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Solubility of Gases and Liquids in

Molten Polystyrene

Experimental solubility data have been obtained for sixteen organic

solutes in molten polystyrene by a gas chromatographic procedure for tem-

LEONARD 1. STIEL

peratures from 408° to 503°K and pressures to 4 atm. The effects of diffu- and

sion and adsorption of the solute on the substrate were considered. The
Henry’s law constants resulting from this study and those obtained by other
investigators were related to the reduced temperature. The effect of pressure
on the Henry’s law constants is also discussed, and a relationship is presented

for the heat of solution.

DANIEL F. HARNISH

Allied Chemica! Corporation
Specialty Chemicals Division
Buffalo, New York

SCOPE

Solubility values of gases and liquids in molten polysty-
rene are required in several important applications. For
example, in the extrusion process for the production of
polystyrene foam, an expansion agent is injected into the
polymer at an elevated temperature and pressure and sub-
sequently released at a lower temperature and pressure.
An important physical variable influencing the quality and
cost of the foam is the solubility of the agent at the initial
and final stages of extrusion.

For molten polystyrene, solubility data have previously
been reported for gases at elevated pressures and for lig-
uids at low pressures. An examination of the solubilities
from the various sources revealed some inconsistencies, and
a need was established for additional data, particularly for
substances with values intermediate to those of R-22 and
n-pentane. Therefore, in the present study, solubility mea-
surements have been obtained for sixteen organic solutes,
and the available data have been utilized to develop a gen-
eralized method for the calculation of this property.

CONCLUSIONS AND SIGNIFICANCE

For amorphous polyethylene, Stern et al. (1969) found
that the available solubility data could be represented by
a linear relationship between the log of the Henry’s law
constant and (T./T)2. In this study, a similar approach has
been found to be applicable for the solubility of gases and
liquids in molten polystyrene. The Henry’s law constants
obtained from various sources have to be initially reduced
to a common basis.

The Henry’s law constants presented in this study enable

the estimation of solubilities for a number of substances for
which data were previously not available. The correlation
of the available data enables the calculation of solubilities
for additional substances. The effect of pressure on the
solubilities can be estimated by use of the relationships
discussed.

The chromatographic method is a useful procedure for
the determination of solubilities in polymers. The correla-
tion of the data aids in the analysis of the measurements.

For molten polystyrene, the available solubility data in-
clude the values of Newitt and Weale (1948) for hydrogen,
nitrogen, carbon dioxide, and ethylene for 403° to 463°K
and 80 to 300 atm.; Lundberg et al. (1962, 1983) for
methane for 373° to 461°K and 80 to 325 atm.; and Dur-
rill and Griskey (1966) for nitrogen, carbon dioxide, he-
lium, argon, and chlorodifluoromethane (R-22) at 462°K
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and pressures to 20 atm. These investigators utilized high
pressure sorption experiments in which solubility and dif-
fusivity data were simultaneously obtained. Duda and
Vrentas (1968) obtained solubilities and diffusivities for
n-pentane at 1 atm and 413° to 443°K by the use of a
quartz spring sorption apparatus. Similar measurements
were made by Duda et al. (1973) for ethylbenzene for
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433° to 451°K and approximately 1 atm.

Recently, a gas chromatographic technique has found
considerable utility for the determination of solubilities
in polymers. Chromatographic measurements of solubilities
in molten polystyrene at low pressures were obtained by
Brockmeier et al. (1972) for benzene and ethylenebenzene
at 393°K and ethylbenzene at 453°K, by Newman and
Prausnitz (1972) for a number of soluble organic liquids
for 423° to 473°K, and by Covitz and King (1972) for
organic liquids for 397° to 483°K. In this study a similar
procedure has been utilized to determine solubilities in
molten polystyrene for a number of organic solutes.

