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Interfacial Tension of Poly(ethylene glycol) + Salt + Water Systems

You-Ting Wu, Zi-Qiang Zhu,* and Le-He Mei

Chemical Engineering Department, Zhejiang University, Hangzhou 310027, P.R. China

The interfacial tension of eight poly(ethylene glycol) (PEG) + salt aqueous two-phase systems, PEG +
(NH,),S0O,4, PEG + K;HPO,, PEG + xK;HPO, + KH;PO, (x is the molar ratio of K;HPO, to KH,PO,, x
= 1.42, pH = 7.0), PEG4000 + xK,;HPO, + KH,PO, (at different pH or x values), PEG + K3PO,4, PEG +
Na,SO,4, PEG + MgSO,, and PEG + Na,COj3 systems, is reported. The influence of polymer molecular
weight and concentration, salt concentration and type, and the total solute compositions on the interfacial

tension has been studied.

Introduction

Agueous two-phase extraction is useful for separating
materials of biological origin. In this technique, the
interfacial tension (o) between the phases is an important
determining factor that influences the partitioning behav-
ior of particles or cells because such materials usually
distribute themselves between the interface and one of the
two bulk phases, leaving the other phase depleted of
particles (Bamberger et al., 1984). The degree to which
interfacial adsorption will occur increases with increasing
o because of the decrease in free energy associated with
loss of free liquid—liquid interfacial area between the
native phases. To understand the mechanism behind the
distribution of particles in aqueous two-phase systems, it
is of interest to know the properties of the liquid—Iliquid
interface and particularly the values of the interfacial
tension.

Ryden and Albertsson (1971) were the first to report
results on the interfacial tension of polyethylene glycol +
dextran + water systems. They investigated the effect of
total polymer concentration (tie-line length) on interfacial
tension. Other studies of the interfacial tension of PEG +
dextran systems include those of Bamberger et al. (1984)
and Forciniti et al. (1990). Bamberger et al. studied the
effect of the type and concentration of salt additives on the
interfacial tension, while Forciniti et al. systematically
determined the interfacial tension and explored the influ-
ence of polymer molecular weight, total polymer concentra-
tion, and temperature on the interfacial tension. As to
polymer + salt + water systems, Jafarabad et al. (1992)
measured the interfacial tension of PEG4000 + phosphate
(pH = 7.0) and PEG4000 + Na,S0O, systems at 30 °C, using
a stalogmometer with the determination error of 10%.
Except for this, there are few published interfacial tension
data, or descriptions of the factors that influence interfacial
tension.

This study presents data on interfacial tension for
different polymer + salt + water systems and explores the
influence of the total solute concentration, polymer molec-
ular weight and concentration, and salt type and concen-
tration on the interfacial tension.

Materials and Methods

Materials. Poly(ethylene glycols) were purchased from
Shanghai Chemical Reagent Factory (P.R. China), with six
different number average molecular weights (M,) of 1000
(950—1050), 1500 (1300—1700), 2000 (1900—2100), 4000
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(3000—4500), 6000 (5500—7500), and 20 000 (18 000—
20 000). All other chemicals were analytical grade with
purities of more than 99.5 mass %. Stock aqueous solutions
of PEG (30—50 mass %) and salt (30—50 mass %) were
prepared using double-distilled water and were checked by
measuring the dry mass (vacuum drying).

Methods. Phase systems of 80 g each were prepared
by mass from the PEG and salt stock solutions (thoroughly
mixed before weighing). Water was added to reach the
final mass. After thorough mixing, the systems were
placed in a water bath for 8 h to separate the two phases.
The top and bottom phases were then separated with pipets
(the bottom phase is taken through the top phase using a
small positive pressure to avoid contamination). Each
phase was kept in the water bath and was shaken violently
before using. The compositions of each phase were deter-
mined from phase diagram data in the literature, using
the average tie-line slope method as proposed by Zaslavsky
(1995). The phase diagrams of PEG + (NH,4),SO, and PEG
+ K3PO, systems are from our own research group (Mei,
1988), PEG + xK;HPO, + KH;PO, (x is the molar ratio of
K;HPO, to KH,PO,4, x = 1.42, pH = 7.0) systems from
Albertsson (1986), PEG + K;HPO, and PEG4000 +
xK;HPO,4 + KH,PO, (at different pH or x values) systems
from Peng et al. (1994), and PEG + Na,SO,, PEG +
Na,CO3; and PEG + MgSO, systems from Snyder et al.
(1992), respectively. The density of each phase was also
determined to be +0.2 kg-m~2 using a 5 cm? density bottle
and a 0.1 mg balance.

