polymer

EL EVIE Polymer 41 (2000) 1109-1117

Vapor-liquid equilibria for some concentrated agueous polymer solutions

A. Striolo*® J.M. Prausnitz®*

#Chemical Engineering Department, University of California, Berkeley, CA 94720, USA
PChemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

Received 19 January 1999; received in revised form 25 March 1999; accepted 29 March 1999

Abstract

Vapor-liquid-equilibrium data were obtained for binary aqueous solutions of six water-soluble linear polymers in the range./—-95
classical gravimetric sorption method was used to measure the amount of solvent absorbed as a function of vapor-phase water pressure
Polymers studied were polyvinylpyrrolidone, polyethyleneoxide, polyvinylalcohol, hydroxyethylcellulose, polyethylenimine, polymethyl-
vinylether. The experimental data were reduced with Hino’s lattice model that distinguished the interactions due to London dispersion forces
and those due to hydrogen bondir@1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction [55,14] indicated that the crystallinity of PVA is insignif-
icant. Even at very low vapor-phase water pressures, PVP

Water-soluble polymers have a variety of industrial appli- gave a liquid-like appearance.
cations; e.g. they are used in petroleum extraction [1], in
metallurgy [2,3], in pharmacology [4,5], in the paper and 2.2. Apparatus
coating industries [4,6], as well as in biotechnology [7-12].

Numerous studies have reported the equilibrium proper-  Vapor—liquid-equilibrium data were obtained using a
ties of aqueous polymer solutions [13—22], or their aqueous gravimetric-sorption method previously described by
solutions with proteins [23—35]. However, most attention Several authors, e.g. Bonner and Prausnitz [56]; Bonner
has been given to dilute solutions [36—46]. Only a few [57]; Gupta and Prausnitz [58]. Fig. 1 shows a schematic
studies have reported the results for concentrated aqueou$liagram of the apparatus. The entire system is submerged in

solutions [47-53]. an air bath controlled to within-0.3°C.
The aim of the present study is to improve our under- Each glass chamber contains one aluminum pan
standing of concentrated aqueous polymer solutions. suspended from a quartz spring (Ruska Instruments Corp.,

This work presents some new experimental vapor—liquid Houston, TX). The calibrated springs have a sensitivity of
data in the range 70-96. These data, along with some about1 mg/mm and a maximum load of 250 mg. Within this
previously published results, are here interpreted usingfange, the elongation of each spring is linear with respect to

Hino's lattice theory for hydrogen-bonded systems. change in mass. . _
A cathetometer (Wild, Heerbrugg, Switzerland) is used to
measure the extension of the springs and the mercury levels
2. Experimental of the manometer.

2.1. Materials 2.3. Experimental procedure

Distilled water was degassed with a standard freeze-thaw. tPonme_r salmple§ ?1ft kgomlm mass (20_35_?;19) aretplac_ed
procedure described by Panayiotou and Vera [54]. The poly- Itﬂ N prewous()j/ _ngfg fz 22?'{'””1 pans. _de slys gn: IS
mer properties are shown in Table 1. Density measurements en vacuum-dried for 12— to remove residual moisture

and solvent. To obtain reproducible data, the solvent (water)
*Corresponding author. Chemical Engineering Department. Fel: is introduced by opening and then closing the valve be,tween
510-642-3592; fax:+ 1-510-642-4778. the solvent flask and the evacuated glass chambers, increas-
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Table 1
Polymer propertiesM,,, weight average molecular weighly, glass transition temperatur&;, melting temperature; PVP, polyvinylpyrrolidone; PEO,
polyethyleneoxide; PVA, polyvinylalcohol; PVME, polymethylvinylether; PEI, polyethylenimine; HEC, hydroxyethylcellulose)

Polymer Supplier Lot # My T,y (°C) Tm (°C)
PVP Aldrich 03514 MT 10 000 g6 -
PVP Polysciences, Inc. 446473 1000 000 286 -
PEO Aldrich 02421 AT 100 000 - 65
PEO Aldrich 00613 MP 4000 000 - 65
PVA Aldrich 00918 AG 124—-186 000 85 230
PVME Aldrich 10819 JQ 60 000 -34 b
PEI Aldrich 12922 PQ 750 000 —23.5 58.5
HEC Polysciences, Inc. 96775 90-105 000 - -

#From Molyneux [14].
® Amorphous in commercially available samples [14].

