THERMODYNAMICS

from Molecular Thermodynamics

F. Fornasiero, M. M. Olaya, I. Wagner, F. Briiderle, and J. M. Prausnitz
Chemical Engineering Dept., University of California, Berkeley, CA 94720
and
Chemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720

Because there is no simple, general method for measuring solubilities of nonvolatile
solutes in a polymer, this work presents a thermodynamic framework for estimating
such solubilities from infinite-dilution distribution-coefficient data for aqueous solutions
of the solute in equilibrium with the polymer. The experimental infinite-dilution distribu-
tion coefficient is related to that calculated from a molecular-thermodynamic model
(Flory — Huggins). The three binary Flory parameters are obtained from water — solute
and water — polymer data, and from the solute’s distribution coefficient. Solubilities of
19 nonvolatile aromatic solutes were estimated in three polymers: ethyl-vinyl acetate
copolymer (EVAc) with 33 (EVAc33), 45 (EVAc45) wt. % vinyl acetate content, and
poly(vinyl acetate) (PVAc) at 25°C, where most of the solutes are solids. For some of
these systems, predicted solubilities are compared with new experimental results. The
calculations reported here may be useful for various applications, including the design
of membrane processes or drug-delivery systems, and for packaging technology for foods,

Solubilities of Nonvolatile Solutes in Polymers

chemicals, and pharmaceuticals.

Introduction

The literature is rich in both experimental and theoretical
studies concerning the solubilities of volatile substances in
polymeric materials (for example, Wohlfarth, 1994; Hao et
al., 1992; Bonner, 1975). However, little is known about solu-
bilities of nonvolatile liquid and solid solutes in polymers, de-
spite a need for this information in a variety of applications,
including controlled-release systems where the drug solubility
in the supporting polymer plays an essential role in determin-
ing load capacity and diffusion rate into the physiological en-
vironment (Langer and Peppas, 1983). In packaging technol-
ogy for foods and pharmaceuticals, sorption from the con-
tained product may alter essential properties of both the
product and the polymeric container, or release of oligomers
or processing additives from the polymer may contaminate
the stored product (Vergnaud, 1998; Jenke et al., 1991; Hay-
ward et al., 1990; Hayward and Jenke, 1990).
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Heavy organic solutes tend to be solids near room temper-
ature. Because equilibration of the solid—polymer interface is
extremely slow, there is no simple, inexpensive way to mea-
sure a solid solute’s solubility in a polymer. However, when
the solute is dissolved in a solvent that does not dissolve the
polymer, infinite-dilution distribution coefficient data can be
obtained more easily. Coupled with a molecular-thermody-
namic model and other experimental data, it is then possible
to estimate the desired solubility.

In this work, we use the Flory—Huggins model (Flory, 1953)
to estimate the solubilities of nineteen nonvolatile organic
solutes in three polymers: two ethyl-vinyl acetate copolymers
with 33 and 45 weight percent vinyl acetate (VAc) and
poly(vinyl acetate) at 25°C. We have recently measured infi-
nite-dilution distribution coefficients for these solutes be-
tween water and polymer (Fornasiero et al., 2002). To vali-
date our calculations, we compare the predicted solubilities
with new experimental data for some of these solutes.

Table 1 presents the most relevant solute properties:
molecular weights, densities, and melting points. For solutes
that are solid at 25°C, the densities in Table 1 are those of
the liquid at a temperature just above the melting point. In
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Table 1. Solute Properties

Solute M Py Ty AH, Ac,,
1-Naphthol 114 1113* 950" 234700 @ —
2-Naphthol 114 1.078% 12047 18, 790* —
2-Nitroaniline 138 1.280* 69.3" 16, 110" —
3-Nitroaniline ~ 138  1.210% 138" 23690  —
4-Nitroaniline ~ 138 1.050% 475" 21.150' —
2-Nitrophenol ~ 139 1.294* 448 174500 —
3-Nitrophenol 139 1.280% 96.8" 192007 86.17"
4-Nitrophenol ~ 139 1.281% 11387 18250  85.07"
2-Nitrotoluene 137 1.163**  —3.8'" — —
3-Nitrotoluene ~ 137 1.157%* 160" — —
4-Nitrotoluene 137  1.123 5167 16,810 —
Acetophenone 120 1.055%* 19.6° — —
Benzoic acid 122 1.084% 11237 18,060° —
Benzonitrile 103 1.010%* —12.8 — —
Benzophenone 182 1.098% 478" 18,1907 5557
Benzyl alcohol 108 1.045%%  —155" — —
Nicotine 162 1.010%*  —80.0% — —
Nitrobenzene 123 1.196%* 5.7" — —
Pyridine 791 0.978%*%  —41.6 — —

Molecular weight M (g/mol), density p, (g/cm?), melting point T; (O,
molar enthalpy of fusion AH (J/mol), and molar heat-capacity dlffer
ence between liquid and solid-state Ac,, (J/mol K).

*Density of the liquid just above the meltlng point (Beilstein, 1995-1998).

