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The solubilities of m-xylene and nonane vapors in polystyrene and of ethylbenzene and nonane vapors in
polybutadiene were measured with a sorption apparatus in the temperature range from 130 to 175°C and 80 to
130°C, respectively.

A new expression for the free-volume term derived previously was coupled with UNIFAC to predict activities of
hydrocarbons in polymer solutions. In this study, the UNIFAC-FV model has been reexamined and the parameters
in the free volume term have been revised. The parameters in the UNIFAC-FV model can be calculated by the
group contribution. The model was applied to predict solubilities, activities, or mass-fraction Henry constants for
the systems studied here and published in the literature. From comparison of experiment with calculation it is found
that the present UNIFAC-FV model can give fairly good predictions of such equilibrium properties of organic

vapors in polymers on the basis of a knowledge of molecular structure alone.

Introduction

In the polymer industry, equipment is required to
separate unreacted monomers and solvents from the
polymer produced. To design such equipment, solu-
bilities of hydrocarbon vapors in molten polymers
along with a successful calculation method are
needed.

Experimental techniques and data sources for
vapor-liquid equilibria of concentrated polymer so-
lutions have been reviewed by Bonner,” Iwai er
al.,'™'* and Murasige et al.*®

The authors have measured the mass-fraction
Henry constants of hydrocarbon vapors and gases in
polystyrene, polypropylene, polybutadiene, styrene-
butadiene copolymers, and acrylonitrile-butadiene co-
polymer’?~141628) by 3 gas chromatographic meth-
od. Furthermore, the solubilities of ethylbenzene
and octane vapors in polystyrene were measured by a
sorption apparatus with quartz spring®" and the data
were compared with those measured by the gas
chromatographic method. In this work, the solubil-
ities of m-xylene and nonane in polystyrene and of
ethylbenzene and nonane in polybutadiene were mea-
sured by sorption apparatus in the temperature range
from 130 to 175°C and 80 to 130°C, respectively.

It is very helpful if the solubilities of vapors in
polymers can be estimated by a predictive method.
Correlation methods were reviewed by Bonner® and
Murasige et al.?”’ A large number of theories have
been proposed to correlate the thermodynamic prop-
erties of polymer solutions. These include the Flory-
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Huggins lattice theory,”!! the Flory equation of
state,® an equation of state proposed by Schotte,**
the Perturbed-Hard-Chain theory*® and the Ana-
lytical Solution of Groups Variable Size Param-
eter model.?> These theories have been successful-
ly applied to correlate the solubilities of solutes in
polymers. However, adjustable parameters are nec-
essary to correlate the solubilities by these models.
Oishi and Prausnitz*® proposed the UNIFAC-FV
model, which is based on UNIFAC!? with a free
volume term. The UNIFAC-FV model has been
shown to be a very useful correlation method.!-2:13-31)
However, it seems difficult to determine the unique
value of external degrees of freedom for the same
solute.'® To avoid this disadvantage, the authors in a
previous paper'® proposed a new expression for the
free volume term which was derived from a partition
function and was applicable to polymer and low-
molecular weight hydrocarbon mixtures. Further, an
equation of state obtained from the partition function
was shown to be useful in calculating volumes of low-
molecular weight hydrocarbon liquids and molten
polymers.?? The newly proposed UNIFAC-FV mod-
el was found to be successful in predicting the Henry
constants of hydrocarbon vapors and gases in poly-
styrene, polypropylene, polyethylene, and polybu-
tadiene'>!® from the contributions of each group
contained in the molecules. In this study, the
UNIFAC-FV model has been reexamined and the
parameters in the free volume term have been revised.

1. Experimental

1.1 Materials
The polystyrene used was obtained from Nakarai
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to vacuum ) Table 1. Solubilities of m-xylene vapor in polystyrene

