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Phase Diagram Data for Several PEG + Salt Aqueous Biphasic

Systems at 25 °C

Jonathan G. Huddleston,* Heather D. Willauer, and Robin D. Rogers

Center for Green Manufacturing and Department of Chemistry, The University of Alabama,

Tuscaloosa, Alabama 35487

Phase diagrams determined by the cloud point method at 25 °C, including tie lines assigned from mass
phase ratios according to the lever arm rule, are presented for several poly(ethylene glycol) (PEG) + salt
aqueous biphasic systems (ABS). The systems include PEG-1000 + K3PO,4, PEG-2000 + K3PO,4, PEG-
3400 + K3PO,4, and PEG-2000 in combination with the following salts K,COg3, (NH4),SOy4, Li;SO4, ZNSOy,

MnSQO,4, and NaOH.

Introduction

Agueous biphasic systems (ABS), also known as aqueous
two-phase systems, have been applied for over 40 years to
the separation, fractionation, and molecular character-
ization of biological macromolecules and particles.1=> Ap-
plications to protein purification at industrial scales have
been discussed in the literature over the last 25 years.6’
Despite strong efforts to improve adsorption steps in
industrial bioprocessing, ABS are still seen to have con-
siderable advantages in the early stages of biorecovery
processes, especially with regard to efficient throughput
and space—time yield.® During the same time frame,
applications of ABS to biotransformations have also been
the subject of some interest.%1% In more recent years,
increasingly diverse applications of ABS have appeared in
the literature. These include applications to the recovery
of metal ions and radiochemicals;!1~13 applications in the
recovery of dyes, drug molecules, and small organic
species;*~17 and applications to the recovery of inorganic
particles.'® A yet more recent emerging trend has been the
investigation of ABS as an alternative solvent system for
chemical reactions. Processes employing ABS have been
demonstrated in the recovery of lignin and cellulose during
paper pulping.’®20 Aqueous biphasic reactive extraction
(ABRE) processes employing alkaline earth metal catalysts
for delignification in paper pulping have been demon-
strated.?! Most recently, an ABRE process was demon-
strated for the conversion of cyclohexene to adipic acid in
a reaction employing hydrogen peroxide and a tungstate
catalyst.?2 These latest developments suggest the opening
of a new phase in the development of applied ABS
processes.

Undoubtedly, commercial applications of ABS have been
slow to develop, for which a number of reasons may be
adduced. Development of processes still appears to be
heuristic, and there are currently no suppliers of specific
applications or products, as is ubiquitously found for
adsorption processes. Recycling of phases is perceived as
far more problematic than that for aqueous + organic
systems. On the other hand, chemical and water usage is
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beginning to seem more problematic in process chroma-
tography steps as well.

By now there is considerable data in the literature
relating to the operation of ABS, including phase diagrams,
their physical chemistry, and the purification of particular
products. We present here some phase diagrams of PEG
+ salt ABS that have not been previously published. Some
other sources of phase diagram data for ABS should,
perhaps, be mentioned here. Albertsson’s seminal mono-
graph is, of course, well-known.! The book by Zaslavsky
contains a summary of most of the phase diagram data
available at that time.* Considerable new and useful phase
diagram data have appeared in the literature since includ-
ing, but not comprehensively, data relating to PEG + salt
systems,?4~27 to PEG + dextran systems,26-30 and to
systems employing copolymers.3%.32

Methods

The salts (NH4)2SO4, K3PO4, K,COs3, LizSO4, MnSQOy,
NaOH, and ZnSO, and the polymers PEG-1000, PEG-2000,
and PEG-3400 used were obtained from Aldrich (Milwau-
kee, WI) and were of reagent grade. Water was obtained
from a commercial deionization system (Barnsted, Dubu-
que, IA). For the preparation of phase diagrams, stock
solutions of polymer and salt were prepared on a mass
percent basis. Phase diagrams were determined by the
cloud point method?? and fitted by least squares regression
to an empirical relationship developed by Merchuk3* and
shown in eq 1. Measurements of mass for the preparation
of stock solutions and for the determination of cloud points
were made in grams on a top loading balance to four
significant figures. Compositions were then calculated and
reduced to two significant figures prior to the fitting of
binodals and tie lines.

Y, = aexp(bX,2° — cX,?) (1)

where Y and Xa are the concentrations of polymer and
salt, respectively, which had been determined to lie on the
cloud point curve. Tie lines for each ABS were assigned by
application of the lever arm rule to the relationship
between the mass phase composition and the overall
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Figure 1. Phase diagram in w/w % of the PEG-1000 (1) + K3zPO4
(2) ABS, showing the binodal curve determined by cloud point
titration (@), the fitted cloud point curve, and the overall and node
compositions (O) of several fitted tie lines.