**All liquid solute densities are at 20°C (Nguyen, 1999).

"Domalski and Hearing (1996).

""Domalski and Hearing (1990).

*Benes and Dohnal (1999).

*International Chemical Safety Card (1993).

addition, Table 1 gives molar enthalpies of fusion and differ-
ences in the liquid and solid molar heat capacity.

For each of the three polymers, Table 2 shows the average
molecular weight, density at 25°C, VAc content, and glass-
transition temperature.

Essentials of the Estimation Method

Solubility is an equilibrium property. When a solid solute is
brought into contact with a polymer film, equilibration of the
solid—polymer interface is prohibitively slow. To attain equi-
librium in a long (but reasonable) time, it is helpful to dis-
solve the solute in a liquid that is nearly immiscible with the
polymer. In this work, the solvent is water. If the polymer
absorbs a nonnegligible amount of solvent, the polymer phase
is a ternary system. Therefore, in addition to pure-compo-
nent properties, the molecular-thermodynamic model con-
tains three unknown binary Flory parameters: one for the
water—solute binary Y, one for the water—polymer binary

Xwp> and one for the solute—polymer binary x,,. We need
Table 2. Polymer Properties
Polymer M Py VAcwt. % Tyo
PVACc 500,000 1.189 100 39.7 (£1.5)"
EVAc45 250,000 0.952 45 —80**
EVAc33 150,000 0.936 33 —95%*

Average molecular weight M (g/mol), density p, (g/cm?), Composition
(comonomer wt. %), glass-transition temperatures Ty O).

#Measured by modulated differential scanning calorlmetry (DSC 2920,
Modulated DSC TA Instrument) at a heating rate of 3°C/min, with
modulation dmphtude of +1°C and period of 60 s.

**Estimated using Eq. 1 and T, (PVAc)=32°C, T, (PE)= —125°C
(Brandrup et al., 1999).
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experimental information to evaluate each binary coefficient.
We seek y,, because that enables us to calculate the solubil-
ity of the solute in the dry polymer.

The desired solubility of a solute in a dry polymer is ob-
tained in two steps. First, we measure the distribution coeffi-
cient K for the solute between the polymer and the solute’s
aqueous solution; we also measure the (small) solubility of
solute-free water in the polymer, as explained elsewhere
(Fornasiero et al., 2002). We also require that the organic
solute be soluble in water. (If the solute is completely misci-
ble in water, we use vapor—liquid equilibrium data for the
binary solute-water mixture.) Water—solute data that give
Flory parameter y,,, are often available in the literature. The
Flory parameter y,,, (water—polymer) is obtained from wa-
ter—polymer data. After these have been determined, the re-
maining (and desired) Flory parameter y,, is obtained from
the measured distribution coefficient K.

Second, knowing solute—polymer Flory parameter y;,, we
calculate the desired solubility of the solute in the dry poly-
mer using the Flory-Huggins model.

Calculation of x,, and Xwp

For a binary solution of solute i (the larger molecule) in
solvent j (the smaller molecule), the activities of components
i and j are

Inag;=In(1-;)+

,
1——)c1>+xﬂ -P? (1a)
r

Tj j

Ina;=1In (cbj)Jr(l—%).(l—cbj)jL)(].,.-(1—(1>],)2 (1b)

2

where ;; is the Flory interaction parameter and ®; repre-
sents the volume fraction of j defined by

Ty

P - 2
J nr+nr; @

where n; is the number of molecules of type j and r; is the
number of segments in molecule j. In the Flory—Huggins
model, the number of segments per molecule appears only as
a ratio set equal to the ratio of (liquid) molar volumes of the

two components

i U 3
0y ®
For solid solutes at 25°C, molar volumes are those of the
hypothetical liquid at 25°C. We approximate these densities
with the densities of the liquids that are slightly above the
melting point.

First, consider the binary water(w)-solute(s) system. If s is
a solid, the solubility of s in water is given by
=1, 4

pures swWESswW pures

where pm , Is the fugacity of pure liquid s; fpure , is the
fugacity of the pure solid; @, , is the measured aqueous solu-
bility; and T, =a,,/®,, is the volume-fraction activity co-
efficient of the solute in water. Equation 4 assumes that there
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is negligible solubility of w in s. Equation 4 is rewritten

fS
( f_L ) = FS,W(I)S,W (5)
pure s

where the superscript S stands for solid and superscript L
stands for (subcooled) liquid. The ratio of the two pure-com-
ponent fugacities is found from the melting temperature, the
enthalpy of fusion, and the heat capacities of the pure solid
and pure liquid, as discussed in standard textbooks (for ex-
ample, Prausnitz et al., 1999).

If solute s is a liquid, the solubility of s in water is given by

st = Fs,wq)x,wf;ﬁlre s (68)

where fI is the fugacity of s in the liquid phase that is in
equilibrium with the aqueous phase. If the solubility of water

in that phase is negligible, £ — f. . ,, and the solubility of s
in water becomes
) ! 6b
swo FS,W ( )

Equation 6b is a reasonable approximation for liquid solutes
that are sparingly soluble in water; therefore, we used Eq. 6b
for benzonitrile, nitrobenzene, and 2- and 3-nitrotoluene
(Benes and Dohnal, 1999).

