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Aqueous Two-Phase Systems of Poly(vinyl pyrrolidone) and Sodium Sulfate:
Experimental Results and Correlation/Prediction

Natalia Fedicheva, Luciana Ninni, and Gerd Maurer*

Lehrstuhl fir Technische Thermodynamik, Technische Univétdfaiserslautern, D-67653, Kaiserslautern, Germany

New experimental liquietliquid-phase equilibrium data are reported for aqueous systems containing poly(vinyl
pyrrolidone)—of different molecular massand sodium sulfate at (298 and 338) K together with parameters for
a semiempirical model for the excess Gibbs energy which is used to describe the experimental data.

Introduction H CH— CH,T— H

Aqueous two-phase systems are used, for example, for the |
separation and purification of biomolecules from complex N
mixtures in a nondisruptive environment. Quite a large number o
of experimental results for aqueous two-phase systems contain-
ing polymer—polymer and polymetrinorganic salts have been n
reported in the literaturk:® Typical examples of substances used Figure 1. Structure of poly(vinyl pyrrolidone).
to create an aqueous two-phase system are polymers like, e.g.,
poly(ethylene glycol) and dextran and salts like, e.g.23@, Another group of models is based on lattice theories such as
NaH,PO;, and KHPO,. Another polymer which has attracted  the UNIQUAC model!12 the UNIFAC group contribution
some attention, as it is also able to form aqueous two-phasemgde|13.140r the NRTL modef.15-17 The present work applies
systems with suitable salts and polymers, is poly(vinyl pyrroli- the virial equation with relative surface fractions (VERS) model
done) (PVP). PVP is a synthetic hydrophilic polymer. Its of Grossmann et 4118 The VERS model is a modification of
chemical structure is shown in Figure 1. PVP polymers are pitzer's extension of the osmotic virial equation for the excess
widely used in many industries as, for example, additives in Gipbs energy of electrolyte solutions. That extension consists
the food industry, binders in pharmaceutical tablets as well as of 3 semiempirical group contribution model for the excess
in paints, and adhesives. It is synthesized by free-radical Giphs energy. The group contribution concept was introduced
polymerization oiN-vinylpyrrolidone in water or alcohols with  t account for the influence of the molecular weight of a polymer
a suitable initiator. Despite its ability to form aqueous two- g that liquid-liquid equilibrium. The VERS model was
phase systems, liquidiquid equilibrium data of systems  gccessfully used in previous works to correlate and predict the
containing PVP are relatively scarce in the literature. Liguid  |iquid—liquid equilibrium in aqueous two-phase systéms well
liquid equilibrium data of aqueous solutions of PVP and a single 35 to correlate the partitioning of some biomoleckil@d®-2t

phosphate (sodium dihydrogen phosphate, disodium hydrogeny, the coexisting phases in such agueous two-phase systems.
phosphate, and trisodium phosphate) at different temperatures

have been reported by Zafarani-Moattar and Sadegfihese Experimental Section

authors used an extended form of the FleHuggins and the . ) )
Chen-NRTL equations with an electrostatic term to correlate Three poly(vinyl pyrrolidone) samples of different polymer

the liquid-liquid-phase equilibrium. Recently, Sadegpub- ~ Mass (number average molecular mas#(@&mol™*) = 3882
lished a paper on the liquidiquid equilibrium of aqueous ~ (PVPK17); 17 750 (PVPK30); and 138 600 (PVPK90)) were

solutions of PVP and a single sodium salt (sodium sulfate, investigated. All samples were provided by BASF AG (Lud-
sodium carbonate, and sodium succinate) at 303.15 K. He Wigshafen a. Rh., Germany). Sodium sulfate (water free; purity

discussed the influence of the anion on the ligtiquid-phase = 99 mass %) was purchased from MERCK (Darmstadt,
behavior and correlated his experimental results applying a Gérmany). All substances were used without further purification.

method that combines several models (modified Wilson equa- Double distilled water was used for preparing the solutions.

tion, Flory—Huggins model, and modified Debyg¢itickel term). The phase equilibrium experiments consisted of the deter-
The present paper reports experimental results for the phasemnination of the cloud-point curve and the determination of the
equilibrium of ternary systems of (PVPP NaSO, + H,0) at composition of coexisting liquid phases. The cloud point was
(298 and 338) K. investigated by titration where step by step small (and exactly

Some methods are available in the literature for correlating Known) amounts of an aqueous solution of sodium sulfate were
the liquid—liquid equilibrium in agqueous two-phase systems. added to an aqueous polymer solution (or, vice versa, an agqueous

One group of models is based on the osmotic virial equitién. ~ Polymer solution was added to an aqueous solution of sodium
sulfate) under stirring. That mixing occurred in a centrifuge tube,

* Corresponding author. E-mail: gmaurer@rhrk.uni-kl.de. Fexi9 631 which was immersed in a thermostated water bath. The solution
205 3835. Tel:+49 631 205 2410. was inspected visually. The titration procedure was ended when
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the turbidity caused by an addition of the titrant did not disappear Table 1. Blind Tests for the Analyzing Procedures of Mixtures of
even after stirring for at least 48 h at constant temperature. The(PYPK90 (p) + NaxSO, (s) + H20)
composition at the cloud point was calculated from the amounts  composition of

of mixed polymer and salt solutions (as the arithmetic average . sample feSLll't of dre'?ti‘_’e é"bs_o'%‘te

of the compositions before and after the last addition before (oM preparation)  analyses eviation eviation

the mixture remained turbid). In a typical experiment, about (5 & &s &p § AL AL &p &s

to 7) g of an aqueous solution (of either the polymer or the g-g gg! gg! gg! % % gg! gg?