Table 1. Empirical Coefficients of Eq 1 for Various PEG
+ Salt ABS

system a b c r2

1 K3PO4/PEG-1000 63.40 —0.3242 4.285 x 10~* 0.9998
2 K3PO4/PEG-2000 115.88 —0.6685 5.727 x 104 0.9992
3 K3PO4/PEG-3400 77.35 —0.5213 1.141 x 1073 0.9998
4 K,CO3/PEG-2000 124.20 —0.5589 9.392 x 10™* 0.9991
5 (NH4):SO4/PEG-2000 87.41 —0.4360 4.303 x 10~4 0.9988
6 Li,SO4/PEG-2000 73.98 —0.3444 6.590 x 10™* 0.9996
7 MnSO4/PEG-2000 65.65 —0.4293 2.671 x 10~* 0.9997
8 ZnSO4/PEG-2000 70.69 —0.4542 2.970 x 1074 0.9918
9

NaOH/PEG-2000 105.79 —0.5572 2.346 x 1072 0.9990

system composition. Details of the mathematical methods
used are given elsewhere.'>34 The phase relationships were
also placed on a molal basis by conversion of the mass
percent data (data not shown).

Cloud point data for systems composed of different salt
types were also fitted to the statistical geometrical rela-
tionship of Lilley3® shown in eq 2:

w; = —In V*& & 2)
1 M2 \V*
where w; is the salt concentration, w, is the polymer
concentration, M, and M; are the polymer and salt molar
masses, and V* is the scaled excluded volume. As noted
by Lilley, because of the variation in the density along the
cloud point curve, this is an empirical application of the
statistical geometry approach. The interest lies in the
behavior of the single fitted parameter of eq 2 in systems
formed with a variety of different salts.

Results

Phase diagrams for the various PEG + salt systems
examined here are shown in Figures 1-9. The binodal
curves have been fitted according to the empirical relation-
ship of Merchuk,3* and the coefficients for this regression
as determined by least squares regression of the cloud point
data are shown in Table 1. The raw cloud point data (to
two significant figures) for these systems are given in Table
2 so that fitting by other mathematical or thermodynamic
relationships is enabled. While Figures 1-9 and the
regression coefficients in Table 1 indicate that the empirical
equation (eq 1) gives a rather good fit to the data for
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Figure 2. Phase diagram in w/w % of the PEG-2000 (1) + K3PO4
(2) ABS, showing the binodal curve determined by cloud point
titration (@), the fitted cloud point curve, and the overall and node
compositions (O) of several fitted tie lines.
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Figure 3. Phase diagram in w/w % of the PEG-3400 (1) + K3PO4
(2) ABS, showing the binodal curve determined by cloud point
titration (@), the fitted cloud point curve, and the overall and node
compositions (O) of several fitted tie lines.
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Figure 4. Phase diagram in w/w % of the PEG-2000 (1) + Ks-
CO3 (2) ABS, showing the binodal curve determined by cloud point
titration (@), the fitted cloud point curve, and the overall and node
compositions (O) of several fitted tie lines.

descriptive purposes, it is in many ways deficient. The exact
form of the data and, perhaps, the way it has been collected
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Figure 5. Phase diagram in w/w % of the PEG-2000 (1) + (NHa)2-
S04 (2) ABS, showing the binodal curve determined by cloud point
titration (@), the fitted cloud point curve, and the overall and node
compositions (O) of several fitted tie lines.

result in an interplay between the various coefficients such
that there is little systematic variation which could be used
in deriving a general description of a PEG + salt binodal
curve which was independent of salt type and polymer
molecular weight.

Tie lines for these cloud point curves were fitted by a
least-squares method based on the lever arm rule described
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Figure 6. Phase diagram in w/w % of the PEG-2000 (1) + Li-
SOq4 (2) ABS, showing the binodal curve determined by cloud point
titration (@), the fitted cloud point curve, and the overall and node
compositions (O) of several fitted tie lines.

previously,® and these are shown in Figures 1—9. Numer-
ical data for these tie lines are given in Table 3. The
average slope of the tie lines is also shown in Table 3. As
may be seen from these data and from Figures 1-9, the
slope of the tie lines is approximately constant at short tie
line lengths but there is significant change in tie line slope
as tie line length increases. This is probably due to the fact

Table 2. Experimentally Determined Cloud Points for PEG (1) + Salt (2) + Water (3)