DETAILS OF EXPERIMENTAL INVESTIGATION

The experimental measurements were conducted with a
Varian Aerograph Autoprep Model A-700 chromatograph
equipped with a thermal conductivity detector. The poly-
styrene was coated onto Fluoropak-80 support by dissolu-
tion from chloroform solution, and the coated materials
were packed into 0.64 cm copper tubing. The percent poly-
mer on the support was determined from the weights of
each constituent charged, and the amount of packing in
the column from the initial and final weights of the tubing.
The column was placed into the chromatograph and the
temperature, pressure, and carrier gas flow rate adjusted
to the desired level. The column temperature was mea-
sured with a thermocouple attached to the column in the
oven. This procedure was tested by placing thermocouples
at various locations between the inlet and outlet of the
column and was determined to be accurate to within 1°C.

The pressures of the helium carrier gas at the column
inlet and detector outlet were controlled with needle valves.
The inlet and outlet pressures were measured with small
gauges. The flow rate at 1 atm was measured at the (?utlet
of the system with a soap-bubble flowmeter. For liquids, a
sample of approximately 0.2 ul was charged with a 10 ul
syringe. Gaseous solutes were charged with a gas sampling
apparatus, and the quantity injected depended on the pres-
sure of the sample and the amount of time the valve was
opened. The output of the detector was monitored with a
recorder. The retention time for the injected solute to reach
the detector was determined with a stopwatch as the time
at which a maximum peak height was obtained on the
recorder. Reference retention times were also measured
for the column conditions of each run by the injection of
air with the syringe for liquid samples, or by the injection
of nitrogen with the gas sampling apparatus for gaseous

solutes.
For each run, the specific retention volume V, was cal-

culated from the weight of polymer W, the measured flow
rate Q, and the difference in retention times for the solute
and the reference gas (Newman and Prausnitz, 1972) as
ty — ty) 273.2
v, = &l 21 W
PWTp

where T is the flowmeter temperature. The average pres-
sure in the column P is calculated from the relationship

(Pi/Po)® — 1 ]
(Pi/Pg)2 — 1
where P; is the inlet pressure and P, the outlet pressure.

By assuming ideal gas behavior, the Henry’s law constant
K, is obtained from Equation (1) as

P=2/3P, [ (2)

0
VvV
/K, = P" =V, (3)

1

where P, is the partial pressure of the solute in the gas
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phase, and Vg is the solubility expressed as cubic centi-
meters of solute per gram of polymer at 273°K and 1 atm.

The columns which were prepared had the following
characteristics:

% Polymer
Column Column (Fluoropak-80
Number  Length, cm substrate)
1 24 13.12
2 71 2.02
3 35 4.76
4 71 4.85

In order to test the effect of the substrate, a 35 em column
was also prepared with no polymer coating and a 71 cm
column with 4.789 polymer and glass beads for the sub-
strate. For column 1, the polystyrene utilized was sup-
plied by Sinclair-Koppers Company and had a number
average molecular weight of 115,000 and a wide molecu-
lar weight distribution of components. For the other col-
umns, the polystyrene utilized was Pressure Chemical Com-

pany’s Special Polystyrene Standard with My = 110,000
and a very narrow molecular weight distribution.

EXPERIMENTAL RESULTS

Solubilities were measured with the various columns for
R-22, trichlorofluoromethane (R-11), dichlorodifluorometh-
ane (R-12), chlorofluoromethane (R-31), trichlorotri-
fluoroethane (R-113), methyl chloride, methylene chlo-
ride, chloroform, propane, isobutane, n-pentane, n-hexane,
n-heptane, benzene, toluene, cyclopentane, and cyclohex-
ane. The temperatures ranged from 408° to 503°K and
pressures from 1 to 4 atm (101.325 to 405.3 N/m?2).

The chromatographic method enables the rapid deter-
mination of solubilities, but in order to obtain accurate re-
sults, diffusional and adsorption effects must be considered.
The experimental solubilities for column 1, which was
short in length and had a high coverage ratio (gram poly-
mer per gram substrate), were in general lower than ex-
pected, particularly at low temperatures. Therefore, in
subsequent runs longer columns with lower coverage ratios
were employed to minimize the effect of diffusion. For
these columns, the pressure drop required for reasonable
flow rates are larger, adding to the experimental uncer-
tainty.