salt) was titrated. The amount of titrant ado_led ina s_ingle_step 01003 0.0170 06 13 0.0006 0.0019

was about 0.01 g. That amount was determined gravimetrically 0.1009 0.0151 0.1003 0.0169 0.6 12 0.0006 0.0018

with a high-precision analytical balance (AE 240, Mettler- 0.1003 0.0164 0.6 86 0.0006 0.0013

Toledo GmbH, Greifensee, Switzerland) with a precisioa-of 0.0106 0.0995 <0.3 2.4 =<0.0001 0.0024
0~ g. The experiments were carried out at (298 and 338) K 00106 01019 00105 00994 ~ 10 25 00001 00025

10 g. exp _ N 0.0104 0.0984 1.9 3.4 0.0002 0.0035

The uncertainty of the experimental data for the temperature is 0.0494 0.1549 0.6 1.7 0.0003 0.0026

about+ 0.1 K. The experimental uncertainty of the direct 0.0497 0.1523 0.0492 0.1548 10 1.6 0.0005 0.0031
readings for the concentration under cloud-point conditions is 00438 01572 02 32 0.0001 0.0049
about+ 0.15 mass % and abott0.11 mass % for the polymer

and the salt, respectively. At least 16 cloud points were Table 2. Experimental Results for the Composition of the
determined for each agueous two-phase system at each temCloud-Point Curve of (PVPKxy (p) + Na;SOx (s) + H20) at 298.2 K

perature. An additional uncertainty might arise from the mixtures with mixtures with mixtures with
unknown polydispersity of the polymer samples. That statement PVPK17 PVPK30 PVPK90
also holds for the experimental results for the compositions of ¢, & £ £ £ £

the coexisting phases. These compositions were determined in =
separate phase equilibrium investigations. For these experiments;

abou 8 g of anaqueous feed solution was prepared by mixing 8'88}2 8&4518?1 8'8882 8'1322 8'8882 8'%322
stock solutions of the single solutes. The concentrations of the 90020  0.1349 00005  0.1625  0.0008 01514
solutes (polymer/salt) in these stock solutions were known from  0.0022 0.1439 0.0008 0.1595 0.0009 0.1220
gravimetric preparations. It was aimed to adjust the ratio of both 8-88%2 g-iggg 8-885 8-3@; 8-8222 8-%;2
stock sqlutlons in such a way that after phase ethbratlon and 0.0036 0.1263 0.0013 01319 0.0195 0.0615
separation nearly equal volumes of a polymer-rich and a salt- g gga2 0.1478 0.0018 0.1147 0.0222 0.0611
rich phase were expected. However, in most experiments, this 0.0048 0.1175 0.0022 0.0985 0.0232 0.0651
resulted in feed solutions which were too viscous to achieve an 8-8232 8-1(1)2; 8-8?% 8-8222 8-8232 8-8232
equmb_ratlon within a_re_asonable period of time. Consequer]tly, 0.0242 0.0982 0.0918 0.0630 0.0852 0.0576
the ratio of salt-containing to polymer-containing stock solution  g9,79 00973 01296  0.0547 00933  0.0568
had to be increased. The feed solutions were equilibrated under 0.0336 0.0955 0.1503 0.0492 0.1018 0.0561
stirring in centrifuge tubes in a thermostated water bath for (2 0.0343 0.0948 0.1778 0.0474 0.1105 0.0550
to 3) days. The temperature of that bath was kept at (298 and 8-8222 8-88‘2‘; 8-%22‘? 8-82‘23 0.1168  0.0538
338) K, respectively. Afterward, the tubes were centrifuged for 7’5497 0.0918 0.0414 0.0392

about 90 min at 3500 rpm in a centrifuge (model Rotina 48R, 0.0570 0.0888 0.2725 0.0369

Hettich, Tuttlingen, Germany) which was also thermostated to  0.0584 0.0895 0.3255 0.0331

the same temperature. The uncertainty of all temperatures is 8-82?3 8-82;;

estimated to about 0.1 K. Afterward, the coexisting phases 0.0712 00871

were carefully removed from the centrifuge tube with syringes  .0782 0.0847

leaving only a small amount of the two-phase system behind. 0.0836 0.0863

The amount of mass of the removed samples was determined, 0-0878 ~ 0.0827

and both samples were diluted with (a known amount of) water 0.0949 0.0809

0.1074 0.0758
before they were analyzed. 0.1302 0.0696

The water content of a sample was determined by freeze 01371~ 0.0694
drying using a Lyovac GT 2 freeze dryer (Amsco/Finn-Aqua, 8:;;%1 8:8%2
Hurth, Germany). For such an analysis, an exactly known (3218 0.0340
amount of a sample (about (1 to 3) g) was poured into a small
aluminum pot (diameter, 95 mm; height, 25 mm) and further balance from the known total amount of mass of the sample
diluted with about 20 g of water. That dilution was to ensure and the amounts of mass of water and salt. Typically about three
that the freeze-drying process results in a powder dry sample.to five liquid—liquid equilibrium points were determined for