Interfacial Tension Measurements. A self-constructed
spinning drop tensiometer was used in this work to
determine the interfacial tension. We have reported its
construction and calibration elsewhere (Wu et al., 1996)
and will not describe the details here. The apparatus is
capable of determining very low interfacial tensions (<0.01
mN-m~1) with a precision of 3%. For interfacial tensions
larger than 0.05 mN-m~1, the apparatus has been tested
by determining the interfacial tension of butan-1-ol +
water, 2-methylpropan-1-ol + water, butyl acetate + water,
butan-1-ol + air, and some PEG + dextran + water
systems, with an error of about 3%. The temperature of
the apparatus was thermostated at the determination
temperature to +2 °C using an outer air bath. The
spinning drop tensiometer consists of a one-side sealed,
Pyrex glass tube which spins about its axis of symmetry
in a horizontal position. The rotating tube was filled with
the bottom phase using a 10 cm3 syringe; a tube lid with a
small central hole was put on to avoid the liquid flowing
out. Then a small drop of top phase (usually 0.5—5 uL)
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Table 1. System Composition (100Wa and 100Wg), Phase Concentration Differences (100AWa and 100AWg), Density
Difference (Ap), Tie-Line Length (TLL), and Interfacial Tension (¢)2

100W, 100Ws 100AW. 100AWs Aplkg:m=2 TLL o/mN-m-t 100W, 100Ws 100AW. 100AWs Aplkg:m=3 TLL o/mN-m-t
PEG4000 (A) + XKzHPO, + KH,PO,
PEG1000 (A) + (NH.)2S04 (B) at 25°C (x = 0.353, pH = 6.0) (B), at 25 °C
13.00 1418 2420  12.80 27.40  0.0180 9.38 1245 1175 6.53 365 1344  0.0372
1500 14.00 28.80  15.75 30.2 3280 0.0702 953 1270 1522 8.48 412 1742  0.0546
16.75 1550 3525  19.75 438 4040  0.265 9.89 1315  18.92  10.60 493 2169  0.0895
1850 16.00 4120  22.75 56.7  47.06  0.501 0.86 13.88 2204  12.86 60.3 2552  0.133
PEG4000 (A) + xK;HPO, + KH,PO,
PEG2000 (A) + (NH4),SO0;4 (B), at 25 °C (x=1.26, pH = 7.0) (B), at 25 °C
9.00 1245  21.00 9.80 132 2317 0.0211 10.05 1071  15.29 7.46 386 1701  0.0511
9.00 1340 2710  12.60 16.7  29.89  0.0870 10.65 11.13  19.96 9.70 465 2219 0.101
9.00 1490 3173  15.30 226 3523 0.214 11.37 1147 2335  11.35 540 2596  0.144
9.00 1570 3440  16.65 254 3822  0.300 1156 12.03  26.09  13.01 602  29.15  0.209
12.43 12.88  29.85  15.34 744 3356  0.301
PEG4000 (A) + xK:HPO, + KH,PO,
PEG4000 (A) + (NH4)zSO4 (B) at 25 °C (x = 3.55, pH = 8.0) (B), at 25 °C
7.00 1095 19.35 20.92  0.0200 9.05 984  11.28 5.25 274 1244  0.0291
7.00 1200 23.83 10.09 10.6 25.88  0.103 931 992  14.92 6.88 323 1643  0.0434
12.00 11.30 28.06  12.72 150  30.81  0.208 9.40 10.66  19.42 9.12 408 2145 0.104
12.90 1246 3220  14.70 209 3540 0.342 0.87 10.86 21.82  10.37 489 2416  0.159
10.81 11.22 2557  12.34 527 2839 0.201
PGE20000 (A) + (NH4),S04 (B), at 25 °C PEG1000 (A) + KsPO; (B), at 25 °C
8.00 862 17.24 6.57 15 1845  0.0105 1507 1225  18.05  10.85 1087  21.06 0.386
10.00 855 2257 8.25 47 2403  0.0503 1508 1310 2475  14.15 1164 2851 0.527
10.00 913 2558 9.41 57 2726  0.0923 1519 13.98  29.65  17.15 1253 3425 0.715
11.00  9.90 32.00  11.84 95 3412 0.203 1498 1504  32.80  19.40 1332 3811 0.861
PEG1500 (A) + xK,HPO, + KH,PO,
(x = 1.42, pH = 7.0) (B), at 20 °C PEG4000 (A) + KsPO, (B), at 25 °C
10.74 1366  18.92  11.03 652  21.90 0.0732 9.92 10.09  14.15 7.10 544 1583  0.251