The previous chromatographic measurements of solubil-
ities in molten polystyrene were obtained by Brockmeier
et al. (1972) with 47 cm long columns, low coverage
ratios, and Chromasorb-W as the substrate; by Newman
and Prausnitz (1973) with 24 cm long columns, various
coverage ratios, and Fluoropak-80 as the substrate; and
by Covitz and King (1972) with columns 1 m long, high
coverage ratios, Chromasorb-P substrates, and polysty-
renes with various molecular weight distributions. Brock-
meier et al. (1972) found no dependence on flow rate for
a 1% loading of polystyrene, with some dependence for
a 5% loading. Newman and Prausnitz performed measure-
ments at varying flow rates for each coverage ratio and
extrapolated the results linearly to zero flow rate. Lichten-
thaler et al. (1974) have subsequently suggested that a
quadratic extrapolation should be employed.

In this study, measurements were made at varying flow
rates with column 4 for the fluorocarbons and for propane,
isobutane, and n-pentane for temperatures from 408° to
503°K. The calculated Henry’s law constants were extrap-
olated to zero flow rate at each temperature to obtain the
limiting values of 1/K,. Typical results are shown in Fig-
ure 1 for R-118. For a given coverage ratio, the extent of
the variation with flow rate is dependent on both the solu-
bility and diffusivity of the solute in the polymer.
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Fig. 1. Relationship between 1/K;, and flow rate for R-113.

In the treatment of the experimental measurements, the
possibility of adsorption of the solute on the substrate
resulting in high solubilities must also be considered. It
has been suggested (Newman and Prausnitz, 1973) that
the experimental solubilities are independent of coverage
ratio if this ratio is greater than 0.05, the value used in
most of the runs of this study. The solubilities obtained
for the second column with a lower coverage ratio were in
general higher than those obtained with the other columns.
Newman and Prausnitz (1972) accounted for adsorption
effects by plotting the limiting solubilities at zero flow
rate against the reciprocals of the corresponding coverage
ratios and by extrapolating to zero. In the present study,
an extensive analysis of this type was not performed be-
cause of the considerable uncertainty resulting from double
extrapolations of the data.

Adsorption contributions to the solubilities were studied
by the use of a 35 cm column with Fluoropak-80 substrate
and no polymer coating. All of the solutes had positive
retention time differences for this column, with the dif-
ferences increasing with decreasing temperatures. Some ad-
justments of the experimental solubilities were made on the
basis of these values, but it was difficult to obtain repro-
ducible results for gaseous solutes with this column. Mea-
surements were also made with a column 71 cm long with
glass beads as the substrate and a coverage ratio of ap-
proximately 0.05. For this column, adsorption effects were
not present, but diffusional contributions were enhanced
greatly. The specific retention times obtained with this col-
umn had to be extrapolated to zero flow rate even for
highly soluble liquids. The results of these tests enabled
the most suitable data for each substance to be favored in
the analysis of the measurements,
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Fig. 2. Relationship between 1/Kp and (To/T)2 for R-11.

TaBLE 1. EXPERIMENTAL VALUES oF 1/K,

Sub-
stance 408°K 423°K 448°K 473°K  498°K
R-11 3.85 3.02 2.09 1.55 1.17
CH-Cl, — 5.20 3.35 2.21 —
CgHg —_ 13.10 7.75 4.93 3.40
C7Hg — 21.9 12.70 7.60 —_—
R-12 1.12 0.94 0.70 0.56 0.45
R-22 0.94 0.81 0.64 0.53 0.44
R-31 2.01 1.65 1.20 — —_
CsHg 0.90 0.78 0.62 0.51 0.43
i-C4Hyg — 1.20 0.86 0.65 0.52
n-CsHjo 3.35 2.60 1.80 1.28 0.98
R-113 _ 3.50 2.33 1.65 1.22
n-CsHiq —_ 4.40 2.80 1.93 1.47
n-C7Hjg — _ 4.80 3.12 2.18
CH;Cl - 1.70 1.30 —_ —
CsHio — —_ 3.05 — —_
CHCl; —_ —_ 3.20 — —
CgHi2 —_ — —_ —_ 2.72