Benzyl alcohol and acetophenone show appreciable mutual
solubility with water at 25°C. For these solutes, we calcu-
lated the Flory solute—water parameter y,,, from

I @,

SWES,W

= FS,S(DS,S (6C)
where @, and @  are the experimental volume fractions of
solutes s in the water-rich phase and in the solute-rich phase,
respectively. Activity coefficients T, and I  are given by
the Flory—Huggins equation. Experimental data are from
Sorensen and Arlt (1979) and Solimo and Gramajo de Doz
(1995).

Pyridine and nicotine are liquids at 25°C, and they are
completely miscible in water. The equation of equilibrium for
component j now is

= L
onyjP - I}(I)jfpurej (7)

where y; is the vapor-phase mole fraction, P is the total
pressure, and ¢; is the vapor-phase fugacity coefficient. Va-
por-liquid equilibrium data (Gmehling et al., 1988), and
gas—liquid chromatography data (Gmehling et al., 1994), for
the binary solute—water mixture are used to find Flory pa-
rameter y,,, for pyridine and nicotine in water.

Table 3 gives aqueous solubilities at 25°C for all solutes,
infinite-dilution activity coefficients, and Flory solute—water
parameters, together with sources of experimental data. For
benzyl alcohol and acetophenone, Table 3 also gives mutual
solubility data with water at 25°C. For nitrobenzene and the
three isomers of nitrotoluene and nitrophenol, the aqueous
solubility at 25°C has been calculated by linear interpolation
of the experimental data (Benes and Dohnal, 1999), using
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Table 3. Properties of Aqueous Solutions for 19 Solutes

Solute D, Iy, Xows
1-Naphthol 7.78% 215 1.61
2-Naphthol 7.01% 230 1.60
2-Nitroaniline 7.95%% 550 1.89
3-Nitroaniline 6.10%* 185 1.67
4-Nitroaniline 5.00%* 168 1.57
2-Nitrophenol 12.8° 517 1.88
3-Nitrophenol 992 32.7 1.41
4-Nitrophenol 3t 27.2 1.38
2-Nitrotoluene 5.59" 1,810 2.00
3-Nitrotoluene 441" 2,289 2.03
4-Nitrotoluene 249" 2,317 2.00
Acetophenone 643" 156 1.64
Benzoic acid 31.4% 63.9 1.51
Benzonitrile 19.8* 522 1.93
Benzophenone 1.25% 4,854 1.82
Benzyl alcohol 42677 22.7 1.37
Nicotine cm.’ 1.38* 0.92
Nitrobenzene 16.6" 619 1.95
Pyridine cm. 3.92% 1.08

Aqueous solubility @, (10* volume fraction) at 25°C, infinite-dilution
activity coefficient and solute—water Flory parameter.
#*Howard and Meylan (1997).
**Beilstein (1995-1998).
Benes and Dohnal (1999).
The corresponding equilibrium volume fractions of water in the
solute-rich phase are 153:10~* (Sorensen and Arlt, 1979) for acetophe-
none and 969-10~* (Solimo and Gramajo de Doz, 1995) for benzyl al-
cohol.
*Gmehling et al. (1994).
*Gmehling et al. (1988).
Sc.m. = complete miscibility.

van’t Hoff coordinates (In(x,) vs. 1/T, where x, is the solubil-
ity in the mole fraction).

In a similar manner, assuming the negligible solubility of
the polymer in water, we obtain y,,, from the measured sol-
ubility of solute-free water in the polymer. Table 4 shows
measured water solubilities in the three polymers and calcu-
lated Flory water—polymer parameters.

In general, Flory parameters vary with the solution compo-
sition. However, because the solubility of water in the poly-
mer is small, final results (Table 7) are not sensitive to the
coefficient y,,, for EVAc copolymers, and they vary little for
PVAc.

Calculation of Flory parameter X, from distribution-
coefficient data

For the ternary mixture containing water, solute, and poly-
mer, the distribution coefficient for the solute at infinite dilu-
tion, K7, is defined by

K” li S,p r;fw 8
.= m = —
: (b.\‘,p -0 q)s,w Ff,p ( )

where @ , and I7, refer to the wet polymer. Subscripts p
and w stand for, respectively, the polymer phase and for the

Table 4. Water Content in the Saturated Polymers
(wt. %) and Polymer-Water Flory Parameter at 25°C

EVAc33 EVAc45 PVAc
Water content ~0 0.43 (+0.04) 7.0 (£0.3)
Xowp Large 4.54 (£0.09 1.88 (+0.03)
AIChE Journal



Table 5. Distribution Coefficients K, Between Water
and Polymers and Infinite-Dilution Activity
Coefficients I',”) in Three Polymers for 19 Nonvolatile