130°C 150°C 175°C
w, [—] P, [kPa] wy [] Py [kPa] wy [—] P, [kPa]
0.0441 14.9 0.0352 20.5 0.0186 21.1
0.0473 15.3 0.0376 20.5 0.0226 25.8
0.0875 28.8 0.0390 20.6 0.0508 52.2
0.116 339 0.0605 34.7 0.0514 52.4
0.144 41.5 0.0652 34.8 0.0678 68.1
0.167 43.8 0.0683 36.7 0.0786 74.5
0.0864 45.1
Fig. 1. Sorption apparatus. @ Air bath, ®Air bath, @ 0.0904 46.1
Sorption column, @ Cathetometer, ® Quartz spring, ® 0.0974 50.9
Polymer sample, @Motor, ®Ribbon heater, @ Ethylene 0.126 60.5
glycol bath, @Heating cover, @Hydrocarbon vapor source, "
(@ Cold trap, @~ Valves : Table 2. Solubilities of nonane vapor in polystyrene
130°C 150°C 175°C
Chemicals, Ltd. The number-average molecular
weight and weight-average molecular weight of poly- w, [—] P, [kPa] w, [—] P [kPa] w [-] P, [kPa]
4 5 :
styrene are 5.3'7'>< 10* and 2.47 x.lO , respectively, and 0.0265 16.2 0.0243 3.7 0.0147 279
the glass transition temperature is 357 K. The polybu- 0.0266 16.7 0.0250  23.7 0.0150  27.9
tadiene used is obtained from Scientific Polymer 0.0503 265 0.0257 232 0.0310 533
Products, Inc. It is 989, cis-polybutadiene and the 0.0672 319 0.0509 447 0.0312 531
. o 5 5 0.119 436 0.0550  46.0
weight-average molecular weight is 2x 10°-3 x 10°. 00669 533
The glass transition temperature is 170 K. 0.0683 54.4
All hydrocarbons used were reagent grade, ob-
tained from Nakarai Chemical, Ltd., and were used “Table 3. Solubilities of ethylbenzene vapor in polybutadiene
without further purification. Their purities are be- 80°C 100°C 130°C

lieved to be more than 989, 999, and 99.7% for

ethylbenzene, m-xylene, and nonane, respectively. w, [—] P [kPa]  w [—] P [kPa] w, [] P, [kPa]

1.2 Apparatus

1i s . 0.0440 3.85 0.0391 5.39 0.0225 6.42
The solubilities of hydrocarbon vapors in poly-

0.0465 3.56 0.0409 5.39 0.0282 7.90

styrene were measured by a sorption apparatus with 0.0474 398 0.0448 5.78 0.0324 9.65
quartz spring. Figure 1 shows the apparatus used in 0.0594 4.47 0.0917 103 0.0378  10.7
the present work. Details of the experimental pro- 0.102 6.65 0.0971 11.1 0.0543 156
cedure have been reported in our previous pa- 0.108 6.42 0.114 12.2 00615 16.7
1.2 ; p , p bz 0.108 6.89 0.176 17.1 0.0749  20.3
pers.2!23) In brief, a film of polystyrene coated on thin 0.130 7.66 0.222 19.8 0.0898  23.6
aluminum plate 6 was suspended by a sensitive quartz 0.171 9.33 0.271 22.8 0.120 29.6
spring 5 in evacuated glass column 3. Hydrocarbon 0.193 9.65 0.388 272 0137 337
. . 0.218 11.0 0.157 37.1
vapor was supplied into the column from flask 11. 0.240 i14 0.167 396
During the sorption experiment, hydrocarbon liquid 0.353 13.4
in the flask was maintained at a constant temperature -
lower than that of the column (equilibrium tempera- Table 4. Solubilities of nonane vapor in polybutadiene

ture) in order to generate constant-pressure vapor.

. . . 80°C 100°C 130°C
The increase in mass of the film due to sorption of

vapor was measured as a function of time by observ- w, [—] P [kPa] w, [—] P, [kPa] w, [-] P, [kPa]
ing the extension of the spring through cathetometer .

4. When the film reached equilibrium with the sur- 0.0187 249 0.0230 395 0.0221 - 7.29
cl;e t ) quid £ soring < 00193 201 00290 422 00245 7.0l
rounding vapor, i¢., no extension of spring was 00312 - 248 00388 - 497 00392~ 111
observed, the solubility of hydrocarbon in poly- 0.0445  3.17 0.0456 5.29 0.0567 15.3
styrene could be determined by the mass difference 0.0607  3.99 . 0.0686 7.75 0.0774  20.1
between initial and equilibrium conditions. The vapor 0.0616 - 397 . 00897 926 00945 239
f hvd bon supplied from flask 11 was 0.0620  4.12 0.115 10.4 0109 26,0

pressure ol iydrocarbon supp [ . 0.0851  5.14 0.128 117 0.121 282
given from the Antoine equation shown in the litera- 0.126 6.59 0.141 12.3 0.138 32.0
ture*?) by measuring the temperature inside the flask. 0.139 6.83 0.252 16.8 0177 379
1.3 Results 0169 772 0.202 408
0.216 42.0