The aluminum pots were placed into a refrigerator where the each aqueous two-phase system at both temperatures. The

gg? ggt gg? ggt ggt

samples were frozen and cooled to abeui8 °C. Afterward, absolute experimental uncertainty for the salt concentration in
they were cooled to about190 °C with liquid nitrogen. A the salt-rich (i.e., lower) phase as well as in the salt-lean (i.e.,
frozen sample was allowed to dry at®Mar for (2 to 3) days. upper) phase is abott (0.05 to 0.5) mass %. The experimental

Afterward, the resulting powder was weighted and the water uncertainty for the polymer concentration in the polymer-rich

content of the sample was calculated. The dry powder was put(i.e., upper) phase is abott (1.5 to 5) mass % and abott

into a crucible and burned at 80C in a muffle furnace (model (0.4 to 0.8) mass % in the salt-rich (i.e., lower) phase. These
Heraeus T 16A, Kendro GmbH, Hanau, Germany). The amount estimates were confirmed by blind tests where mixtures of
of residue was determined with the precision balance mentionedknown composition (from gravimetric preparations) were ana-
above. As the residue consisted of dry sodium sulfate, the lyzed. Some typical examples for such blind tests are given in
amount of polymer in a sample could be obtained from a mass Table 1.
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Table 3. Experimental Results for the Composition of the

Cloud-Point Curve of (PVPKxy (p) + NaxSO;y (s) + H20) at 338.2 K

mixtures with

mixtures with

mixtures with

PVPK17 PVPK30 PVPK90
& &s &p &s &p &s

gg? ggt ggt ggt ggt gg?

0.0007 0.1886 0.0003 0.1895 0.0001 0.2365

0.0011 0.1498 0.0004 0.1754 0.0001 0.2779

0.0012 0.1676 0.0005 0.1625 0.0001 0.1994

0.0012 0.1392 0.0008 0.1595 0.0001 0.1735

0.0015 0.1573 0.0012 0.1251 0.0001 0.1570

0.0021 0.1107 0.0012 0.1439 0.0002 0.1150

0.0024 0.1205 0.0013 0.1319 0.0140 0.0636

0.0031 0.1190 0.0018 0.1147 0.0363 0.0538

0.0032 0.1485 0.0022 0.0985 0.0413 0.0586

0.0035 0.1001 0.0637 0.0695 0.0421 0.0550

0.0035 0.1001 0.0772 0.0645 0.0500 0.0530

0.0036 0.1177 0.0918 0.0630 0.0597 0.0521

0.0036 0.1011 0.1296 0.0547 0.0599 0.0512

0.0036 0.1011 0.1503 0.0492 0.0738 0.0501

0.0214 0.0906 0.1778 0.0474 0.0866 0.0480

0.0276 0.0891 0.1946 0.0456 0.0940 0.0457

0.0484 0.0819 0.2147 0.0427 0.0998 0.0469

0.0532 0.0854 0.2414 0.0392 0.1007 0.0456

0.0618 0.0752 0.2725 0.0369 0.1118 0.0441

0.0724 0.0751 0.3255 0.0331 0.1231 0.0428

0.0814 0.0749 0.1247 0.0425

0.0858 0.0731 0.1324 0.0427

0.0932 0.0762

0.0972 0.0752

0.1086 0.0742

0.1104 0.0715

0.1243 0.0707

0.1329 0.0688

0.1437 0.0663

0.1567 0.0630

0.1591 0.0561

0.1657 0.0598

0.1719 0.0601

0.1917 0.0532

0.1922 0.0536

0.2241 0.0503

0.2298 0.0473

0.2617 0.0439

0.2676 0.0428

0.3131 0.0331

0.3456 0.0314

Experimental Results
The experimental results for the cloud points of three aqueous scattering is considerably larger. It is assumed that this larger

two-phase systems of poly(vinyl pyrrolidone) (PVPK17 or
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Figure 2. Liguid—liquid equilibrium of the system (PVPK1# NaSO,
+ H;0) at 298.2 K. Experimental results:-B—, coexisting phases),
cloud points. Correlation results from the VERS modela--; coexisting
phases; ___, cloud-point curve.

K are given in Tables 2 and 3, respectively. The phase
equilibrium data are given in Table 4 (for 298.2 K) and Table

5 (for 338.2 K). The nomenclatures “top” and “bottom” in
Tables 4 and 5 designate the polymer-rich upper phase and the
salt-rich lower phase, respectively. The experimental results for
the cloud points and the liquidiquid equilibrium are shown

in Figures 2 through 6. The influence of temperature on the
liquid—liquid equilibrium is very small. Increasing the polymer
weight results in a small decrease of the single-phase region.
For example, no phase split occurs in the system (R\MRax-

SOy + H0) with PVPK17 when the sum of the concentrations
of both solutes is below about 13 mass %, but a ligiguid-
phase split can occur when that sum is higher than about 9 mass
% with PVPK90. The polymer-rich phase contains quite a large
amount of sodium sulfate (e.g., about 5 mass % of90y at

