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The phase diagrams of the L35sodium sulfatet water, L35+ lithium sulfate+ water, and L35+ magnesium
sulfate+ water systems were determined at (298.15 and 313.15) K. The phase diagrams of thes&@8m
magnesium sulfaté- water system was determined at (283.15, 298.15, and 313.15) K. In all ATPS systems, the
binodal position was influenced by temperature change, while an increase in polymer molecular weight makes
the separation process occur at lower salt and copolymer concentration. It was observed that the hydrophobic/
hydrophilic balance affects mainly the water content of the top phase.

Introduction group caused aggregation of the macromolecules into spherical
micelles with core sizes on the order of 5 to 10 nm, consisting

especially in the separation, concentration, and purification of of only the PPO block and a corona region consisting of the
proteins! cell organelle$;® membraned,and metal ion§.The water and PEO blocks.
most frequently used two-phase systems are produced using a For the application of ATPS formed by triblock copolymers,
mixture of aqueous solution of polyethylene glycol (PEG) and it is necessary to obtain the phase diagram data for the
dextran or PEG and phosphate. Applications at an industrial development of models that can predict phase separation. In
scale have been prevented by the high cost of the polymersthis work, biphasic systems composed by (E®O)sEO)1,
used and difficulties in recycling the polymers without costly notation L35 (50 % EO} salt + water, and (EQ)(PO)o-
ultrafiltration or chromatography steps. (EO)so, notation F68 (80 % EO} salt+ water, were prepared
Recently, ATPS formed using triblock copolymers, which and phase compositions measured. Ligtliguid equilibrium
offer an effective solution to the problems of polymer removal data at (283.15, 298.15, and 313.15) K were determined for
and recycling, have been introduced for separation and purifica-the L35 (1900 gmol1) + salt+ water and F68 (8400-giol1)
tion of hydrophilic and hydrophobic biomolecul&s?! In + salt+ water systems. The salts used were$@, Li SOy,
general, the triblock copolymers used are formed by arrays of and MgSQ. The influence of copolymer molecular weight,
ethylene oxide (EO) and propylene oxide (PO) units, symbolized temperature, and hydrophilic/hydrophobic balance on the phase
as PEO-PPO-PEO or (EQ@POM(EO), and they are a thermo-  diagram formation was also evaluated.
separating macromolecule with lower cloud points. Additionally,
they are low cost, biocompatible, and environmentally safe Experimental Section
compounds. The advantage of these macromolecular systems,
when compared with other polymers are that they present a Materials. L35, (EO)1(PO)¢(EO): copolymer with average
capacity of auto-organization to form micelles. The triblock molecular weightN,) 1900 gmol~* and 50 % ethylene glycol,
copolymers have, in general, a very low critical micellar and F68, (PEQ)PPO}(PEO}o copolymer with M,, 8400
concentration (cmc) and a low diffusion coefficient (which is g-mol~* and 80 % ethylene glycol, were obtained Aldrich Co.
beneficial in micellar systems) where the concentration of (USA). The copolymers were analyzed by gel permeation
unimers in equilibrium with the micelles has to be kept to a chromatography (GPC) (AKTA, purifier, 10X, Pharmacya)
minimum2 Experimental data obtained using dynamic light using the following conditions: for L35, tetrahydrofuran was
scattering and small-angle neutron scattering have been usedised as the mobile phase at a rate of @L8min, injection
to show the phase behavior of PEO-PPO-PEOQ triblock copoly- temperature 30C; for F68, toluene was used as the mobile
mers dissolved in watéf 15 The molecular processes occurring phase at a rate of 0.8L/min, injection temperature 45C,
in solution depend on the polymer concentration and temper- refraction index detector, sample injection of 100. In both
ature. At low temperaturesT(< 15 °C) and low polymer cases the standard polymer was polystyrene. This methodology
concentrations, the unimers were fully dissolved Gaussian chainswas used in order to obtain thé,, and polydispersity index
with a gyroscopic radiusRy) of approximately 1.7 nr#? By (Mw/M;) of the copolymers. For the L35 copolyméw,, and
increasing the temperature, the hydrophobic nature of the PPOM,,/M, were 1945 gmol~! and 1.14, respectively; for the F68
copolymer, M,, and My/M, were 8460 gmol~! and 1.42,
*Corr_e;pond_ing author. Phone:55-31-38992175. Fax+55-31-38993065. respectively. GPC traces of homopolymers or diblock copoly-
E-mail: mariacarmo@ufv.br. d
t Universidade Federal de \Gsa. mers were not observed. pBOy, LioSO;, and MgSQ were
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Aqueous two-phase systems (ATPS) have had much use,
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Table 1. Mass Fraction for the L35 (v1) + NaxSOs (W2) + H20 (ws) Table 2. Mass Fraction for the L35 (v1) + Li2SOy (Wo) + H20 (W)
Systems Systems
overall composition upper phase lower phase tie overall composition upper phase lower phase
line 100w; 100w, 100W3 100w; 100w, 100W3 100w; 100w, 100W3 line 100w; 100w, 100W3 100w; 100w, lOOW3 100w; 100w, 100W3
T=298.15K T=298.15K
1 13.36 12.06 7458 4691 0.82 5227 259 1575 81.66 1 7.78 1348 7874 4448 116 5436 292 1490 82.18
2 1506 1299 7195 50.85 0.66 4849 191 17.46 80.63 2 9.03 14.08 76.89 45.87 1.09 53.04 262 16.37 8101
3 1769 1465 67.66 55.08 0.38 4454 130 20.72 77.98 3 9.99 1466 7535 49.85 080 4935 218 17.54 80.28
4 1855 1531 66.14 57.80 0.22 4198 1.00 2189 77.11 4 1179 15.70 7251 5425 050 4525 095 19.55 79.50
5 21.09 16.81 62.10 59.59 0.15 40.26 0.77 2553 73.70 5 14.01 16.93 69.06 58.92 047 4061 0.19 2193 77.88