SP
Solutes at 25°C
K, L
Solute EVAc33 EVAc45 PVAc EVAc33 EVAc45 PVAc
1-Naphthol 599 623 2,203 0.36 0.35 0.10
2-Naphthol 372 743 1,693 0.62 0.31 0.14

2-Nitroaniline 66.3 140 350 8.30 393 1.57
3-Nitroaniline 36.5 80.1 264 5.06 231 0.70
4-Nitroaniline 25.2 659 322 6.67 255 052
2-Nitrophenol 93.7 122 185 5.52 424 280
3-Nitrophenol 44.1 942  313.6 0.74 035 0.10
4-Nitrophenol 339 873 3742 0.80 031 0.07

2-Nitrotoluene 336 483 435 5.39 375 416
3-Nitrotoluene 105 249 386 21.80 919 593
4-Nitrotoluene 345 471 423 6.72 492 548
Acetophenone 38.7 41.5 55.7 4.04 376 2.80
Benzoic acid 518 139 534 1233 459  1.20
Benzonitrile 43.9 54.5 771 11.90 9.59  6.78

Benzophenone 1,356 2,231 1,782 3.58 2.18 2.72
Benzyl alcohol 2.79 10.8 234 8.13 210 097

Nicotine 1.42 22 46 0.97 0.06  0.03
Nitrobenzene 91.5 145 172 6.76 4.27 3.60
Pyridine 1.09 2.65 532 3.59 148 074

aqueous phase; ' stands for the volume-fraction-based ac-
tivity coefficient at the infinite dilution; and I}, is obtained
from the experimental data for the solute—water binary, as
discussed above. For 19 solutes, Table 5 shows the distribu-
tion coefficients and the corresponding infinite-dilution activ-
ity coefficients in three polymers, as calculated from Eq. 8.

The activity coefficient of the solute in the wet-polymer
phase (I} ) is given by the Flory—Huggins equation for a
ternary system

InT 1—d)—d 2 —p
n s,p_( s) wa pz

rS
—+ st‘r—'q)w + Xqu)p (CI)W + q)p) = Xwp

w

rS
aq)wq)p (93.)
where all volume fractions are in the wet-polymer phase

(subscript p has been omitted). At infinite dilution, ®, — 0,
Eq. 9a becomes

e b
_+ Pyp————
pr X@S r

rS
In I, =1-d,— .,

Iy P w

rS

Because Flory parameters y,,, (for EVAc45 and PVAc) and
Xy have been previously determined, Eq. 9b gives the de-
sired Flory parameter, x,. In Eq 9b, &, is set equal to the
experimental solubility of solute-free water in the polymer.
Because water solubility in EVACc33 is negligible, the terms
containing ®,, vanish. Because the unknown Flory parameter
for water—EVAc33 binary multiplies ®,, in Eq. 9b, it does
not affect our calculation of yx;,. Table 6 shows calculated
solute—polymer Flory parameters.
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Table 6. Polymer—Solute Interaction Parameters yx,,
and Activities (fS/fL) of Pure Solid Solutes in

pure s

Three Polymers at 25°C

Xw
Solute EVAc33  EVAc45  PVAc  (f%f")ures
1-Naphthol —2.02 —1.98 —3.06 0.165
2-Naphthol —1.48 -2.09 —2.68 0.159
2-Nitroaniline 1.12 0.46 -0.15 0.431
3-Nitroaniline 0.62 -0.07 —0.88 0.112
4-Nitroaniline 0.90 0.06 —1.04 0.083
2-Nitrophenol 0.71 0.54 0.48 0.645
3-Nitrophenol -1.30 -1.96 —2.85 0.288
4-Nitrophenol —1.22 —2.07 —-3.23 0.270
2-Nitrotoluene 0.69 0.42 0.89 —
3-Nitrotoluene 2.08 1.32 1.26 —
4-Nitrotoluene 0.91 0.69 1.20 0.574
Acetophenone 0.40 0.43 0.64 —
Benzoic acid 1.51 0.63 —0.21 0.192
Benzonitrile 1.48 1.35 1.40 —
Benzophenone 0.28 —0.08 0.75 0.605
Benzyl alcohol 1.10 —0.16 —0.48 —
Nicotine —-1.03 —3.65 —4.27 —
Nitrobenzene 0.91 0.54 0.70 —
Pyridine 0.28 —0.56 —1.47 —

Solubilities in the dry polymers

For solute s in the dry polymer p, activity coefficient I, ,
is related to the desired solubility @ , and to x,, by Eq. 1b
for the binary system solute—(dry) polymer. For solutes that
are solids, once y;, is known, and assuming that the polymer
solubility in the solid solute is negligible, the desired solubil-
ity &, , is calculated from the equilibrium equation

fS
FS,p(I)S,[)= (f'_L) (10)
pures

The assumption of a negligible solubility of polymer in the
solute is reasonable only for solid solutes. If pure s is a solid
at 25°C, the ratio (f%/f"),. , is obtained from pure-compo-
nent properties, as indicated earlier. However, if pure s is a
liquid at 25°C, both components (solute and polymer) exhibit
some mutual solubility. The solute chemical potential w,
and the polymer chemical potential w, , in phase @ are, re-
spectively