20 mass % of PVP), whereas the coexisting salt-rich phase
contains very little PVP (e.g., less than 0.5 mass % of PVP
when the salt concentration is about 10 mass %). The scattering
of the experimental data for the cloud points agrees with the
estimated experimental uncertainty with the exception of the
near-critical region of the liquiglliquid equilibrium. There the

scattering is caused by experimental problems in the vicinity

PVPK30 or PVPK90) and sodium sulfate at (298.2 and 338.2) of the critical point. The experimental results for the composition

Table 4. Experimental Results for the Liquid—Liquid Equilibrium of (PVPK xy (p) + Na:SO; (s) + H20) at 298.2 K

feed solution top phase bottom phase
&p &s p &s 5 &s

ggt gg? ggt ggt ggt ggt
Mixtures with PVPK17

0.0644 0.1070 0.155% 0.0155 0.0679: 0.001 0.0114- 0.008 0.1249+ 0.001

0.0884 0.1228 0.281% 0.0141 0.0633t 0.0005 0.014H 0.004 0.1514+ 0.0005

0.0560 0.1308 0.2672 0.0134 0.0684: 0.0005 0.0144+ 0.004 0.1420+ 0.0005

0.0884 0.1222 0.430& 0.0215 0.0192+ 0.0005 0.0156t 0.004 0.1459+ 0.0005

0.0601 0.1468 0.4764 0.0486 0.028# 0.001 0.0102+ 0.008 0.1634+ 0.001
Mixtures with PVPK30

0.0546 0.0894 0.2936 0.0147 0.0318t 0.0005 0.0129 0.004 0.099Gt 0.0005

0.0487 0.1033 0.3504 0.0350 0.0372- 0.0005 0.0102- 0.008 0.1143+ 0.001

0.0614 0.1204 0.3603 0.0180 0.0322+ 0.0005 0.0044t 0.004 0.1352+ 0.0005

0.0419 0.1197 0.397& 0.0199 0.0344t 0.0005 0.0054t 0.004 0.1293t 0.0005

0.0522 0.1463 0.4186 0.0209 0.0223 0.0005 0.0025: 0.004 0.1609+ 0.0005
Mixtures with PVPK90

0.0572 0.0942 0.2954 0.0148 0.0312- 0.0005 0.0016: 0.004 0.1097- 0.0005

0.0398 0.0824 0.2222 0.0222 0.0355: 0.001 0.0025+ 0.008 0.0892+ 0.001

0.0396 0.1124 0.325& 0.0163 0.0286t 0.0005 0.0013t 0.004 0.123H- 0.0005
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Table 5. Experimental Results for the Liquid—Liquid Equilibrium of (PVPK xy (p) + Na:;SOs (s) + H20) at 338.2 K

feed solution top phase bottom phase
&p &s &p &s &p &s

gt gg! gg! gg! gg! gg!
Mixtures with PVPK17 (p)

0.0632 0.1231 0.374& 0.0187 0.0405: 0.0005 0.0104- 0.004 0.1383t 0.0005

0.0768 0.1357 0.3942 0.0394 0.0325t 0.001 0.0068t 0.008 0.1524+ 0.001

0.0958 0.1085 0.403% 0.0404 0.0336t 0.001 0.013Gt 0.008 0.135H4 0.001

0.0820 0.1303 0.4172 0.0209 0.030% 0.0005 0.0073: 0.004 0.1529t 0.0005

0.0997 0.1025 0.432% 0.0433 0.0254+ 0.001 0.0338k 0.008 0.1222+ 0.001

0.0724 0.1715 0.5474 0.0274 0.0105t 0.0005 0.005H 0.004 0.1959 0.0005
Mixtures with PVPK30 (p)

0.0505 0.0998 0.368€ 0.0368 0.0285- 0.001 0.0055t 0.008 0.1071 0.001
0.0395 0.1168 0.3784 0.0189 0.0349- 0.0005 0.0060Q: 0.004 0.1262t+ 0.0005
Mixtures with PVPK90 (p)

0.0547 0.0513 0.076@ 0.0038 0.0513 0.0005 0.0166- 0.004 0.0588t 0.0005
0.0724 0.0599 0.207% 0.0207 0.0392t 0.001 0.007Gt 0.008 0.0752+ 0.001
0.0392 0.1081 0.2886 0.0288 0.051@: 0.001 0.0012+ 0.008 0.1146t 0.001
0.0470 0.1153 0.516& 0.0516 0.0196: 0.001 0.0046t 0.008 0.1265t 0.001

of the polymer-lean (and salt-rich) phase as measured in theconcentrations, the deviations between the experimental data
phase equilibrium experiments agree within experimental from both types of experiments are beyond the combined
uncertainty with the results from the cloud-point investigations. (estimated) experimental uncertainty of both investigations. This
However, for polymer-rich phases with very high polymer is mainly due to the high viscosity of such polymer-rich
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Figure 3. Liquid—liquid equilibrium of the system (PVPK17F NaSO,
+ H,0) at 338.2 K. Experimental results-B—, coexisting phases),

cloud points. Correlation results from the VERS modela--; coexisting
phases; , cloud-point curve.
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Figure 4. Liquid—liquid equilibrium of the system (PVPK3® NaSOy
+ H0) at 338.2 K. Experimental results:-B—, coexisting phases),
cloud points. Correlation results from the VERS modela--; coexisting
phases; , cloud-point curve.
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Figure 5. Liquid—liquid equilibrium of the system (PVPK9% NaSO
+ H;0) at 298.2 K. Experimental results:-B—, coexisting phases),
cloud points. Correlation results from the VERS modela--; coexisting
phases; __ , cloud-point curve.
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Figure 6. Liquid—liquid equilibrium of the system (PVP¥ + NaSO4