PEG-1000 + PEG-2000 + PEG-3400+ PEG-2000+ PEG-2000+ PEG-2000+ PEG-2000+ PEG-2000+ PEG-2000 +
K3POy4 K3POy4 K3POg4 K>CO3 (NH4)2504 LizSO4 MnSO4 ZNnS0Oy4 NaOH
100w, 100w; 100w, 100w; 100w, 100w; 100w, 100w; 100w, 100w; 100w, 100w; 100w, 100w; 100w, 100w; 100w, 100w;
412 32.12 285 37.15 3.27 29.23 544 2952 379 36.21 434 3420 396 27.74 185 37.53 239 43.92
5.94 26.55 356 3315 421 2409 6.28 2423 535 3156 593 28.00 525 2335 460 2952 3.33 34.27
6.26 24.88 403 29.26 5.33 19.18 6.75 20.03 571 2839 864 1700 7.30 1820 4.75 2386 441 26.02
7.15 22.34 432 2593 650 1476 7.65 1782 6.45 2508 1097 1053 9.03 1482 6.64 1895 559 1899
8.12 19.89 535 2289 766 11.35 806 16.08 7.34 2183 1241 6.56 1049 1218 8.05 1569 6.45 14.32
8.78 18.05 554 2116 860 873 837 1439 816 1935 1291 554 11.07 11.16 10.80 11.23 6.70 12.96
9.60 16.03 6.08 19.02 9.22 6.86 857 13.22 889 17.09 1296 512 11.76 995 1206 880 6.90 11.86
10.44 13.96 6.64 1709 9.73 544 884 1252 9.62 1511 1319 4.74 1257 855 1341 6.77 7.14 10.67
10.93 12.69 7.28 1532 10.18 432 9.14 11.70 10.20 13.33 1332 445 1300 7.86 1448 503 7.37 951
11.41 11.40 8.04 13.63 10.56 3.52 944 11.11 10.78 13.29 1349 411 1351 7.04 1584 360 759 841
12.05 9.96 8.41 1220 1060 3.39 953 1041 1045 13.28 13.63 387 1385 654 1720 252 788 7.04
12.17 9.55 8.96 10.72 10.84 290 954 996 11.02 11.84 1384 357 1419 6.06 1805 182 804 6.30
12.47 8.87 954 937 1162 163 957 9.64 1161 1050 1392 340 1459 553 2156 030 8.23 546
1279 819 10.15 814 1266 105 9.76 932 1210 933 14.04 3.21 1489 511 8.38 4.80
1311 7.60 1054 7.04 13.06 096 9.77 9.06 1261 816 14.12 3.04 1537 451 8.96 2.79
1331 7.10 11.01 593 13.38 091 9.74 880 13.04 7.12 1419 292 1584 4.06 9.35 2.00
13.54 6.62 11.30 5.92 981 863 1368 6.22 1436 272 1692 295 10.07 1.04
13.83 6.11 1155 5.40 990 841 1404 549 1437 250 1794 2.08 10.77 0.71
1401 5.70 11.70 4.87 994 821 1440 481 1473 210 18.18 2.10
1426 5.29 12.02 4.23 10.31 7.70 1472 415 1541 164 1936 1.38
1450 491 1238 3.75 1041 740 1509 357 16.10 100 19.73 1.24
1489 422 1277 331 1047 559 1544 299 1730 0.84 2127 0.87
15.27 3.67 1286 2091 11.01 424 1588 223 19.75 048 2214 048

1565 3.19 13.06 2.53 13.15 2.10 16.47 1.67
16.17 2.67 13.24 2.18 1343 181 17.13 131
16.87 1.90 1354 1.85 13.77 148 17.74 0.93
1764 142 13.80 1.58 1425 1.15 18.39 0.59
20.69 0.701 1426 1.59 1483 080 1875 0.35
1454 1.38 1542 059 1898 0.14
14.67 1.22 16.42 0.42 19.13 0.05
1488 1.03 21.80 0.13
1539 0.85
15.39 0.72
15.68 0.61
15.98 0.46
16.50 0.32

17.34

0.18
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Table 3. Tie Line Compositions of PEG (1) + Salt (2) + Water (3) Assigned by the Lever Arm Rule
PEG-1000 (1) + KsPOy4 (2) + Water (3)

tiel tie 2 tie 3 tied

100w;(mixture) 18.96 18.32 17.73 17.17
100wz (mixture) 9.43 13.66 17.62 21.34

100w (top) 30.02 43.12 49.88 56.04
100w, (bottom) 2.54 0.09 2.84 x 1078 4.33 x 107°
100w;(top) 4.70 1.40 0.55 0.14