For gaseous solutes, the solubility in molten polystyrene
is low, and measurements were obtained only for a cover-
age ratio of approximately 0.05. Another source of experi-
mental uncertainty for these substances is that some
changes in the results were detected with differences in
the charging conditions. The amount of gaseous solute in-
jected was determined by both the pressure of the gas sam-
ple and the length of time of injection. Accurate results
could be obtained for these solutes only if the sample and
reference gas were charged in exactly the same manner.

For each substance, the data for the various columns
and conditions were plotted to obtain a linear relationship
between the log of 1/K; and (T./T)2, as shown in Figure
2 for R-11. From these plots, interpolated values of 1/K,
were determined for each substance (if possible) at 408°,
423°, 448°, 473°, and 498°K and are presented in Table
1. The experimental solubilities are considered to be ac-
curate to within approximately 10%.

CORRELATION OF EXPERIMENTAL DATA

Durrill and Griskey (1969) showed that the available
solubility data for gases in molten polystyrene and other
polymers at 461°K could be represented in terms of a
linear relationship between the log of the Henry’s law
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constant and either the Lennard-Jones force constant or
critical temperature of the solute. For amorphous poly-
ethylene, Stern et al. (1969) found that the available solu-
bility data for a wide range of solutes and temperatures
could be represented as a linear relationship between the
log of the Henry’s law constant and (T./T)2. In this study,
a similar approach has been found to be applicable for the
solubility of gases and liquids in molten polystyrene.

For liquid solutes at low pressures, the results of chro-
matographic measurements are usually reported in terms
of an activity coefficient at infinite dilution . This activity
coefficient is related to K, defined in Equation (3), as fol-
lows (Everett et al., 1961):

K, = ﬂ gl(P1*/RT)(Bu—v1) — (P/RT)(2B1iz— Bza—v1)1

22,414
(4)

where M; is the molecular weight of the solute, and Py*
and v; are the vapor pressure and molar volume of the
saturated liquid. The partial molar volume of the solute

at infinite dilution v; can be approximated as v,. In Equa-
tion (4), By, is the second virial coefficient of the solute,
B, the virial coefficient of the carrier gas, and By, the in-
teraction virial coefficient.

Brockmeier et al. (1972), Newman and Prausnitz
(1972), and Covitz and King (1972) reported their re-
sults in terms of the infinite dilution activity coefficient.
Covitz and King (1972) neglected the exponential term in
Equation (4), which is reasonable at low pressures. New-
man and Prausnitz (1972) neglected the second term in
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the exponential part, which enhanced the contribution of
the first term involving the vapor pressure. In this study,
values of K, were calculated by the use of relationships
consistent with those utilized by the investigators to deter-
mine the reported activity coefficients from the experi-
mental retention volumes.

The Henry’s law constants obtained by chromatographic
measurements for all the sources, including the data of this
study, are in substantial agreement and result in a linear
relationship when plotted as log 1/K, vs. (To/T)2, as
shown in Figure 3. The experimental values of Newman
and Prausnitz (1972) and Covitz and King (1972) show
some negative deviations at low temperatures, possibly
due to diffusional effects, but are in general agreement
with the indicated relationship. The solubilities obtained
by Duda and Vrentas (1968) for pentane and by Duda
et al. (1973) for ethylbenzene with a quartz spring sorp-
tion apparatus at approximately atmospheric pressure are
also in agreement with the relationship of Figure 3. Al-
though the chromatographic measurements obtained in this
study for substances of low solubility such as gases are of
less certain reliability, the Henry’s law constants for these
solutes are, in general, consistent with the relationship ob-
tained for the more soluble liquids.