+ H20) at 298.2 K. Comparison of experimental results for the phase

boundary fora, xy = 17; 0, xy = 30; andO, xy = 90 with calculation
results.
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solutions. On one side, the experimental data for the cloud- M,, |15

point curve at such high polymer concentrations are subjecttoln a, = — m—2A, —

an additional (and unknown) uncertainty due to problems in 1009 & 1+by/l,

mixing such solutions. On the other side, the composition results

T ST . 100 0, 6,

from the phase equilibrium investigations in that region are also Z __J[qu) +A® exp[—a«/? 1 —

subject to some additional uncertainties due to problems in M, | &% 0,0, . m

separating that very viscous liquid phase from the salt-rich phase

. - . . 2

and presumably also from problems in equilibrating such viscous 100 0; ©; 6,

solutions. To further check the consistency of the experimental 2 Z Z - - B
Mw IZW JZW k=W G)w ®w G)w

results for the liquietliquid equilibrium, the “mass balance test”
proposed by Marcilla et & was performed. In that test, the  wherel, is the ionic strength (on molality scale) of the solution
mass of the feed solution of a phase equilibrium experiment is

calculated from the experimental results for the compositions 15 5

of the coexisting phases and compared with the mass of the I :E mz (4)
feed solution that is known from preparing the feed solution. =

When all experimental data points are taken into account, theA(p is the Debye-Hiickel constant, anA??’, A.(T) andB; x are

standard deviation in that mass is 0.4 %. That number reducesparameters for interactions between two soluteanglj) and

to 0.3 % when the experiment with the maximum deviation is tyree solutesi(j, andK), respectively. The parametesanda.

neglected. We consider these rather small numbers as ayere adopted from Pitzéf:b = 1.2; o = 2.0.

confirmation of the quality of the experimental results. The binary and ternary interaction parameters between solute
species are also expressed using a group contribution approach

Thermodynamic Modeling

A= o0l ®)
The aqueous two-phase liquitiquid equilibrium is described all groupsk all groups!

here by the VERS (virial equation with relative surface fractions) a_ 0)00) (1)

model! This model is a modification of Pitzer's excess energy Ay = CORURCH (6)

. . all groupsk all groups!
equation for aqueous electrolyte solutiGidt uses a group grotpst el gretp

contribution approach and replaces the molality scale by a
surface-fraction scale for enabling an extension to aqueous
polymer solutions. The activity coefficients resulting from the

— (1),90),9(k)
Bijk= > ooy, ()
all groupsk all groupsl all groupsm

VERS model are normalized according to the asymmetric W0
convention. The reference state for the chemical potential of ﬁg) _ k7K 8)
the solvent (water) is the pure liquid at the system temperature Q

and pressure. The reference state for a solute component is a 0 ; ) o
hypothetical 1m solution of the solute in the pure solvent at wherey,’ is the relative contribution of groulpto the surface

. ig 0 @) ;
the system temperature and pressure. The concentration of arameter of speciés andaj, &, andbym are binary and
solute in the expression for the activity coefficient is expressed [€/nary interaction parameters between groups, respectively.

by its “normalized surface fraction”, that is, its surface fraction VETIQS eqléatliqns for the activity of a solutg,, from the
©; divided by the surface fraction of the solve®t,. modet 1s

The surface fraction of a componenis given by Im 2
naf,=Inm— A z]———+in(+byi)| +
1+b/I, °

6 — mQ, )
| mQ, 2 1000 i Z E[Ai(‘?) + ADE(1,)] —
all Compj : M,, | O &5 Oy ! P
wherem and Q; are the molality and surface parameter of ;zf ) 1000 ﬂ_k @ 4
componenti. sm M, | & & ©, 0, K
As componenti consists of v’ groups, k, of surface 2
P Vi group 1000 G O; O
parametergy 33— — — — B, (9
MW qwjzw k=W ®W ®w v
Q=5 o (2 with
all groupsk

il )= é[l ~ A+ o) exd—a/i}]  (10)

The equation for the activity of the solvent (watex), from
the VERS model is and
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1 A Table 6. Interaction Parameters of the VERS Model
m
fllw) = 2|2~ \1F avln 7] XA~} 208 K 338 K
m
(11) tagg,yvp et 1 8.804833 006002767
P.VP,VP . .