pressure at the experimental temperature. After a waiting activity, a;, is given by the ratio of the measured pressure to
period from 12 to 24 h, the system is evacuated one morethe water saturation pressure at the system temperature;
time for several days; only then are dry polymer-sample water saturation pressures are from Ref. [59].
weights measured. Cathetometer measurements have an uncertainty of
The pressure is increased a little by briefly opening the 0.05 mm. Replicate measurements indicate that mass read-
valve to the solvent flask. The system is allowed to equili- ings have a precision of 0.1 mg, while pressure readings
brate anywhere from 6 h to a few days, after each solventhave a precision of 0.04 kPa. The uncertainty in solvent
injection. Equilibrium is assumed when measurements in weight fractiorw, is 5% forw, = 0.05 and somewhat higher
spring length do not change more tharD.05 mm in a for w; = 0.05.
12-h period. Reliability of the apparatus was established by reprodu-
When the pressure is about 90% of the water saturationcing the published experimental vapor—liquid-equilibrium
pressure at the experimental temperature, it is lowered todata for polystyrene in chloroform at 8D [60]. Measured
almost half of its value and the corresponding sorption chloroform activities agree within about5% with the
measured. An experiment is considered successful onlyearlier data.
when the last desorption datum agrees with the previously
measured absorption data.
As the polymer is nonvolatile, the total pressure is equal
to the vapor-phase water pressure above the polymer solu-3. Results and discussion
tion. The vapor is considered to be an ideal gas because the
experimental pressures are low (less than 100 kPa). Solvent Table 2 shows the new data. Fig. 2 shows the sorption
measured for different polymer samples. At equal water
. activity, PEI, HEC, PVP (characterized by more electro-

[61]. This theory is based on an incompressible-lattice
model that considers both specific and nonspecific interac-
tions. Each contact point of a molecule is assumed to
interact in a nonspecific manner with interaction energy
gj or in a specific manner with interaction energy

Fig. 1. Experimental apparatus. gj + dgj, wherei = 1 (solvent) or 2 (solute), and= 1 or

mercury

vertical glass tubes
manometer

:_ : negative and well-exposed polar sites) absorb more water
: . than PEO and PVA, while PYME (whose structure is domi-
I 1 nated by hydrophobic groups) presents a very low water
| | sorption, up to a water activity equal to 0.9. Figs. 3 and 5
I atmospheré - ! vacuum indicate that, at constant water activity, water sorption
: horizontal glass tube ) : - increases with molecular weight. Fig. 4 suggests that
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| quartz 1 observed rise is only within experimental uncertainty.
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Table 2 Table 2 continued
Vapor-liquid equilibria for aqueous solutions of linear polymers
System Water weight fractiomy; Water activity,a;
System Water weight fractiomy,; Water activity,a;
0.282 0.847
Aqueous PVP 0.023 0.103 Aqueous PEI 0.019 0.106
(M,, 10 000) 0.042 0.218 (M,, 750 000) 0.055 0.223
T=73.2C 0.061 0.333 T=825C 0.093 0.336
P;*= 35.76 kPa 0.092 0.472 P§*=52.34 kPa 0.126 0.420
0.102 0.521 0.174 0.537
0.124 0.611 0.220 0.637
0.152 0.699 0.281 0.741
0.189 0.787 0.290 0.754
0.218 0.851 0.345 0.838
0.249 0.899 0.370 0.863
Aqueous PVP 0.029 0.150 0.392 0.902
(M,, 10 000) 0.044 0.243 0.403 0.908
T=94.5C 0.061 0.328 Aqueous PVME 0.001 0.109
P*=82.94 kPa 0.083 0.442 (M,, 60 000) 0.003 0.225
0.114 0.556 T=825C 0.004 0.340
0.145 0.652 P§*=52.34 kPa 0.005 0.336
0.185 0.751 0.007 0.420
0.243 0.847 0.010 0.537
Aqueous PVP 0.018 0.111 0.013 0.634
(M,, 1000 000) 0.038 0.218 0.019 0.754
T=93.5C 0.060 0.322 0.024 0.838
Pi*= 79.93 kPa 0.085 0.410 0.028 0.902
0.116 0.508 0.031 0.908
0.149 0.605
0.183 0.683
0.212 0.740 2. Water activity,a,, is given by:
0.221 0.756
0.285 0.844 Ina,
Aqueous PEO 0.010 0.218
M,, 100 000) 0.018 0.341 1
(T:73.2c 0.031 0.472 =1- ¢1)(1 - r_) tin ¢,
P;*= 35.76 kPa 0.038 0.521 2
0.049 0.599
0.070 0.703
0.096 0.778 + [ql e b +d= d’l)( 1)]
0.132 0.851
0.166 0.899 U1 4
Aqueous PEO 0.010 0.150 - =
(M,, 4 000 000) 0.017 0.243 - J 0 2 ¢ [(1 $°(A+ B(L = 2¢y) + C(L = 2¢1)°)
T=94.5C 0.025 0.328
P*=82.94 kPa 0.035 0.442
0.053 0.558 + $1(1 = ¢1)(—2B(L — by) — 4C(L — 2¢py)(1 — d>1))]
0.073 0.652
0.107 0.751
0.178 0.847 1
Aqueous PVA 0.007 0.111 X d( = )
(M,, 124-186 000)  0.016 0.218 T
T=93.5C 0.026 0.322 (1)
P*= 79.93 kPa 0.037 0.411
0.049 0.508 where the volume fractio and the surface fractiop are
0.064 0.605 defined by:
0.084 0.683
0.106 0.740 & = Nir; @)
0.114 0.756 ! Nlrl —+ N2r2 ’
0.212 0.848
Aqueous HEC 0.020 0.149 N-q-
(My, 90—105 000) 0.033 0.243 o= ()
T=945C 0.046 0.328 N10p + NG
sat __
Pi"=82.94 kPa 0(_31'%29 095'222 In these definitionsN; is the number of molecules of
0.137 0.652 component, while r; andg; are the size and surface para-