In order to relate the solubility data for gases at ele-
vated pressures with the values for liquid solutes at low
pressures, the variation of the Henry’s law constant with
pressure must be considered. The effect of pressure can
be expressed as

f1 = KO ¢@P/RD) V) (5)

where f; is the fugacity of the solute in the gas phase, and
Ky® is the Henry’s law constant corrected to zero pres-
sure. Most of the chromatographic measurements were ob-
tained at approximately atmospheric pressure, and the
values of 1/K, are slightly lower than the corresponding
values of 1/K®,

For a pure gaseous solute in contact with the polymer
at moderate pressures, the fugacity required in Equation
(5) can be represented as

f1 = P ¢(BuP/RT) (6)

Procedures for the estimation of v; for gaseous solutes have
been presented by Lyckman et al. (1965). Since 1/K,
represents the ratio V,%/P at 1 atm, the following relation-
ship can be obtained from Equations (5) and (6) for this
case:

0

l/Kp = (_‘;g_) e[(;)l—Bu)(P—l)/RT] (7)

For the data of Lundberg et al. (1963) for methane at
461°K, the values of 1/K, calculated from Equation (7)
and the experimental values of (V4°/P) for pressures to 315
atm are consistent with the linear relationship of Figure 3.
For the results of Durrill and Griskey (1966) for pres-
sures to 20 atm, the calculated values of 1/K, are lower
than those resulting from the linear relationship. However,
the experimental data for this source exhibit considerable
scatter, and the calculated values for some points are in
closer agreement with this relationship. The values for the
data of Newitt and Weale (1948) which are of question-
able reliability (Durrill and Griskey, 1966) also deviate
considerably from the linear relationship. For these sub-
stances, the solubilities are very low, and it cannot be
established conclusively from the results of this study that
a linear relationship is applicable for (T./T)% < 0.6.

For all the sources, values of In (1/K,) for (T./T)?
> 0.6 were related to (T./T)? by a least-squares pro-
cedure. The resulting relationship is
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In (1/K,) = —2.338 + 2.706 (T./T)? (8)

For 109 points utilized to establish Equation (8), the
average percent error between experimental and calcu-
lated values was 7.53%. For the data of this study, the
average error was 6.13% for 56 points. For the data of
Covitz and King (1972), the average error was 8.0% for
26 points and 8.29% for 18 points from the data of New-
man and Prausnitz (1972). It was found that if a linear
term in (T./T) is also included, about the same overall
error is obtained, and the coefficient of this term is small.
In Table 2, values of the Henry’s law constants obtained
in this study for benzene, toluene, n-pentane, and R-22 are
compared with the corresponding values obtained in other
investigations and with those calculated from Equation

(8).

DISCUSSION

The chromatographic method to obtain solubilities in
molten polymers requires extensive analysis to obtain re-
liable results. For each substance, a particular column will
result in optimum measurements. Thus, for a substance of
small molecular size and high solubility, a high coverage
ratio should be used, while for a solute of large size and
limited solubility, meaningful results can only be obtained
with low coverage ratios, even if adsorption effects are
significant. For gaseous solutes, modifications of the ex-
perimental procedure would improve the accuracy of the
results. The correlation of the available data for all the
substances aids in the analysis of the chromatographic mea-
surements and enables the prediction of the solubility of
substances for which data are not available.