It is worthwhile to mention that all summations in egs 3and  a%e set2 0.005886 0.003892
9 are over the solute species only (i.e., there is no contribution bueveve —2.60710° —2.60710°
from the solvent). Instead of considering sodium ions and sulfate a;géso e 0.069811 0.069811
ions as different solute species, it is sufficient (due to the KRS0,V —0.188876 —0.188876
condition of electroneutrality of each of the coexisting phases)  af). so-?” 0.01869 0.07983
to consider just sodium sulfate as a single solute. The activity — afg. so-?” 1.0994 1.263901
of sodium sulfate is then bl nar 50, 0.00131 —0.00152422

poorer agreement at low polymer concentrations. As that low
polymer concentration range is of minor interest in the present

) o ) work, the second set was adopted for calculating the liquid
The calculation of activities requires the Debydickel pa- liquid equilibrium in the ternary systems (PVRJ&NaSO,—
rameter g,) for water (at 298.15 K, 4 = 0.39147, and at  1,0). The VERS model additionally requires parameters for
338.I5K, A = 0-3123?8)2’5 the surface parameter of grobp  pinary interactions between VP groups on one side anddsa

(a), and binary &7, a) as well as ternaryk;) interaction well as Sq ions on the other side and parameters for ternary
parameters. _Poly(vinyl pyrrolidone) was split into MONOMeT jneractions between VP, Naand SQ . A parameter study
units (abbreviated by VP). The numbé) of VP groupsina  reyealed that all such ternary parameters can be neglected. It
PVP molecule is estimated from the number average molecularg|sg showed that the influence of temperature on the remaining
mass Mn) of the polymer and the molecular weight of vinyl - pinary narameters can be neglected. The binary parameters for

a:lazsomm = (a:lm,noz'agof,m (12)

pyrrolidone interactions between VP on one side and eithef dlaSQ, on
N, = M/111.145 (13) the other side always appear simultaneously (i.e., coupled).
0.00
Water is treated as a single group with surface paranogter A
1.4. Sodium sulfate is considered to be completely dissociated -0.01
into Na" and SQ . The surface parameter of water was also i
used for both ionic species. The surface parameter of vinyl -0.02 -
pyrrolidone was estimated from the method of Botfdijp = I
3.120. 003 -
The parameters for interactions between sodium ions on onef
side and sulfate ions on the other side were taken from Rogers™ 0.04r
and Pitzet’—this is no approximation as the VERS model |
X . -0.05 -
reduces to Pitzer's model for the excess Gibbs energy of an I
aqueous electrolyte solution when the surface parameter of water 46 |
is also assigned to all ions. These interaction parameters are
given in Table 6. The parameta},, for interactions be- 0.07 - - - . -
tween VP groups in water was adjusted to the activity of water 0.0 0.1 02 03 04 05 06
in agueous solutions of PVP at (298.15 and 338.15) K. Kany elgg’
et al?8 reported such experimental results. They described the Figure 7. Activity of water in aqueous solutions of PVPK17 at 298.15 K:
data by the osmotic virial equation and reported second and____, pseudoexperimental data; and correlation results from the VERS
third osmotic virial coefficients of PVP in water. The osmotic model ------ » without; and .......... . With a ternary parameter, respectively.

virial equation was used to calculate the activity of water up to
the very high polymer concentrations covered in the present
work. The resulting “pseudoexperimental” water activity data
were used to determine the VERS parameters for interactions -0.01 F
between VP groups. In a first approach, the ternary parameter
bve,vevep Was set to zero and only the binary parame(%jvp

was fitted. In a second approach, both paramem{?,ﬁ\,@ and
bve.ve vp) Were simultaneously fitted. The resulting numbers for <
these parameters are given in Table 6. Althoah,» slightly =
depends on temperature, a constant valuéexe ve proved
sufficient to give a good description of the pseudoexperimental
data for the activity of water. Figures 7 to 9 show the
comparisons between the correlation results from the VERS
model (broken curves) and from the osmotic virial equation (full 0.05 T R SR R R
curves) for 298.15 K. The comparisons reveal that the second 0.0 0.1 0.2 03 0.4 0.5 06
approach leads to a slightly better agreement between both elgg"

meth.OdS’ in particular, TOI’ the aqueous solutions of PVP with Figure 8. Activity of water in aqueous solutions of PVPK30 at 298.15 K:
the higher molecular weights (PVPK30 and PVPK90). However, pseudoexperimental data; and correlation results from the VERS model ------
the VERS results with that set of parameters show a slightly without; and .......... , with a ternary parameter, respectively.

-0.02 -

-0.03 |-
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Figure 9. Activity of water in aqueous solutions of PVPK90 at 298.2 K:
pseudoexperimental data; and correlation results from the VERS model ------ ,
without; and , with a ternary parameter, respectively.

These parameters cannot be determined independently from eac

other but can be summarized to one single parameter
agxll)azso4,vp = ajarvp T Eag)of fori=0and1 (14)

The remaining, unknown interaction paramete@ggo‘vvp and
af\,ngSOAVVP) were adjusted to the new experimental data for the
liquid—liquid-phase equilibrium of the system (PVPKiNRap-
SO;—H0) reported in Table 4 for 298.2 K. The parameters
were selected by minimizing the following objective function