‘o r
Bot i (0, )+ (1=, ) [ 1- 2
RT ’ ’ r,
0
1
Foxe (1= @, )+ =
Xs,p( S,Dt) RT
Pro - o [1-2 2 .o
2 = —d, )+ L+ x D2+
RT n( s,a) s, r, Xx,p r, s, a RT
(11)

where superscript 0 indicates the standard state. Similar rela-
tions hold for the chemical potentials in phase 8. The equa-
tions of equilibrium are now w,,=pu, 5 and p, , =u, 5.

. 0 0 0 [ ST ’ T
With ug = psg and u, , = p, g, the equilibrium composi-
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tions of both phases can be calculated. However, it is well
known (Flory, 1953) that polymer and solute are completely
miscible if the solute—polymer Flory parameter is less than
1/2:01+/+/r,/r,)P. Because r, > r,, the critical Flory pa-
rameter is 0.5. Therefore, we apply the phase-equilibrium
equations only if x,,>0.5. In this calculation, x,, is as-
sumed to be independent of the composition and equal to its
infinite-dilution value.

Experimental Studies

To test solubility predictions, we determine experimentally
the solubilities for some solutes in EVAc33. For liquid
solutes, solubility can be determined gravimetrically if the
polymer film does not dissolve after contact with the liquid
solute. For solutes sparingly soluble in water (in particular,
for solid solutes), solubility can be obtained experimentally in
two steps. In the first step, a polymer film is allowed to equi-
librate in a beaker with a saturated aqueous solution of a
solute, continuously stirred. The saturated solution is pre-
pared in a second beaker where an excess of solute is pre-
sent, and recirculated through a filter (Whatman 42 filter pa-
per) to the beaker containing the polymer film. Therefore,
the polymer is simultaneously in contact with a saturated
aqueous solution of the solute and a solute-rich phase. At
equilibrium, the polymer film contains an amount of solute
equal to its solubility in the polymer if two conditions are
satisfied:

(1) The solute-rich phase is pure solute;

(2) The polymer does not absorb water.

These conditions are met for EVAc33 with our solid solutes.

In the second step, after the polymer has been saturated
with the solute, we completely extract the absorbed solute
with ultrapure water (Barnstead NANOpure system) in sev-
eral desorption steps. By measuring the amount of water used
for extraction and its solute concentration by UV-spec-
troscopy, we determine the solubility of the solute in the
polymer. When the solution concentration becomes too small
for an accurate UV measurement, or when the time for a
complete desorption of the solute is too long, residual solute
content in the polymer can be estimated from the solute dis-
tribution coefficient between water and polymer, assuming
equilibrium. The time required for equilibration in the sorp-
tion and desorption steps can be estimated from the diffusion
coefficient of the solute in the polymer (assumed constant)
and the distribution coefficient between polymer and water
(Fornasiero et al., 2002), using a suitable diffusion model
(Crank, 1975).

The use of a solvent as a medium to contact the pure
solute with the polymer film avoids the extremely long time
required for equilibration at the solid—solute/polymer inter-
face. However, this experimental procedure (saturation fol-
lowed by back-extraction) to determine the solubility of a solid
in a polymer is time-consuming and can be applied only when
the two conditions stated earlier are reasonably satisfied.

Results and Discussion

Table 4 shows calculated water—polymer interaction pa-
rameters. Because water solubility in EVAc33 is negligible,
Xwp 18 large. Although we cannot precisely determine
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Table 7. Calculated Solubilities ®; , (volume fraction)
for 19 Nonvolatile Solutes in Three Polymers at 25°C

@,

Solute EVAc33 EVAc45 PVAc
1-Naphthol 0.246 (£0.005)  0.242 (£0.017 0.332 (20.023)
2-Naphthol 0.188 (+0.004)  0.246 (+0.006) 0.296 (+0.014)
2-Nitroaniline 0.064 (+0.003)  0.127 (+0.003) 0.216 (+0.009)
3-Nitroaniline 0.023 (+0.0000  0.046 (+0.001) 0.093 (+0.004)
4-Nitroaniline ~ 0.013 (+0) 0.03  (x0 0.08  (+0.003)
2-Nitrophenol ~ 0.174 (+0.013)  0.209 (+0.007) 0.221 (+0.014)
3-Nitrophenol ~ 0.276 (£0.00  0.347 (+£0.010) 042 (+0.024)
4-Nitrophenol ~ 0.253 (+0.003)  0.343 (+0.020) 0.432 (+0.027)
2-Nitrotoluene ~ 0.614 (+0.075) cm. — 0.391 (£0.035)
3-Nitrotoluene  0.063 (+0.003)  0.184 (+0.004) 0.202 (+0.009)
4-Nitrotoluene ~ 0.117 (+£0.005)  0.148 (+0.005) 0.084 (+0.003)
Acetophenone  cm* — cm.  — 0.675 (+0.056)
Benzoic acid 0.017 (+0.002)  0.041 (+0.007) 0.092 (+0.004)
Benzonitrile 0.144 (+0.003)  0.175 (+0.007) 0.162 (+0.012)
Benzophenone  0.242 (+0.009  0.318 (+0.008) 0.151 (+0.010)
Benzyl alcohol ~ 0.266 (+0.014) cm. — cm.  —
Nicotine cm. — cm.  — cm. —
Nitrobenzene 0.375 (+£0.006)  0.909%* (+0.047)  0.592 (+0.068)
Pyridine cm. — cm.  — cm.  —