T=313.15K T=313.15K
16.22 6.29 7749 46.56 1.16 5228 243 8.47 89.10 1266 7.10 80.24 4361 1.66 54.73 214 8.96 88.90
18.18 6.57 75.25 4755 1.09 5136 1.92 9.14 88.94 13.85 7.36 78.79 46.41 147 5212 1.98 9.45 88.57
19.02 6.70 74.28 52.16 0.83 47.01 1.80 9.65 88.55 1548 7.68 76.84 4895 121 49.84 181 10.27 87.92
22.03 7.13 70.84 58.89 0.67 4044 166 10.60 87.74 19.74 860 71.66 50.58 1.15 4827 0.10 1298 86.92
26.18 7.73 66.09 60.06 0.61 39.33 0.09 1298 86.93 22.34 916 6850 51.93 1.12 46.95 0.04 1476 85.20

s wWNE
apsrwN

Il water (Millipore, Bedford, MA) was used in all aqueous Table 3. Mass Fraction for the L35 () + MgSOs (W) + Hz0 (wy)

. Systems
solutions. n - . : -
. . overall composition upper ase ower ase
Phase DiagramsAqueous two-phase systems were prepared tie P pperp P
L . .- . line 100w; 100w, 100wz 100w; 100w, 100wz 100w; 100w, 100ws

by weighing appropriate quantities of L35 or F68, sodium sulfate

or lithium sulfate or magnesium sulfate), and water on an T=283.15K

( tical bal G hgk AG200. B ), i ith . 1 3918 313 57.69 4574 044 5382 577 1805 76.18

analytical balance (Gehaka, AG200, Brazil), with a given > 4409 376 5215 51.14 026 4860 512 2092 73.96

uncertainty oft 0.0001 g. Liquid-liquid equilibrium cells were 3 4719 4.16 4865 56.45 0.14 4341 397 2338 7265

used to carry out phase equilibrium determinations. Typically 4 5164 471 43.65 6267 0.05 3728 351 2563 70.86
5 5548 521 3931 67.33 001 32.66 3.71 26.62 69.67

30 g of system was prepared. After vigorously stirring of the
system, until it became turbid, it was placed in a temperature- 4500 331 6169 11—92598-%58*; 5703 483 1472 8045
controlled bath (Microquimica, MQBTC 99-20, Brazil, with an 3008 381 5711 4739 058 5203 476 1655 7869
uncertainty of+ 0.1 K) for 24 h at (283.15, 298.15, or 313.15)

. 431 5254 5318 042 4640 4.01 1946 76.53
K. The top and bottom phases were collected for characteriza- 4723 481 4796 5815 025 4160 3.12 22.00 74.88
tion.