9.99 1521 2396  14.02 833 2776  0.181 9.84 1140 2115  10.25 640 2350 0.394
928 1667 2748  16.34 980  31.97 0.266 1032 13.04 2910  13.75 839 3069 0.585
856 1813 3052 1855 1103 3572  0.425 9.97 1400 3282 1515 926 3615 0.747
PEG4000 (A) + xK;HPO, + KH,PO,
(x = 1.42, pH = 7.0) (B), at 20 °C PEG1000 (A) + Na,COs (B), at 25 °C
9.42 1137 1173 5.87 438 1312 0.0200 1537  6.97  22.44 8.11 404 2386  0.0687
8.67 1336 2260  11.85 628 2552  0.204 1627 748 2841 9.93 555 3010 0.229
793 1530 2714  14.86 786 3094 0.342 17.93  7.98 3428  12.39 720 3645  0.459
6.40 1934 3264  19.22 1104  37.88  0.641 2022 845 3842  14.46 88.4  41.05 0.751
487 2337 3814 2358 1386  44.84 1.19 2211 953 4305  17.09 109.6 4632 1.20
PEG6000 (A) + xK:HPO, + KH,PO,
(x = 1.42, pH = 7.0) (B), at 20 °C PEG4000 (A) + Na,COs (B), at 25 °C
826 1065 17.55 7.71 345 1917  0.0530 1404 644  26.30 7.88 364 2746  0.189
779 1217 2273 1050 500 2504 0.161 16.885 7.03 3377  10.80 521 3545  0.477
7.41 1327 2518  12.02 573  27.90 0.213 18.90  7.945 37.80  13.07 707 4000  0.897
7.04 1437 2763 1353 662  30.76  0.268 2137 8605 4274 1535 881 4541 1.33
23285 0970 4647  17.98 1100  49.92  1.99
PEG20000 (A) + xKoHPO, + KH;PO,
(x = 1.42, pH = 7.0) (B), at 20 °C PEG1000 (A) + Na,SO, (B), at 25 °C
10.04  7.92 5.89 2.00 16.7 6.22  0.0091 1590 910  23.6 10.6 620 2587  0.0809
991 836 11.30 4.05 220 12,00 0.0288 1835 925 311 14.2 852 3419 0.220
969 894 1528 5.63 286  16.28  0.0686 18.30 1030  35.0 15.8 99.3 3840 0.410
930  9.97  20.32 7.35 341 2161  0.0870 18.90 11.10  38.2 17.3 1134 4193  0.633
PEG1000 (A) + K;HPO, (B), at 25 °C PEG4000 (A) + NaySO; (B), at 25 °C
1168 1225 2234  10.43 415 2465  0.0250 1245 850 201 8.00 430 2163 0.248
1333 12.65 29.74  14.17 759 3294 0.146 14.075 8725 241 9.50 514 2590 0.368
1364 1350 3238  17.20 940  36.66 0.242 1570 895 285 11.2 60.4  30.62  0.479
13.86 1534 3411 2131 1238 4022  0.524 17.65 990  34.7 13.7 789 3731  0.800
PEG2000 (A) + K;HPO, (B), at 25 °C PEG1000 (A) + MgSO4(B), at 25 °C
10.43 1046  18.86 8.32 420 2061  0.0436 1845 825 240 9.30 778 2574  0.0589
1113  10.66  22.01 9.65 50.6  24.03  0.0742 1865 885  29.3 11.3 964 314  0.155
1212 1112 2749  12.57 628 3023  0.140 19.35 940  33.2 12.9 1142 3562  0.280
13.07 11.64 3143  15.03 740 3484 0.280 19.90 9.80 354 13.7 1239  37.96 0372
PEG4000 (A) + K;HPO, (B), at 25 °C PEG4000 (A) + MgSO; (B), at 25 °C
9.90 899 10.96 457 250  11.87  0.0270 1510 7.65 206 9.10 720 2252  0.308
9.97 908 1361 5.59 285 1471  0.0420 16.85 825 251 11.0 886 274 0532
1045  9.81 21.86 9.21 409 2372 0.116 1860 835 275 12.1 99.8  30.04 0.661
10.89 1028  26.00  11.67 50.4 2850 0.169 19.40 8580 299 13.1 1088  32.64 0.785
12.48 1143 3110 1559 659 3479 0.316

ax is the molar ratio of K;HPO,4 to KH,PO4. The phase diagrams of PEG + (NH4)2SO4 and PEG + K3PO4 systems are from our own
research group (Mei, 1988), PEG + xK;HPO4 + KH,PO4 (x = 1.42, pH = 7.0) systems at 20 °C from Albertsson (1986), PEG + NayCOs,
PEG + NazS04, and PEG + MgSO, systems from Snyder et al. (1992), and PEG + K;HPO,4 and PEG + xK;HPO, + KH,PO, (at different
pH or x values) systems from Peng et al. (1994).
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Table 2. Correlation Results of Interfacial Tension versus TLL, AW,, and AWg for PEG (A) + salt (B) Systems with Eqgs