0.188 0.751 meters, interrelated by the lattice coordination numizer,
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Fig. 2. Measured sorption at equal water activity: PEIl, HEC, PVP (characterized by more electronegative polar sites) absorb more water than REO and PV
while PVME (whose structure is dominated by hydrophobic groups) presents a very low water sorption up to a water activity equal to 0.9.
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Fig. 3. Aqueous PVP characterized by different molecular weights: increbingt equal water activity, slightly increases the water sorption.
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Fig. 4. Aqueous PVPM,, = 10 000: increasing the temperature may slightly increase the water sorption but the observed increase is within experimental

uncertainty.

(set equal to 6):
zq=riz—2) +2 4

In Eg. (1), is the interchange energy due to nonspecific
London dispersion forces, while is defined by:

o = &+ f12(=de11) + foa(—Bdepp) + f12(20e1,) 5
with

f— 1

v 1+ g'J eXF(Bé‘ij/kT) '

(6)

Eq. (6) gives the fraction of all— j interactions that are
specific, as suggested by ten Brinke and Karasz [§dF a

has been successful in describing the temperature-composi-
tion coexistence curves for several systems [61], this value
has been adopted her€.is a dimensionless temperature
defined as:

7=
&

(7

where k is the Boltzmann constard, B and C were
obtained from computer-generated simulation results [63]
which consider the nonspecific interactions. As previously
discussed by Hino et al. [61], the effect of specific
(hydrogen-bond) interactions was incorporated, as a first
approximation. Following Lambert, but substitutiag for

“degeneracy” parameter. Different values have been tested®: we obtain:

for this parameter (e.g. 500, 5000 and 50 000), without
appreciable difference in the fits obtained. gs= 5000

Table 3
Parameters in Hino's lattice theory for new data

A=ty + al<rz>[exp(%) - 1], ®

Polymer M, 1073 T (°C) rp & (kcal/mol) de1, (kcal/mol) w (kcal/mol)
PVP 10 73.2 545 0.219 —5.342 —0.165
PVP 10 94.5 541 0.217 —5.382 —0.061
PVP 1000 93.5 54 162 0.190 -5.372 —0.066
PEO 100 73.2 4954 0.376 —4.983 1.240
PEO 4000 94.5 196 751 0.310 —4.854 1.330
PVA 155 93.5 6770 0.253 —4.892 1.210
HEC 97.5 94.5 5275 0.161 —5.163 0.509
PEI 750 82.5 40 746 0.105 —5.330 -0.112
PVME 60 82,5 3259 2.155 —5.798 —0.040




1114 A. Striolo, J.M. Prausnitz / Polymer 41 (2000) 1109-1117

1.0

0.9

[ ]

0.8

0.6

°

0.5

Water activity

0.4

° Mw T,°C

0.3

. <« PEO 100,000 73.2
0.2 _—

01 = PEO 4,000,000 94.5

00 | | | |
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20

Water weight fraction

Fig. 5. Aqueous PEO: combined effect of molecular weight and temperature on sorption. Increasing both the parameters sensibly increasesteveater so
equal water activity.