Tables 1 to 4 show the solubilities thus obtained for
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m-xylene and nonane in polystyrene, and for ethyl-

benzene and nonane in polybutadiene. In a previous
paper,?!) the reliability of solubilities obtained by the
present apparatus was ascertained by comparing the
solubilities of ethylbenzene in polystyrene with litera-
ture values measured by a similar sorption apparatus,
and the mass-fraction Henry constants determined by
extrapolation for the solubilities of ethylbenzene in
polystyrene with those obtained by gas chromato-
graphic technique.

2. UNIFAC-FV Model

It is very useful if the solubility of hydrocarbon
vapor in polymer can be estimated, without any
information about the mixture, by a predictive meth-
od. In general, the solubility of a solute (subscript 1)
in polymer (subscrlpt 2) can be expressed by the single
equation

Pidi=a fi* (D
where P, is the vapor pressure, ¢, is the fugacity
coefficient, a, is the activity, and f5" is the fugacity of
pure liquid phase of solute. The fugacity coefficient
can be calculated by

¢y =exp(B, P, /(RT)) )

where B, is the second virial coefficient of solute, R is
the gas constant, and T is the absolute temperature.
The standard state fugacity /" can be calculated by

f1"=Pi¢} =P} exp(B, P}/(RT)) &)

where Pj; is the saturated vapor pressure. The values
of B; and Pj can be easily obtained from experimental
data or a correlation method. Therefore, solubility, w,
(mass fraction of solute), can be calculated from the
activity of solute. To predict the activity of solute
without mixture data, a UNIFAC-FV model has been
developed.'® It is given as

Ing, =lnaf +Inaf +1naly (4)

where af, a, and af¥ are combinatorial, residual, and
free volume terms of the activity of solute, respec-
tively.

The combinatorial term can be written as3®

Ina$=In ¢1+¢2+ M q In(07/¢7)

—§M1qa(1 ¢,/0%) s)

where

di=riw; / 2w, (6)

=qiw, / 2w ™
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_Z v(’) (8)

=T, ©)

In Eqgs. (5) to (9), ¢/ is the segment fraction, 6/ is the
surface fraction, z is the coordination number, M, is
the molar mass, r{ and ¢; are the pure-component
parameters, R, and @, are the group volume and
group surface parameters, respectively, and v{” is the
number of groups of type & in molecule i.

The residual term of the activity can be written by
the following equations.”

Inat=) vi{InI',—In rvy (10)
k

lnrk=MkQ;({ _1n<z@m mk)

—Z(@’ ¥iom / 2.0.¥ m>} (11)

On=0W, /ZQ» - (12
Qr=0/M, (13)
len=exp(_amn/T) (14)

where I', is the group activity coefficient, I'(") is the
activity coefficient of the group k in pure component
1, 0, is the surface fraction of group m, W, is the
mass fraction of group m, M, is the molar mass of
group k, and a,,, is the group interaction parameter.
The temperature-dependent coordination number
and the interaction parameter given by Skjold-
Jorgensen et al** are adopted in this work and the
other parameters are taken from the original
UNIFAC.'®

For mixtures of liquids whose molecular weight is
not too great, In af'V is usually negligible. However,
for mixtures of solutes (small molecule) and polymers
(large molecule), In ai’ is often significant.>® The
derivation of the free volume term from the partition
function was shown in a previous paper. 18) The free
volume term can be written as

ma™=C, | n-JtL 4 5%
nag B (5, — 1) exp(0.35,)

1 {exp(O.?aﬁ 1) exp(0. 35@}}

“L66—035,) | 156  gLoe
(15)

where

18(17—1)2+9(17—1)+2} 16)

5(':(5_ l)eXp{_ 6(5—1)3
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b, =v,/v¥ (17)

. DWW 0w,
=22
viw, +viw,

(18)

where C, is the one-third external degrees of freedom
for solute, v is the specific volume, v* is the specific
hard-core volume, and subscript M denotes the prop-
erty of mixture.