4—6
system a1 b1 az b, as b3

PEG1000 + (NH4)2SO04 —10.59 6.19 —10.42 6.31 —8.16 5.82
PEG2000 + (NH4)2S04 —8.99 5.37 —8.88 5.45 —6.64 5.03
PEG4000 + (NH4)2SO04 —8.68 5.35 —8.75 5.55 —5.66 4.50
PEG20000 + (NH4)2S04 —8.06 4.85 —7.89 4.82 —5.98 5.01
PEG1500 + xK;HPO,4 + KH2PO4 (x = 1.42, pH = 7.0) —5.86 3.53 —5.73 3.60 —4.59 3.33
PEG4000 + xK;HPO4 + KH2PO4 (x = 1.42, pH = 7.0) —5.37 3.29 —5.36 3.43 —3.90 291
PEG6000 + xK;HPO,4 + KH2PO4 (x = 1.42, pH = 7.0) —5.73 3.49 —5.78 3.64 —3.85 2.93
PEG20000 + xK;HPO4 + KH2PO4 (x = 1.42, pH = 7.0) —3.55 1.90 —3.51 1.91 —2.59 1.80
PEG1000 + K.HPO, -9.92 5.96 —10.66 6.63 -5.78 4.15
PEG2000 + K;HPO4 —5.85 341 —5.85 3.51 —4.13 3.02
PEG4000 + K;HPO4 —3.98 2.23 —3.96 2.28 —2.86 1.98
PEG4000 + xK;HPO4 + KH2PO4 (x = 0.353, pH = 6.0) —3.70 1.99 —3.62 2.02 —3.00 1.90
PEG4000 + xK;HPO4 + KH2PO4 (x = 1.26, pH = 7.0) —4.81 2.81 —4.73 2.85 —3.66 2.66
PEG4000 + xK;HPO,4 + KH2PO4 (x = 3.55, pH = 8.0) —4.34 2.52 —4.25 2.54 —3.32 2.43
PEG1000 + K3PO4 —2.21 1.35 —2.10 1.33 —1.86 1.39
PEG4000 + K3PO4 —2.19 1.32 —2.06 1.26 —1.80 1.39
PEG1000 + Na,CO3 —6.99 4.25 —6.99 4.33 —3.93 3.27
PEG4000 + NaxCO3 —6.43 3.96 —6.61 4.14 —3.30 2.88
PEG1000 + NaySO4 —-7.09 4.23 —6.93 4.24 —5.39 4.16
PEG4000 + NaySO4 —3.41 2.10 —3.34 2.10 —2.53 2.13
PEG1000 + MgSO4 —7.93 4.76 —7.79 4.76 —5.82 4.75
PEG4000 + MgSOs4 -3.95 2.55 —3.84 2.54 —-2.98 2.58

was injected, and the rotating rate of the axis was raised

slowly. The above process needs rapid and skillful opera-

tion to avoid having the top phase stray to the tube wall. 104

The drop size (diameter and length) at different rotational i

velocities, w, was recorded to calculate the interfacial - i

tension. The interfacial tension of each system was KE ‘

measured over a range of 2000 to 7000 rotations per minute :

(rpm) to guarantee that gyrostatic equilibrium is reached. z ]

The estimation method, as developed by Princen et al. £ 0104

(1967), was used to calculate interfacial tension. The ™~ ]

estimated accuracy of this method is better than 0.05% and b ]

is negligibly small when compared with the uncertainty of 1

the measured drop size. Thus, the total accuracy of the ]

interfacial tension measurement is in agreement with the ]

calibration error of 3%.