100w, (bottom) 16.44 22.68 27.11 30.70
phase ratio (mass) 0.598 0.424 0.353 0.31

tie line length 29.89 48.00 56.52 63.83

tie line slope —2.34 —2.02 —1.88 —-1.83

PEG-2000 (1) + K3POj4 (2) + Water (3)

tiel tie 2 tie 3 tie4 tie5 tie 6

100w, (mixture) 18.88 18.24 17.60 17.09 16.56 16.36

100w, (mixture) 9.46 13.72 17.69 21.41 24.91 28.20

100w (top) 35.69 44.58 49.85 54.60 60.23 63.06

100w, (bottom) 0.59 0.013 8.54 x 107° 2.16 x 1077 3.98 x 10710 125 x 10718
100w, (top) 3.02 2.022 1.58 1.26 0.96 0.83

100w, (bottom) 16.47 21.81 26.52 30.60 33.99 37.57

phase ratio (mass) 0.521 0.409 0.354 0.313 0.275 0.255

tie line length 37.58 48.76 55.73 61.98 68.70 72.98

tie line slope —2.61 —-2.25 —2.00 —1.86 -1.82 —-1.72

PEG-3400 (1) + KsPO;4 (2) + Water (3)

tiel tie 2 tie 3 tie 4

100w;(mixture) 18.97 18.33 17.74 17.18

100w, (mixture) 9.42 13.66 17.62 21.33

100w (top) 36.64 45.35 50.44 55.45

100w, (bottom) 0.02 2.44 x 1075 1.48 x 107° 1.85 x 1074
100w, (top) 2.00 1.04 0.67 0.41

100w, (bottom) 17.37 22.22 26.81 30.72

phase ratio (mass) 0.517 0.404 0.352 0.310

tie line length 39.71 50.05 56.81 63.19

tie line slope —2.38 —2.14 —1.93 —1.83

PEG-2000 (1) + K,COs (2) + Water (3)

tiel tie 2 tie3 tie 4 tie5 tie 6
100w;(mixture) 19.07 18.70 18.35 17.68 17.34 17.05
100wz (mixture) 9.34 12.21 14.97 20.19 22.67 25.05
100w (top) 31.57 41.73 46.22 57.76 59.59 64.59
100w (bottom) 0.33 0.01 1.14 x 1074 3.78 x 1079 1.77 x 10712 1.98 x 10715
100w;(top) 5.01 3.53 2.97 1.85 1.70 1.36
100w, (bottom) 15.82 19.25 22.87 28.28 31.28 33.54
phase ratio (mass) 0.600 0.448 0.397 0.306 0.291 0.264
tie line length 33.06 44.58 50.31 63.53 66.53 72.168
tie line slope —2.89 —2.65 —2.32 —2.18 —2.01 —2.01

PEG-2000 (1) + (NH4)2SO04 (2) + Water (3)

tiel tie 2 tie 3 tie4d tie5

100ws(mixture) 19.55 19.29 19.17 18.80 18.57
100wz (mixture) 10.23 12.94 15.62 18.55 21.43

100w (top) 32.41 40.90 46.00 48.97 53.07

100w (bottom) 1.04 0.13 9.52 x 1073 2.27 x 107 3.91 x 107
100w,(top) 4.72 2.95 2.14 1.75 1.30

100w, (bottom) 18.15 21.81 25.26 29.02 32.26
phase ratio (mass) 0.590 0.470 0.417 0.384 0.350

tie line length 34.12 44.92 51.44 56.04 61.44

tie line slope —2.33 —2.16 —-1.99 —1.80 -1.71

PEG-2000 (1) + Li,SO. (2) + Water (3)

tiel tie 2 tie 3 tie 4
100wy (mixture) 19.31 19.22 19.13 19.00
100w, (mixture) 8.53 8.98 9.93 10.52
100w (top) 25.84 30.94 34.50 38.64
100w, (bottom) 4.82 2.90 0.85 0.59
100w, (top) 6.45 5.15 4.27 3.30
100w, (bottom) 13.11 14.32 16.68 17.29
phase ratio (mass) 0.690 0.582 0.543 0.484
tie line length 22.05 29.50 35.86 40.54

tie line slope —3.16 —3.06 2.71 —2.72
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Table 3. (Continued)