In a previous paper,'® v* was calculated by the
method of Bondi.*) However, the free volume was
defined as the volume available to the center of mass
of a single molecule as it moves about the system
while holding the positions of all other molecules
fixed. Therefore, it seems reasonable to determine v*
as a function of specific volumes at 0 K. For example,
a molecule which is large or has many branched
chains seems to have relatively large dead space where
other molecules cannot enter. Such space is difficult to
estimate by the Bondi hard-core volume. On the other
hand, the specific volume at 0K is influenced by the
dead space. In the present study, the hard-core vol-
ume was estimated from the specific volume at 0K,
v,, as follows.

v*=1,/1.39 (19)

The values of v, can be estimated from the group
contribution method proposed by Biltz.*) In Eq. (19),
the value of 1.39 has been determined to give almost
the same values for v* calculated by the method of
Bondi for small molecules such as hexane and tol-
uene. Table 5 shows the values of group parameter
V ¥ obtained. The external degrees of freedom can be
determined by data of the heat of vaporization of
pure solute as follows.'®

Ahy —RT(@0, —1)* (5, — 1)*
1.23RT 54

C,= (1.66—-0.37,) (20)
where A4A}*? is the heat of vaporization for solute. The
external degrees of freedom for group C, can be
obtained by considering the values of C, in terms of
group contributions. Table 5 also shows the values of
C,. The values of v} and C, can be calculated by the
following equations.

1 .
ot =g NV @y
ik

C,=Y vWC, (22)
k

3. Prediction of Vapor-Liquid Equilibria by Using
UNIFAC-FV Model

Vapor-liquid equilibria (solubilities) can be calcu-
lated from Egs. (1)-(18), (21), and (22). Since all
parameters in the UNIFAC-FV model can be calcu-
lated from the group contribution, solubilities of
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Table 5. Group hard-core volume parameters and one-third
external degrees of freedom

Group Vi* x 10° [m3-mol™!] C. [
CH;- 14.475 0.185
—CH,~ 9.835 0.047
_CH(CH,)- 19.669 0.072
-C(CH3),— 29.504 0.109
ACH 8.309 0.074
ACCH; 18.144 0.123
ACCH,CH,; 27.979 0.156
ACCH- 8.863 o
-CH=CH- 16.576 —
_CH=C? 11.935 —

hydrocarbons in polymer as well as vapor-liquid
equilibria can be predicted on the basis of the know-
ledge of molecular structure alone. The values of In
a$ +In @ can be calculated by UNIFAC.'*# The pure
component values, P}, B, v, and v, can be obtained
from experimental data. If these data are not avail-
able, correlation methods can be used. For example,
the saturated vapor pressure of solute can be calcu-
lated by the Harlacher equation.?* The second virial
coefficient can be evaluated by the method of
Tsonopoulos.>* The specific volume of solute, which
is necessary to calculate the free volume term, can be
calculated by the equation of Francis.” The specific
volume of polymer can be evaluated by the method of
Bondi.* The parameters in the free volume term, v*
and C,, can be calculated by using the group contri-
bution method with group parameters shown in Table
5 based on Egs. (21) and (22). If a solute is not
included in the groups listed in Table 5, one can
calculate v* by Eq. (19) with v, proposed by Biltz and
C, by Eq. (20) directly.

Figures 2 and 3 show the solubilities of m-xylene in
polystyrene and of ethylbenzene in polybutadiene,
respectively. The Bondi temperature-reducing param-
eters 6, which are required to calculate the specific
volumes of polymers by using the Bondi method, are
860 K for polystyrene and 735K for polybutadiene.
They were determined by measurement of the specific
volumes of polystyrene and polybutadiene. The calcu-
lated results by the UNIFAC-FV model are in good
agreement with the experimental data. However, a
discrepancy is found in the low-pressure region of the
ethylbenzene-polybutadiene system at 80°C. Almost
the same results are obtained for the nonane-
polystyrene and the nonane-polybutadiene systems.

The activities of solutes calculated by the
UNIFAC-FV model are directly compared with
literature values. Those of benzene in natural rubber
are shown in Fig. 4 and those of hexane in polyiso-
butylene in Fig. 5. The correlation is good.