June 2002 Vol. 48, No. 6

*c.m. = complete miscibility.
**The calculated polymer volume fraction in the solute-rich phase is
2.63-10* for nitrobenzene in EVAc45. For all other polymer—solute
systems, it is negligible.

calculated solubilities in dry EVAc33 are not affected by this
uncertainty because the volume fraction of water in the poly-
mer phase is essentially zero. For EVAc45, we obtained y;,,
= 4.54, which is very close to the 4.91 reported by Chuang et
al. (2000) for EVAc copolymer with 37% VAc at 32°C. For
PVAc, we determined a Flory parameter equal to 1.88 at 25°C,
whereas Immergut et al. (1999) give y,,, = 2.5 at 40°C.

Table 6 reports solute—polymer interaction parameters, and
Table 7 shows calculated solubilities in the dry polymer (for
PVAc, calculated solubilities at 25°C are reliable if the satu-
rated polymer—solute mixtures have glass-transition tempera-
tures lower than 25°C, as discussed in Appendix A). Solubili-
ties range from a minimum of 1.3% volume fraction for 4-
nitroaniline in EVAc33 to complete miscibility for nicotine
and pyridine in all three polymers.

For solid solutes, the solubility depends on the strength of
polymer—solute interaction as well as on the melting proper-
ties of the pure solid. The solubilization process can be split
into two steps: the first corresponds to melting the pure
solute (the enthalpy required to raise the temperature of the
pure solute from the experimental temperature to the triple
point, and lowering it back to the experimental temperature
after melting is usually negligible when compared with the
enthalpy of fusion), and the second corresponds to mixing
the (subcooled) liquid solute with the polymer (for solid so-
lutes at 25°C, we use the density of the hypothetical liquid at
25°C). Solubility increases upon lowering the melting point
and the enthalpy of fusion, because less energy is required
for the melting transition. Solubility also increases with a de-
creasing Flory parameter that provides an inverse measure of
solute—polymer affinity: the lower the parameter, the higher
the affinity. Therefore, when we compare calculated solubili-
ties for different solutes in the same polymer, there is no
direct correlation between Flory parameter and solubility be-
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cause the melting properties differ from solute to solute. On
the other hand, if we compare the solubility for the same
solute in our three different polymers, there is a clear trend
with the Flory parameter. For liquid solutes, the solute with
the smallest Flory interaction parameter has the largest solu-
bility, since here the melting properties play no role; for x;,
< 0.5 we have complete miscibility.

Complete miscibility is predicted for pyridine and nicotine
in all three polymers; for benzyl alcohol in EVAc45 and
PVAc; for acetophenone in EVAc copolymers; and for 2-
nitrotoluene with EVAc45. For these systems, we tested the
prediction by preparing solutions with ~ 50% polymer weight
fraction. Clear solutions were obtained at 25°C for PVAc in
pyridine and nicotine. For EVAc45, clear solutions were ob-
tained for pyridine, benzyl alcohol, acetophenone, and 2-
nitrotoluene, suggesting complete miscibility for these sys-
tems. For PVAc +benzyl alcohol and EVAc45 + nicotine mix-
tures, some cloudiness is observed for 50% polymer weight
fraction, indicating possible partial solubility or, more likely,
that a long time is required to attain equilibrium. For
EVACc33, results are inconclusive.

Solubility increases with VAc content in the polymer for
most solutes (nitroanilines, nitrophenols, and so on). The sol-
ubility of 1-naphthol in EVAc33 is the same as that in EVAc45
within the calculational uncertainty, obtained as described in
Appendix B. Only acetophenone shows the reverse trend,
while nitrobenzene, 2- and 4-nitrotoluene, benzophenone,
and benzonitrile have the highest solubilities in EVAc45.