6 0.9864r, — 1) 9 equal to—5.9 kcal/mol. This value, used by Hino, is a
do(r2) = 1+0.8272r, — 1)’ ® reasonable estimate of the hydrogen-bond energy.
e dg1, and ¢ were fit to the experimental water-activity
0.09616r, — 1 .
a(r,) = —1.2374— ar, — 1) (10 data

1+0.14585r, — 1) To obtain physically meaningful parameters, a hydrogen

bond should be betweenl and—10 kcal/mol [65]. When
(11 numerical integration was necessary in Eqg. (1), Simpson’s
rule was used at 101 equally spaced points along the axis of
© the reciprocal of the dimensionless temperature.
C= 1.2({ exp(ﬁ) - 1], (12 Table 3 reports the parameters obtained from fitting the
new data. Table 4 reports the parameters obtained from
In this work,r; was set equal to 1 angd was set equal to  fitting the data of Hwang and Kim [53] and those of Kim
the ratio of molar volumes of polymer chain and water. The
density of water was (.)btamed at the experimental tempera_li?;initers in Hino’s lattice theory for recently published data (PCA
ture from the correlapon proposed by Daubert and Danner polycarbonate; PAA. polyacrylic acid) '
[59]. The PEO density was set equal to 1.1 g/ml [64], the

0.818Gr, — 1)
1+ 0.76494r, — 1)’

B(rp) =

PVA density set equal to 1.2 g/ml [59] and, as the density Polymer r, & (kcal/mol) 3y, (kcal/mol) o (kcal/mol)

data were lacking, all other polymer densities were set equal PVAS 1045 0221 5026 0.805

to 1.0 g/ml. PAA® 68951  0.151 ~5213 ~0.805
PCA® 1324  1.748 —5.483 —0.682

* dg5, Was set equal to 0 because hydrogen bonding
between the polymer chains was neglected.

e dey;, for water—water specific interactions, considered  2grom Hwang et al. [53].
independent of the particular system analyzed, was set °From Kim et al. [52].

PVA® 4045 0.211 —5.224 —0.805
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Fig. 6. Data reduction with Hino’s lattice model: dots represent experimental data obtained in this work, while lines represent correlated: daja (PVP
M,,= 10 000, T=73.2C; (b) M,,= 10 000, T=94.5C; (c) M,,= 1000 000,T=93.5C. PEO: (a)M,,= 100 000, T=73.2C; (b) M,, = 4000 000,

T = 945°C).

[52]. Figs. 6 and 7 show a comparison of the fitted and present higher values of the London interchange energy
experimental results for all systems considered here. TheThis parameter, assumed to be temperature independent in
fitis reasonably good at low activities but only fair at higher its first derivation [61], reflects the polymer—solvent inter-
actions; the lower its value, the higher the amount of water

From Tables 3 and 4, it appears that the polymers char-absorbed, as noted by Flory [66]. This general trend is
indicated by the results presented here. When the volume

activities.

acterized by lower hydrophilicity (e.g. PVYME and PCA)

0.60
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Fig. 7. Data reduction by Hino’s lattice model: dots represent recently published experimental data (a) [53]; (b) [52], while lines represesiatae data.
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fraction of water is plotted against at constant water
activity, we observe a line with negative slope; however,
there is considerable scatter, especially for PYME and PCA
where water sorption is low. Parameteks; contribute to
temperature-dependent paramedeas shown in Eq. (5). At
fixed T, the lower the value o, the larger the amount of
water absorbed.

Although this lattice-model gives a reasonable correlation
of the data, it cannot be predicted. If the model were off-
lattice, it might be better because the compressibility effects
could be included in this case.

. Conclusions

New vapor—liquid equilibria data were reported for

some concentrated binary aqueous solutions of linear

polymers.
Data were reduced with Hino’s theory that takes into

account both the London and the specific solvent—solvent

and solvent—solute interactions.

Hino’s model was also applied to some literature data,
even though they were at 3D, well below the glass
transition temperatures for the polymers studied here.
Reasonably good fits were obtained at low water activ-
ities, but at higher water activities, the fits were only fair.
Hino’s theory is perhaps one of the best known only for
correlation, and not for prediction.
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