N

3
AD = Z A [(gg,exptl - Eil,calct:)2 + (Eilfexptl - gil!calccpz] (15)

& and &' are the mass fractions of componentin the
coexisting liquid phases | and I, respectivalis the number
of tie-lines, and the subscripts exptl and calcd designate

experimental results and calculated values, respectively. The

phase equilibrium calculations started with the experimental
results for the feed composition at the experimentally determined

temperature and resulted in the compositions of the coexisting
liquid phases. The resulting parameters are given in Table 6.
Figure 2 shows comparisons between calculation results and

experimental data for both the cloud-point line and the liguid
liquid equilibrium for systems containing PVPK17. As already
discussed above (due to experimental problems at high polyme
concentrations as well as in the vicinity of the critical point),
one can only expect a fair agreement between the calculatio
results and the experimental data. The parameters determine
from the correlation of the experimental data for systems with
PVPK17 were also used to predict the cloud-point curve and
liquid—liquid-phase equilibrium for systems with PVPK17 at
338.2 K as well as with PYPK30 and PVPK90 at (298.2 and
338.2) K. As is shown in Figures 3 to 5, the predictions fairly

agree with the experimental data. As already discussed above, @

the effect of temperature on the two-phase region is very small,
but there is an influence of the molecular mass of PVP on the

concentration range of the single-phase region. The VERS model (2)

correctly predicts that influence (cf. Figure 6).
Comparison with Literature DataOnly a single publication
with experimental results for the liquidiquid equilibrium in

aqueous solutions of PVP and sodium sulfate was found in the ()

open literature (Sadedhi This author reported the binodal curve
and the compositions of coexisting phases at 303.15 K for

r

n(%/sv very small. There is an influence of the polymer’s molecular

2007
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0.4

0.3

PVP/gg’

0.2
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0.0

0.00 0.10 0.15

1
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Figure 10. Liquid—liquid equilibrium of the system (PVR- NaSO, +
H,0) at 303.2 K. Comparison of experimental results from Saddgtl—,
coexisting phases), cloud points) with prediction results using the VERS
Hlodel (-a--, coexisting phases; , cloud-point curve).

0.25

systems with a polymer fraction that was characterized as
“PVP10 000". For comparisons with the prediction results
obtained with the VERS model, it was assumed that “10 000”
stands for the weight averaged molecular weight of the PVP
fraction. The calculations started with a feed solution that was
taken as an equimolar mixture of the coexisting liquids as
reported by SadegBiThe prediction results are compared to
the experimental data in Figure 10. There is a fair agreement
for the binodal curve (which was given by Sadeghi only for
polymer mass fractions above about 10 %) but rather large
deviations in the polymer concentration of the salt-rich phase.
The experimental results for that polymer concentration are
considerably larger than the results reported here.

Conclusions

Cloud-point curves and liquieliquid equilibrium data for
aqueous two-phase systems formed by simultaneously dissolving
poly(vinyl pyrrolidone) (three samples with a number averaged
molecular weight of about 4000, 18 000, and 140 000, respec-
tively) and sodium sulfate in water are presented for (298.2 and
338.2) K. The experimental results are described using the
VERS model for the excess Gibbs energy of the polymer- and
salt-containing aqueous solutions. The calculation results fairly
agree with the new experimental data (showing some larger
deviations at very high polymer concentrations as well as in
the vicinity of the critical point of the liquietliquid equilibrium).

The influence of temperature on the liguitiquid equilibrium

eight on the phase equilibrium: the miscibility gap increases
with increasing molecular weight. That influence is qualitatively
predicted by the VERS model.

Literature Cited

Grossmann, C.; Tintinger, R.; Maurer, G. Aqueous two-phase systems
of poly(ethylene glycol) and dextran- experimental results and
Modelling of thermodynamic propertieBluid Phase Equilib.1995

106, 111-138.

Grossmann, C.; Tintinger, R.; Zhu, J.; Maurer, G. Aqueous two-phase
systems of poly(ethylene glycol) and di-potassium hydrogen phosphate
with and without partitioning biomolecules experimental results and
modeling of thermodynamic properti€®er. Bunsen-Ges. Phys. Chem.
1995 99, 700-712.

Castro, B. D.; Aznar, M. Liquid-liquid equilibrium of water PEG
8000 + magnesium sulfate or sodium sulfate aqueous two-phase
systems at 35C: experimental determination and thermodynamic
modeling.Brazilian J. Chem. Eng2005 22, 463-470.



Journal of Chemical and Engineering Data, Vol. 52, No. 5, 200865

(4) Haraguchi, L. H.; Mohamed, R. S.; Loh, W.; Pessoa Filho, P. A. Phase (16) Wu, Y.-T.; Lin, D.-Q.; Zhu, Z.-Q. Thermodynamics of aqueous two-

equilibrium and insulin partitioning in aqueous two-phase systems phase systems the effect of polymer molecular weight on liquid-
containing block copolymers and potassium phosptted Phase liquid equilibrium phase diagrams by the modified NRTL modlid
Equilib. 2004 215 1-15. Phase Equilib.1998 147, 25-43.