For a copolymer AB in a solvent s, Flory interaction pa-
rameter X 4p), is given by

X4y = XsaPa + Xs5Pp — X4 P4 Py (12)

where x, 4, Xx,g, and x,p are Flory interaction parameters
for A-s, B-s, and A-B, respectively (4 =VAc, B = ethylene,
s=solute); ®, and P, represent the volume faction of
monomer A and B in the copolymer, respectively
(Stockmayer et al., 1955). Therefore, the calculated Flory pa-
rameter X,, = Xy1p) 1, in general, a nonmonotonic function
of the copolymer composition, and a minimum or maximum
can be found for some copolymer compositions, depending
on X, 4, Xsp> and x,p. Equation 12 may explain the solubility
maximum in EVAc45 for some of the solutes. For PVAc, all
solutes with polar moieties give Flory parameters that are
negative or much smaller than 0.5, probably because of the
attractive specific interactions between the vinyl acetate group
in the polymer chain and the polar groups in the solute
molecules. The orthosubstituted phenol, 2-nitrophenol, is an
exception because the nitro group in the ortho position may
form attractive intramolecular interactions with the hydroxyl
group, decreasing affinity with vinyl acetate. Nitrotoluenes,
acetophenone, benzonitrile, benzophenone, and nitroben-
zene have positive Flory parameters. We also notice that the
latter are the same solutes that do not show rising solubilities
with increasing VAc content in the EVAc copolymers. When
solute—polymer interactions are dominated by attractive spe-
cific interactions between polar moieties and the vinyl ac-
etate group, solubility increases monotonically with VAc con-
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tent; otherwise, it presents an inverse trend or a maximum in
the range 33-100% VAc content.

Our calculations rest on the validity of the Flory—Huggins
theory for ternary systems. By comparing experimental equi-
librium data for polymer-solvents ternary systems with the
prediction of the Flory—Huggins model, Favre et al. (1996)
showed that fairly good agreement can be achieved for sorp-
tion of apolar liquids in elastomers. However, the application
of the Flory—Huggins theory to ternary systems leads to large
deviations for polar liquids in both homopolymers and
copolymers, and for semicrystalline polymers. The observed
discrepancies are probably due to nonconstancy of the poly-
mer—solvent Flory parameter.

In our calculations the solute—polymer Flory parameter y;,
is assumed independent of the composition; this approxima-
tion is reasonable if the predicted solubility in the polymer is
small. However, Table 7 shows that for most solutes the solu-
bility is quite large (20-60% volume fraction). This is not
consistent with the approximation, which reduces confidence
in these calculations. We expect, therefore, that uncertainties
in calculated solubilities may be significantly larger than those
estimated from uncertainties in the experimental data shown
in Table 7.

We test our solubility calculations for two solid solutes (4-
nitroaniline and 4-nitrotoluene) by applying the sorption—
desorption procedure described earlier and for two liquid
solutes (benzonitrile and 3-nitrotoluene) by gravimetric mea-
surements. For 4-nitroaniline, the experimental solubility in
EVACc33 is 1.3% volume fraction, which is in excellent agree-
ment with our prediction. This experimental result has been
reproduced in a separate experiment. Solubility of 4-nitro-
toluene in EVACc33 is 5.6% volume fraction, roughly half of
the predicted value. For 4-nitrotoluene, we measured a water
solubility equal to 1.65-10~* volume fraction, whereas the lit-
erature value used in the calculation is 2.49-10~* volume
fraction. If we use the new experimental water solubility, the
predicted solubility in EVAc33 for 4-nitrotoluene drops to
7.4% (+0.3) volume fraction, much closer to the measured
solubility. For benzonitrile and 3-nitrotoluene in EVAc33, we
obtained solubilities equal to 74.6 and 75.7% volume frac-
tion, respectively. The prediction for these systems is poor.
While a more extensive comparison is needed for conclusive
results, our test indicates that our thermodynamic procedure
to predict solubilities in polymers gives reasonable results for
solid solutes when solubilities are small. However, for liquid
solutes, when solubilities are large, calculated solubilities are
not reliable.

For liquid solutes, the calculated polymer volume fractions
in the solute-rich phase @, are negligible when Y, > 0.6.
For EVAc45 in nitrobenzene, @, reaches the maximum
value 2.63-10~*, with Xsp = 0.54, and decreases rapidly with
rising x,,- The Flory—Huggins model predicts that the
solute-rich phase is nearly pure solute. However, because we
calculated the Flory parameters at the infinite dilution of so-
lute, calculated results in the solute-concentrated phase may
be unreliable.

Conclusion

Because there is no simple and fast method to experimen-
tally determine the solubility of a solid or nonvolatile liquid
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in a polymer, a simple method based on the Flory—Huggins
model is proposed to calculate that solubility. This method
requires infinite-dilution distribution-coefficient data for the
solute’s distribution between the polymer and a liquid solvent
that does not dissolve the polymer. Additional required data
includes the solubility of the solute in the solvent and the
solubility of the solvent in the polymer. From these data we
determine the Flory parameter for the solute-(dry) polymer
system; that parameter gives us the desired solubility of the
solute in the (dry) polymer.

This thermodynamic framework is applied to nineteen aro-
matic nonvolatile solutes in ethylene-vinyl acetate with 33%
or 45% vinyl acetate content, and poly(vinyl acetate). For solid
solutes, solubility depends on the strength of polymer-solute
interaction as well as on the melting properties of the pure
solute, whereas for liquid solutes it depends only on the for-
mer. Solubility increases monotonically with VAc content in
the polymer for those solutes where attractive specific inter-
actions between polar moieties in the solute molecules and
the vinyl acetate group in the polymer dominate the
solute—polymer interaction.