51.31 531 43.38 63.23 012 36.65 196 23.81 74.23
Quantitative Analysis.The concentration of a salt (MO,

and LbSOy) was determined by using capillary electrophoresis
(Agilent CE DEO1602497 model, USA). The standard deviation
in the salt mass percent by this method wa®9.08 %. The
concentration of a salt (MgS{Pwas determined by using atomic
absorption spectrophotomety (Carl Zeiss JENA model AAS-3, Table 4. Mass Fraction of the F68 @) + MgSOs (W) + Water (ws)
Germany). The standard deviation in the salt mass percent bySystems
this method wast- 0.06 %. The concentrations of L35 and F68 = gverall composition upper phase lower phase
were determined by measurements at 298.15 K using ajine 100w, 100w, 100w; 100w, 100w, 100ws; 100w; 100w, 100w
refractometer (Analytic Jena AG Abbe refractometer 09-2001 = 28315 K
model, Germany)®1’ Since the refractive index of the phase 1 1720 458 7822 2596 1.84 7220 587 828 85.85
samples depends on the total concentration (copolymer and salt2 1948 521 7531 3047 144 68.09 583 9.68 84.49
concentrations) and is an additive property, copolymer concen- 3 21.30 571 7299 32.88 113 6599 521 1237 8242

. . . . 4 2312 621 7067 3502 091 6407 443 1488 80.69
trations were obtained by subtraction from the total solution 5 5,51 71 6835 3713 084 6203 384 1691 7925
composition (refractive index), the salt concentration measured
by capillary electrophoresis or atomic absorption spectrometry.
The standard deviation in the triblock copolymer mass percent
was at the order ot 0.03 %. The concentration of water was
determined by freeze-drying (Speed Vacuum Concentration
HETO, model VR-1, Denmark) at-20 °C for 24 h!® The
standard deviation of the water mass percent wa3.06 %.
All analytical measurements were performed in triplicate.

grwWN R
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3486 2.73 6241 4334 052 56.14 335 10.09 86.56
39.94 323 56.83 5042 030 49.28 3.12 1245 8443
. 3.73 5125 56.18 0.21 4361 289 15.05 82.06
50.10 4.23 45.67 6227 0.13 3760 223 1850 79.27
55.18 4.73 40.09 68.72 0.05 31.23 170 21.13 77.17
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2197 628 7175 3676 084 6240 042 1432 8526

16.94 4.03 79.03 26.33 166 72.01 6.38 6.72 86.90
1945 453 76.02 3137 134 67.29 6.36 8.14 85.50
20.85 4.81 7434 3290 118 6592 6.02 9.21 84.77
2245 513 7242 3461 107 6432 589 10.75 83.36

Results and Discussion 26.18 5.88 6794 41.09 101 5790 586 1250 81.64

b wWNE

The liquid-liquid equilibrium data, expressed in mass
percent, of the L35NaS0Oy, L35—Li,S0O4, L35—MgSOy, and sulfate ATPS systems. On the other hand, in the-R@§SO,
F68—-MgSQ, systems at (283.15, 298.15, and 313.15) K are ATPS system, which has a small hydrophobic/hydrophilic
given in Tables 1 to 4. It is observed that in the biphasic systemsratio?? the amount of water in the top phase is similar to the
an increase in global composition promoted an increase in well-known poly(ethylene oxide} sulfate+ water systems.
copolymer and salt segregation, which is in agreement with the Interestingly, the amount of water in the top phase is not
reported experimental results for the other aqueous two-phasenfluenced very much by the electrolyte nature.
systemsg?220 However, as a consequence of the hydrophobic  The binodal curves for each ATPS, at two temperatures, are
contribution of the PO segmentsin the L35-sulfate biphasic shown in Figures 1 to 4. For all ATPS systems the phase
systems, the top phase water content is markedly lower thanseparation process is endothermic, with a significant temperature
the water concentration observed in the top phase of PEO effect on equilibrium compositions of all ATPS, except for
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Figure 1. Temperature effect on the phase diagram for the L3541) Figure 4. Temperature effect on the phase diagram for the F68H1)
NaSQO; (2) + water (3) system:O, 298.15 K;a, 313.15 K. MgSQy (2) + water (3) system:O, 298.15 K;a, 313.15 K.
20 Table 5. Tie Lines Slope Values for L35-Nay;SOs, L35—Li S0y,
] L35—MgSO0O4, and F68-MgSO, Systems
60 L35—NaSOy
504 tie line T=298.15K T=313.15K
1 —2.97 —6.04
40+ 2 —2.91 —5.67
3 3 —-2.64 -5.71
S 30- 4 —2.62 —5.77
- 5 —2.32 —4.85
20 )
L35-Li,SO,
104 tie line T=298.15K T=313.15K
0- 1 —3.03 —5.68
i : : . i i 2 —2.83 —5.57
0 5 10 15 20 25 30 3 —2.85 —-5.20
4 —2.80 —4.27
100 w, 5 ~2.74 -3.80
Figure 2. Temperature effect on the phase diagram for the L35+1) L35-MgSOy
LioSOs (2) + water (3) system:O, 298.15 K;a, 313.15 K. —
tie line T=283.15K T=298.15K T=313.15K
704 1 —2.27 —2.67 —4.18
2 —2.23 —2.67 —3.89
60 1 3 —2.26 —2.58 —3.59
1 4 —2.31 —2.53 -3.27
1 5 —2.39 —2.59 —-3.18
50
40 1 F68-MgSO,
T tie line T=283.15K T=298.15K T=313.15K
S 301 1 —3.12 ~3.06 -3.94
1 2 —2.99 —3.02 —3.68
20 3 —2.46 —2.67 -3.35
1 4 —2.19 —2.59 —2.97
10+ 5 —2.07 —2.70 —-3.07
04 . .
: : : : : : The effect of polymer molecular weight, at three different
0 5 10 15 20 25 30 temperatures, can be observed in Figures 5 to 7. At (283.15
100 w, and 298.15) K, the larger polymer molecular weight (F68, 8400
g-mol~1) induces the separation of phases more easily than L35