PEG-2000 (1) + MnSO; (2) + Water (3)

tiel tie 2 tie 3 tie 4 tie5
100w; (mixture) 18.93 18.78 18.67 18.53 18.45
100w, (mixture) 9.38 9.85 10.92 11.36 12.01
100w (top) 29.09 30.70 33.33 34.67 36.43
100w (bottom) 1.32 1.21 0.69 0.62 0.48
100w,(top) 3.49 3.07 2.46 2.19 1.87
100w, (bottom) 19.58 19.84 21.30 21.54 22.14
phase ratio (mass) 0.634 0.596 0.551 0.526 0.500
tie line length 32.09 33.92 37.68 39.16 41.27
tie line slope -1.73 -1.76 -1.73 —-1.76 =177

PEG-2000 (1) + ZnSOs (2) + Water (3)

tiel tie 2 tie3 tie4
100w, (mixture) 18.31 18.25 18.05 18.00
100w, (mixture) 11.87 12.52 13.07 13.72
100w+ (top) 35.54 37.76 39.19 39.98
100w, (bottom) 0.38 0.31 0.26 0.16
100w, (top) 2.27 1.89 1.68 157
100w, (bottom) 21.86 22.29 22.66 23.59
phase ratio (mass) 0.510 0.479 0.457 0.448
tie line length 40.26 42.65 44.23 45.51
tie line slope -1.79 —1.84 —1.85 —-1.81

PEG-2000 (1) + NaOH (2) + Water (3)

tiel tie 2 tie 3
100w (mixture) 19.25 18.96 18.68
100wz(mixture) 7.27 8.95 10.58
100w (top) 40.92 49.41 54.45
100w, (bottom) 0.57 0.050 2.32e-3
100w, (top) 2.65 1.80 1.39
100w, (bottom) 11.26 13.39 15.38
mass ratio 0.463 0.383 0.343
tie line length 41.26 50.71 56.21
tie line slope —4.68 —4.26 —-3.89
Table 4. Effective Excluded Volume As Determined by 40
Regression of Lilley’s Statistical Geometry Model on the
PEG + Salt ABS
apparent scaled molar regression 30
salt EEV x 108 mass coefficient,
system (kg/mol) (g/mol) r2
Znso, 31.73 161.46 0.92 5 20 1
K3POg4 48.40 212.27 0.93 =
MnSO4 28.66 151.01 0.95 =
Li>SO4 25.54 109.95 0.95
NaOH 12.74 40.00 0.97 10 -
Na,COs 26.39 103.99 0.97
(NH4)2SO4 31.01 132.29 0.86
0 T T T T

that the salt phase is virtually free of PEG at long tie line
lengths. This also means that the salting-out constant of
the Setchenow equation (eq 3) is not a constant, indicating
a change in activity coefficient over these extended tie line
lengths. These data are not shown but may easily be
calculated from Table 3.

.
Wi i B _ T
In =6+ K0~ w)) 3)

In eq 3, w represents the mass concentrations of the two
species i and j in the two phases, T and B. The k term is
the salting-out coefficient, and f is a constant related to
the activity coefficient.

We have also treated the data using an equation derived
from statistical geometrical considerations by Lilley (eq 2).
The results, which are given in Table 4, show the effective
excluded volume (EEV or V*, the fitted parameter of eq 2)
and the regression coefficient. The latter indicates a rather
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Figure 7. Phase diagram in w/w % of the PEG-2000 (1) + MnSO4
(2) ABS, showing the binodal curve determined by cloud point
titration (@), the fitted cloud point curve, and the overall and node
compositions (O) of several fitted tie lines.

poor fit from a practical point of view. However, the single
fitted parameter should, at constant PEG molar mass, be
related to the salting-out strength of the salt. Figure 10
shows the EEV in relation to the molar mass of the ABS
phase-forming salts examined. It appears that there is a
close relationship between the molar mass of the salt and
its excluded volume. Unfortunately, this can only really be
considered an artifact of the Lilley equation, since such a
relationship cannot in general be true. Consider for in-
stance the well-known exception in many attempts to
correlate the Hofmeister series represented by CaCl,
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Figure 8. Phase diagram in w/w % of the PEG-2000 (1) + ZnSOa
(2) ABS, showing the binodal curve determined by cloud point
titration (@), the fitted cloud point curve, and the overall and node
compositions (O) of several fitted tie lines.
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Figure 9. Phase diagram in w/w % of the PEG-2000 (1) + NaOH
(2) ABS, showing the binodal curve determined by cloud point

titration (@), the fitted cloud point curve, and the overall and node
compositions (O) of several fitted tie lines.
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Figure 10. Effective excluded volume from Lilley’s statistical
geometry as determined for various PEG + salt ABS in relation
to salt molecular size.

compared to NaCl, for example, in the treatment of protein
precipitation by Mellander and Horvath38 or in the depres-
sion of PEG cloud point temperature with salt concentra-
tion in the data reported by Bailey.3”
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