The procedure described here rests on the validity of the
Flory—Huggins model for ternary (solute—solvent—polymer)
systems. Therefore, there is some uncertainty in the accuracy
of the solubilities presented here. While further studies are
needed to assess the validity of our approach, a comparison
with some experimental solubility data shows that reliable
predictions are obtained for solid solutes when solubilities
are small, whereas, for liquid solutes, when solubilities are
large, predictions are unrealistic. Nevertheless, our calcula-
tions may be useful for process and product design whenever
polymers are used as membranes, as matrices for drug-
delivery systems, or as packaging materials for foods, chemi-
cals, or pharmaceuticals.
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Appendix A: Effect of Glass-Transition
Temperature

The Flory—Huggins model applies only to mixtures where
the polymer is rubbery. While ethylene-vinyl acetate copoly-
mers EVAc33 and EVAc45 are rubbery at room tempera-

AIChE Journal



ture, pure poly(vinyl acetate) is glassy; its glass-transition
temperature Ty, is 39.7°C. However, sorption of a solute low-
ers the glass-transition temperature; this reduction is often
called plasticization. The plasticization effect of a solute can
be estimated using Chow’s equation (Chow, 1980)

ln(;—g)=§[(1—0)ln(1—0)+01n0] (A1)

g0

where T, is the glass-transition temperature of the
polymer—solute mixture, and T, is the glass-transition tem-
perature of the solute-free polymer; ¢ is a physically signifi-
cant constant; and 6 is a measure of solute concentration
defined by

zZR
¢= MoponAC,
_ Mmon Ps ch,p (AZ)
M, p, 1-®,,

where z is the lattice coordination number, R is the gas con-
stant, AC, is the variation of the isobaric specific heat at the
glass transition, p, and p, are solute and polymer densities,
and M, and M, are monomer and solute molecular
weights. We used z=2 as suggested by Chow, AC,=0.5
kJ/kg-K (Brandrup et al., 1999), and M., = 86.1 g/mol.

In our solubility calculations, we assume that the
solute—polymer mixture is rubbery. We consider the calcu-
lated solubilities to be reliable, if they are larger than the
solute volume fraction required to depress 7, to 25°C (P).
For all solutes studied here, this condition is verified, except
4-nitroaniline, for which ®,s is 8.9%. At saturation, the cal-
culated glass-transition temperature for its mixtures with
PVACc is 26.2°C; therefore, the calculated solubility at 25°C
should be viewed with caution. For water, Bair et al. (1981)
showed that the ®,5 required to lower 7, to 25°C is approxi-
mately equal to 2.5%, which is lower than the measured wa-
ter solubility in PVAc (7 wt %). Therefore, we can determine
with confidence the water—polymer Flory interaction param-
eter from the water—solubility data.

Appendix B: Uncertainties in the Solubility
Predictions

The uncertainties g, in the solubility predictions of the
solutes in the water-free polymer (Table 7) are estimated

using

2 2
(9 s (9 s
o, = —d)’ G'XZ + ¢ o'li “ (B1)
Xsp dlna,

where o, and oy,, are the uncertainties in y,, and solute
activity, respectively.

For pure solid solutes, the uncertainties in the solute activ-
ity depend on the (unknown) accuracy of the melting proper-
ties for solid solutes. For liquid solutes, it can be neglected if
the polymer solution is in equilibrium with a nearly pure
solute (high binary parameter), since the solute activity is very
close to unity. When x,, + g, <0.5, complete miscibility is
predicted by the Flory model without uncertainty. We as-
sumed negligible uncertainties in a, for all solutes.

The functional relationship between In aj, x,, and ¢; is
given by Eq. 1b in the text. Equation 1b cannot be solved
analytically for ¢ ; however, x,, = f(In a,¢,) and dd/dx,,
(the only nonzero term in Eq. B1) are easily obtained. A di-
rect relation between o, and the solubility uncertainty o, is
derived from Eq. B1:

(1- )0,
o= 1 (B2)
L CO N
rp 1_¢s ¢s

The main source of uncertainty for x;, is the experimental
error in the distribution coefficients. Additional uncertainties
in x,, derive from uncertainties in the other binary parame-
ters x,, and yx,,, and in the water solubility in the polymer
¢~ The first one is strictly related to the accuracy of the
published aqueous solubilities, LLE or VLE experimental
data used to determine Y,,,. Since this accuracy is unknown,
we assumed negligible uncertainties for . Uncertainties in
Xwp are estimated from the experimental uncertainties of wa-
ter solubilities in the polymers, reported in Table 4. The con-
tributions of Y, and ¢,, uncertainties to x,, uncertainty
are unimportant for EVAc copolymers, but they are nonneg-
ligible for PVAc.
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