The mass-fraction Henry constant can also be
predicted by the UNIFAC-FV model. The mass-
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Fig. 2. Solubilities of m-xylene in polystyrene

Ethylbenzene(1)-Polybutadiene(2)

40}

30f

P, [kPal

201

°  Exp.
UNIFAC-FV
0 01 0.2 03 04
W1 [-1

Fig. 3. Solubilities of ethylbenzene in polybutadiene

fraction Henry constant H, is defined by the follow-
ing equation.
M a
H,= lim =L = lim —>f{* (23)
wy—0 Wy wy—~0 W}.
where f7 is the fugacity of solute in vapor phase. For
example, the mass-fraction Henry constants for sev-
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Benzene(1)-Nutural rubber(2)
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Fig. 4. Activities of benzene in natural rubber

10 T . :
Hexane(1) - Polyisobutylene(2)
08f
I
— 06} 1
o
04f 1
65C 24)
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02 o 25T :
— 65°C
v 95 UNIFAC-FV
0 0.2 04 0|.6
w1 C-1

Fig. 5. Activities of hexane in polyisobutylene

eral hydrocarbons in polypropylene are shown in
Fig. 6. The Bondi parameter 6, is 750K for polypro-
pylene. The calculated results for H; show good
agreement with the data.?® The UNIFAC-FV model
has been applied to the system containing copolymer.
As shown in Fig. 7, the calculated results of the mass-
fraction Henry constants for octane in styrene-
butadiene copolymers (styrene 0, 30, 45, 77, 100 wt%;,
and Bondi parameters 0, 735, 764, 781, 823, 860K,
respectively) are also in good agreement with the
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Fig. 6. Henry constants of hydrocarbons in polypropylene

16.0 Octane'(1)-Styréne-Butcaiene
copolymer(2)

155
- 150
£
T 145
=
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o Li¢ 121316)
13, — UNIFAC-FV .

0 25 50 75 100
Styrene contentLwt®s]

Fig. 7. Henry constants of octane in styrene-butadiene
copolymer

experimental data.!2-13:19)

Conclusion

The solubilities of m-xylene and nonane vapors in
polystyrene and of ethylbenzene and nonane vapors
in polybutadiene were measured by a sorption ap-
paratus with quartz spring in:the temperature range
from 130 to 175°C and 80 to 130°C, respectively. The
UNIFAC-FV model has been. proposed to calculate
the activity of solute in polymer solution. The pa-
rameters in the UNIFAC-FV model can be calculated
from group contribution, and therefore the solubil-
ities of hydrocarbons in"polymer (vapor-liquid equi-
libria) can be predicted from molecular structure
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alone. The proposed UNIFAC-FV model was found
to be helpful in the prediction of the solubilities of
volatile hydrocarbon vapors in polymers.
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Nomenclature
a = activity ]
Ay = UNIFAC interaction parameter K]
B = second virial coefficient [m®-mol ']
C = one-third external degrees of freedom [
f = fugacity [Pa]
H = mass-fraction Henry constant [Pa]
AR*® = heat of vaporization [J-mol 1]
M = molar mass kg -mol ™)
P = pressure [Pa]
Ok = group surface parameter [—1
0; = see Eq. (13) [mol -kg~']
q’ = surface parameter [mol-kg™"]
R = gas constant [J-mol~'-K™1]
R, = group volume parameter [—1]
P = volume parameter [mol-kg™1]
T = absolute temperature K]
V* = hard-core volume per mole [m?*-mol™']
v = volume [m* kg™
g = free volume [m3 kg1
v* = hard-core volume per kg [m3-kg™1]
v, = volume at 0K [m3 kg™
W, = mass fraction of group m [—]
w = mass fraction 1
z = coordination number ]
r, = group activity coefficient [—]
ry = group activity coefficient in pure

component 1 [—]
e, = surface fraction of group m [—]
0 = surface fraction [—]
0. = Bondi parameter [K]
v = number of groups of type k in molecule ; [—]
¢ = fugacity coefficient [—]
¢’ = segment fraction [—]
¥ = see Eq. (14) [—]
{Subscripts)
ij = component / and j
k,m,n = group k, m, and n
M = mixture property
1 = solute (volatile hydrocarbon)
2 = polymer
{Superscripts)
C = combinatorial term
Fv = free volume term
L = liquid property
R = residual term
s = saturated property
v = vapor property

= pure property
~ = reduced property
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