(5) Se R. A.G.; Aznar, M. Liquid-liquid equilibrium of the aqueous two- ~ (17) da Silva, L. H. M.; Meirelles, A. J. A. Phase equilibrium and protein
phase system watet PEG 4000+ potassium phosphate at four partitioning in agueous mixtures of maltodextrin with polypropylene
temperatures: experimental determination and thermodynamic model- glycol. Carbohydr. Polym?2001, 46, 267—-274.
ing. J. Chem. Eng. Dat2002 47, 1401-1405. (18) Grossmann, C. Untersuchungen zur Verteilung von Amiureseund

(6) Zafarani-Moattar, M. T.; Sadeghi, R. Effect of temperature on the phase Peptiden auf vissrige Zwei-Phasen-Systeme. Ph.D. Thesis, Universita
equilibrium of aqueous two-phase systems containing polyvinylpyr- Kaiserslautern, Germany, 1994.
rolidone and disodium hydrogen phosphate or trisodium phosphate. (19) Haghtalab, A.; Mokhtarani, B.; Maurer, G. Experimental results and
Fluid Phase Equilib2005 238 129-135. thermodynamic modeling of the partitioning of lysozyme, bovine

(7) Zafarani-Moattar, M. T.; Sadeghi, R. Measurement and correlation serum albumin, and-amylase in aqueous two-phase systems of PEG
of liquid-liquid equilibria of the aqueous two-phase system polyvi- and (KkHPO, or Ng;SQOy). J. Chem. Eng. Dat@003 48, 1170-1177.
nylpyrrolidone— sodium dihydrogen phosphatéuid Phase Equilib. (20) Brenneisen, J.; Maurer, Gxperimental and Theoretical destigations
2002 203 177-191. on the Partitioning of Proteins in Aqueous Two-Phase Systems

(8) Sadeghi, R. Measurement and correlation of phase equilibria for several Wiley: Weinheim, 2004.

PVP + salt aqueous two-phase systems at 303.1%Ikid Phase (21) Zhu, J. Fissig-Flissig-Gleichgewichte bei der Verteilung einiger
Equilib. 2005 237, 40-47. Aminosairen und Peptide auf \8arige Zwei-Phasen-Systeme. Ph.D.

(9) Pfennig, A.; Schwerin, A. Analysis of the electrostatic potential Thesis, UniversitaKaiserslautern, Germany 1991.
difference in aqueous polymer two-phase systéthsd Phase Equilib. (22) Marcilla, A.; Ruiz, F.; Gar@, A. N. Liquid-liquid-solid equilibria of
1995 108 305-315. the quaternary system water-ethanol-acetone-sodium chloride at 25

(10) Tintinger, R.; Zhu, J.; Grossmann, C.; Maurer, G. Partitioning of some °C. Fluid Phase Equilib1995 112, 273-289.
amino acids and low molecular mass peptides in aqueous two-phase(23) Pitzer, K. S.Activity Coefficients in Electrolyte Solution&nd ed.;
systems of poly(ethylene glycol) and dextran in the presence of small CRC Press: Boca Raton, Florida, 1991.
amounts of KHPQYKHPO,—Buffer at 293 K: experimental results ~ (24) Pitzer, K. S. Thermodynamics of electrolytes. 1. Theoretical basis and
and correlationJ. Chem. Eng. Datd 997, 42, 975-984. general equationsl. Phys. Chem1973 77, 268-277.

(11) Gao, Y.; Peng, Q.; Li, Z.; Li, Y. Thermodynamics of ammonium (25) Brenneisen, J. Zur Verteilung von Proteinen aigsvge Zwei-Phasen-
sulphate— polyethylene glycol aqueous two-phase systems. Part 1. Systeme. Ph.D. Thesis, Universit@aiserslautern, Germany 2001.
Experiment and correlation using extended UNIQUAC equakurid (26) Bondi, A. Physical Properties of Molecular Crystals, Liquids and
Phase Equilib.1991, 63, 157-171. GlassesJohn Wiley and Sons: New York, 1968.

(12) zafarani-Moattar, M. T.; Sadeghi, R.; Hamidi, A. A. Liquid-liquid  (27) Rogers, P. S. Z.; Pitzer, K. S. High-Temperature thermodynamic
equilibria of an aqueous 2-phase system containing polyethylene glycol properties of aqueous sodium sulfate solutiagh$2hys. Cheml981,
and sodium citrate. Experiment and correlatibluid Phase Equilib. 85, 2886-2895.

2004 219, 149-155. (28) Kany, H.-P.; Hasse, H.; Maurer, G. Thermodynamic Properties of

(13) Perumalsamy, M.; Murugesan, T. Prediction of liquid-liquid equilibria aqueous poly(vinylpyrrolidone) Solutions from laser-light-scattering,
for PEG 2000-sodium citrate based aqueous two-phase systarits. membrane osmometry, and isopiestic measureméntShem. Eng.
Phase Equilib2006 244 52—61. Data 2003 48, 689-698.

(14) Gao, Y.; Peng, Q.; Li, Z.; Li, Y. Thermodynamics of ammonium
sulfate-polyethylene glycol aqueous two-phase systems. Part 2. Cor-
relation and prediction using extended UNIFAC equatitnid Phase Received for review April 17, 2007. Accepted June 12, 2007.
Equilib. 1991, 63, 173-182. _ , Financial support by BASF Aktiengesellschaft, Ludwigshafen a.Rh.,
(15) Se R. A. G.; Aznar, M. Thermodynamic modelling of phase  Germany is gratefully acknowledged.
equilibrium for water+ poly (ethylene glycol}t salt aqueous two-
phase system®razilian J. Chem. Eng2002 19, 255-266. JE7002012



