 16.41 27.26
35.05 5.38 4.81 18.39 32.92
38.19 521 3.99 19.90 3722
PEG + (NH,),CH,0, + H,0
26.93 8.34 5.87 18.29 23.29
30.29 7.44 4.96 19.39 28.01
33.14 6.84 3.79 20.39 32.33
36.09 6.08 3.15 21.29 36.28

Table 5. Values of k, and Intercept of Setschenow-Type
Equation (eq 2) for the PEG 4000 (1) + Salt (2) + Water (3)
Systems at 30 °C

ks
salt kg-mol ™ intercept R?
sodium citrate 4.89 0.57 0.975
potassium citrate 4.02 —0.09 00.998
ammonium citrate 3.56 —0.26 00.994

appears that the kg value may have a close relationship with the
salting-out ability of salt.

The Othmer—Tobias (eq 3) and Bancroft (eq 4) equations
have also been used to correlate the tie-line compositions of the
PEG 4000 (1) + salt (2) + water (3) systems, which have been
successfully used in the correlation of LLE compositions of
other ATPS's.*>*

n
1 - wlt 1 - w%
t =k b
w1 w) (3)

dx.doi.org/10.1021/je201137v | J. Chem. Eng. Data 2012, 57, 1112—1117



Journal of Chemical & Engineering Data

3.0+

2.8

1.8+
1.6 -
1.4+
1.2 4
w57
025 030 0.35 Oi;lO 045 050 055 060 065 0.70
t
(C5-Cy)/(mol/kg)

Figure 4. Setschenow-type plots of the PEG 4000 (1) + salt (2) +
water (3) systems at 30 °C. M, Na;CH;0,; @, K;C,H;O,; A,
(NH,);C¢H;0,.
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where k, n, k), and r represent the fitting parameters. The
superscripts t and b stand for polymer-rich (top) and salt-rich
(bottom) phases. The values of the parameters k, n, k;, and r
are given in Table 6. Subscript 1, 2, and 3 stands for polymer,

Table 6. Values of k, n, k;, and r of Othmer—Tobias
Equation (eq 3) and Bancroft Equation (eq 4) for the PEG
4000 (1) + Salt (2) + Water (3) Systems at 30 °C

Othmer—Tobias equation Bancroft equation

salt k n R? k, r R?
sodium citrate 0.369 1.07 0.999 2.78 0.794 0.948
potassium citrate 0.212 1.54 0.995 2.89 0.569 0.995
ammonium citrate 0.093 2.25 0.999 2.96 0.386 0.999
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Figure S. Linear dependency of the Othmer—Tobias equation. H,
Na;CeH;07; @, KsCcHO; A, (NH,);C4H;0,.

salt, and water, respectively. A linear dependency of the plots
log[(1 — w,") /w,] against log[(1 — w;")/w;"] and log(w,"/w,")
against log(w,"/w,") are shown in Figures S and 6. It indicates

an acceptable consistency of the results.
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Figure 6. Linear dependency of the Bancroft equation. M,
Na;C4H;0-; @, K;CcH;O5; A, (NH,);C.H;O.

B CONCLUSIONS

The aqueous two-phase partitioning method of liquid—liquid
extraction is useful for separating material of biological origin.
PEG + citrate salt could form an environmentally safe ATPS,
which is more suitable for the extraction of protein. Liquid—
liquid equilibrium data for the PEG 4000 + salt (sodium citrate,
potassium citrate, ammonium citrate) + water systems were
studied at different temperatures. The effects of temperature
and salt on the binodal curves were studied. The salting-out
abilities of different salts were evaluated by the salting-out
coefficient (kg), and the results show that the phase separation
abilities of the investigated cations are in the order of sodium
citrate > potassium citrate > ammonium citrate. Finally, the tie-
line compositions for the investigated systems were satisfac-
torily correlated with the Setschenow-type, Othmer—Tobias,
and Bancroft equations.
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