0.01 5

Results and Discussion ]
For each PEG (A) + salt (B) system, Table 1 lists the 10 20 30 40 50 60

total compositions (100W, and 100Wg), concentration dif- TLL

ference of PEG (100AW,), concentration difference of salt
(100AWSg), density difference between the phases (Ap), the
tie-line length (TLL) and interfacial tension (o) studied at
the given temperature. AW,, AWg, Ap, and TLL are
defined as follows:

AW, =W] —W? i=AorB (1)
Ap=p" —p° @)
TLL = 100(AW,? + AW 22 (3)

where the superscripts T and B stand for the top phase
and the bottom phase, respectively. W, and Wg are the
mass fractions of PEG and salt, respectively. In Table 1,
xK>oHPO, + KH,PO, is the mixed salt, the molar ratio, x,
of K;HPO, to KH,PO,, and therefore the pH value, may
be different. Table 2 shows the correlation results accord-
ing to the following three equations as adopted from the
literature (Bamberger et al., 1984; Forciniti et al., 1990):

log o =a,; + b, log(TLL) (4)
log o = a, + b, log(100AW,) (5)
log 0 = a5 + b log(100AW) (6)

Figure 1. Log—log plots of interfacial tension versus tie line
length (TLL) for PEG + (NH4).SO4 systems at 25 °C: (O)
PEG1000; (O0) PEG2000; (+) PEG4000; (¢) PEG20000.

where a; and b; are correlation parameters. It is found that
the above three equations provide good fits to the experi-
mental data with most of the correlation coefficients being
better than 0.98 (not shown).

Figures 1 and 2 are log—log plots of interfacial tension
versus TLL and AWg, respectively, for PEG (A) + (NHy),-
SO, (B) systems. In general, increasing the molecular
weight of polymer increases the interfacial tension. This
can best be seen by referring to the log—log plots of o versus
AWsg. For example, the log—log plots of o versus TLL in
Figure 1 show that the interfacial tension of the PEG20000
+ (NH,4)2:SO4 system is below that of the PEG4000 +
(NH,4),SO, system at the same TLL value, but the log—log
plots of o versus AWg in Figure 2 reflect the correct
relationship of increasing interfacial tension with increas-
ing molecular weight of polymer at the same AWg value.
A similar situation also occurs in PEG + K3PO,4 systems.
It reveals that the salt concentration and the unsym-
metrical partitioning of salt between the two bulk phases
are the primary determining factors which affect the
dependence of interfacial tension on polymer molecular
weight, while the total composition (represented by the
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Figure 2. Log—log plots of interfacial tension versus salt differ-
ence (100AWg) for PEG + (NH4):SO4 systems at 25 °C: (O)
PEG1000; (O0) PEG2000; (+) PEG4000; (¢) PEG20000.
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Figure 3. Log—log plots of interfacial tension versus salt differ-
ence (100 AWg) for PEG4000 + phosphate systems at 25 °C: (O)
XK2HPO4 + KH2PO4, X= 0.353, pH = 6.0; (D) XKzHPO4 + KH2PO4,
x = 1.26, pH = 7.0; (a) xKzHPO,4 + KH2PO4, x = 3.55, pH = 8.0;
(+) K2HP04; (X) K3PO4.

plots of o versus TLL) and the polymer concentration are
the secondary ones. It can also be inferred from the
correlation results in Table 2 that the slopes, b;, have a
general trend of decreasing with increasing polymer mo-
lecular weight. Exceptions to this trend may be attributed
to experimental errors of the interfacial tension and the
tie-line data of phase diagrams.

It is found that the salt type has also a very strong
influence on the interfacial tension. Figure 3 shows the
log—log plots of o versus AWg at 25 °C for PEG4000 +
xK;HPO, + KH,PO, (at different pH or x values), PEG4000
+ K;HPO,, and PEG4000 + K3PO, systems. A tendency
of increasing interfacial tension with increasing pH value
is found. It implies that the higher valence of phosphate
has a larger influence on the interfacial tension, and the
order of the increasing interfacial tension is PO43~ >
HPO42~ > H,PO,~. As to the interfacial tension of PEG +
sulfate systems, Figure 4 gives the log—log plots of o versus
AWs. The order of increasing interfacial tension is Mg2+
> Nat > NH,".

-1
o
L Ll

a/mN.m

11 ou il

0.01 ——— T
5.0 10.0 20.0 30.0

100 AWs

Figure 4. Log—log plots of interfacial tension versus salt differ-
ence (100AWsg) for PEG1000 + sulfate and PEG4000 + sulfate
systems at 25 °C: (O) PEG1000 + (NH,4),SO,; (O) PEG1000 +
NazS0y; (A) PEG1000 + MgSOy; (+) PEG4000 + (NH4)2SO04; (x)
PEG4000 + Na,SO4; (*) PEG4000 + MgSOs..
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