Figure 3. Temperature effect on the phase diagram for the L35+1) . >
MgSQy (2) + water (3) system:O, 298.15 K:a, 313.15 K. (1900 gmol™1). As expected, an increase in the macromolecule

size causes a decrease in the number of different molecular
configurations resulting in a decrease in polymer miscibility.
This effect of polymer molecular weight on the binodal curve

. - NI . __occurs in almost all ATPS systerfisHowever as shown in
potassium phosphate a similar change in binodal curve IOOSItICmFigure 7, the temperature increase could inhibit the effect of

yvith temperature change. As show_n in Table 5, the temperaturepoIymer molecular weight on the binodal position.

increase caused a spontaneous dn‘_fu5|on of wgter from the top It is evident from Figure 8 that the phase separation process
phase to the bottom phase, changing the tie line slope (STL). gccyrring in ATPS formed by L35 or F68 with sulfate salts,
The tie line slope is defined as the ratio: SH(Apoyme/Asa) ~ for both temperatures, is almost independent of the cation
in which ApolymerandAsarrare respectively the difference of the  species. On the other hand, the effectiveness of various salts to
compound concentration in the two coexisting phases. This form aqueous two-phase systems with PEO is dependent on
water transference is more pronounced in the L35 ATPS, the cation characteristics (size and charge). For example, the
probably caused by a higher hydrophobic/hydrophilic bal- sodium sulfate concentration required to form a two-phase
ance?4 systems is lower than that of Zn$&

L35—MgSQO, biphasic system. In a previous study, Mendes da
Silva et al?® found for L35—potassium phosphate and F68
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Figure 5. Influence of copolymer molecular weight on phase diagram of

the copolymer (1)+ MgSQOs (2) system at 283.15 K:4, L35 (1900
g-mol~Y); v, F68 (8400 gmol).
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Figure 6. Influence of copolymer molecular weight on phase diagram of

the copolymer (1)+ MgSOs (2) system at 298.15 K:4, L35 (1900
g-mol1); v, F68 (8400 gmol1).
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Figure 7. Influence of copolymer molecular weight on phase diagram of

the copolymer (1)+ MgSOs (2) system at 313.15 K:4, L35 (1900
g-mol1); v, F68 (8400 gmol1).

Conclusion

Aqueous solutions of two triblock copolymers, L35 and F68,

and certain sulfate salts @S0y, NaSQy, and MgSQ) when

mixed together in appropriate concentrations separate to form ”
aqueous two-phase systems. These biphasic systems differ fronf*®)

the classic PE©sulfate ATPS systems by the small influence

that either temperature or the nature of the cation have on the
binodal position. Furthermore, the top phase of the ATPS formed (15)
by L35 and F68 are more hydrophobic than the phase-enriched
PEO molecule, suggesting a potential application of the

0 5 10 15 20 25 30
100 W,

Figure 8. Influence of cation on phase diagram of the L35 {1}yalt (2)
systems at 313.15 K@, NaSQOy; A, MgSQ,.

copolymer ATPS in extraction/purification of water-insoluble
solutes.
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