Equation (8) enables the calculation of solubilities for
nonpolar or slightly polar substances at moderate pressures
from the reduced temperature of the solute. The effect of
pressure on the solubility can be estimated through Equa-
tion (5). The relationship for the temperature variation of
K, is

d(ln Kp) L
ar RT?
where L is the heat absorbed in the vaporization of 1 mole
of solute from the solution at constant temperature and
atmospheric pressure. From Equations (8) and (9), the

following relationship is obtained for the range of applic-
ability of Equation (8):

L = 45.025 (T2/T) (Joule/mole) (10)

Equation (10) indicates that the heat of solution is
strongly dependent on critical temperature and varies in-

(9)

TasLE 2. CoMpaRisON OF HENRY’S LAW CONSTANTS FROM
DIFFERENT SOURCES

Substance  T°K 1/Kp Reference
Benzene 448° 7.40 Covitz and King, 1972
6.50 Newman and Prausnitz, 1972
]

7.75
6.75 t
Toluene 448° 1240 Covitz and King, 1972
11.09 Newman and. Prausnitz, 1972
12.70 ®
10.83 t
n-Pentane  423° 2.69 Duda and Vrentas, 1968
2.60 ®
2.69 t
R-22 462° 0.41 Durrill and Griskey, 1966
0575 *
0545
® This study.

$ Calculated from Equation (8).
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versely with the temperature.

Most of the solubility data utilized for the development
of Equation (8) were obtained for polystyrene samples
with a number average molecular weight of approximately
100 000. Covitz and King (1972) found that the Henry’s
law constant decreases slightly with increasing molecular
weight of the polystyrene.
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NOTATION

By second virial coefficient of solute, cm?/g mole

By; = second virial coefficient of carrier gas, cm3/g mole

Bj; = interaction virial coefficient for solute and carrier
gas, cm3/g mole

1 = tugacity of solute, atm

Ky® = Henry’s law constant corrected to zero pressure

= Henry’s law constant defined in Equation (3)

1/K, = solubility at a total pressure of approximately 1
atm, cm?®(273°K, 1 atm) /g atm

L = heat of vaporization of solute from solution,
Joule/mole

My = number average molecular weight

MW, = molecular weight of solute

P = pressure, atm

P = average pressure in column, atm, defined in Equa-
tion (2)

P, = partial pressure of solute in gas phase, atm

Py¢ = vapor pressure of solute, atm

P; = pressure at inlet to column, atm

P, = pressure at outlet of column, atm

Q = flow rate in flowmeter at atmospheric pressure,
cm?/min

R = gas constant

T = temperature, °K

T. = critical temperature, °K

T; = temperature in flowmeter, °K

t, = retention time of solute in column, min.

ty = retention for reference gas in column, min.

v; = molar volume of liquid solute at saturation, cm3/g
mole

v; = partial molar volume of solute in polymer at in-
finite dilution, cm3/g mole

V, = specific retention volume, cm®/g, corrected to
273°K and the average column pressure

Vi = specific retention volume, cm?(273°K, 1 atm)/g

W = weight of polymer in column, g

w; = weight ratio of solute to polymer

y1 = activity coefficient of solute at infinite dilution, de-

fined in Equation (4)
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Experimental Study of the Residence Time
Distribution in Plasticating Screw Extruders

Experimental residence time distribution functions for the liquid and
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and

solids conveying processes by a screw conveyer and for the polymer in a

plasticating extruder were obtained by using a radioactive tracer technique.
A comparison was made between the experimental results and several theo-
retical models available for melt extrusion and mixing processes.
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SCOPE

The objective of this study was to obtain experimental
data on the residence time distribution (RTD) of poly-
mers in a plasticating extruder. The results were then
compared with theoretical models derived for melt extru-
sion and other mixing unit operations. RTD functions were
also obtained for liquid and solids conveying in screw con-
veyers. A special technique was developed for that pur-
pose by using radioactive material as the tracer. The ex-
periments were performed employing two methods. By

the first method the tracer was preactivated and then in-
jected, while by the second method the tracer was first
injected and then samples of the output were activated.
The effect of several parameters, such as temperatures of
the screw and its rotational speed, were also investigated.
The information obtained by the RTD function is of in-
terest for the performance of the extruder, especially when
time dependent processes take place in the extruder or in
the screw conveying process.

CONCLUSIONS AND SIGNIFICANCE

The plasticating extruder is probably the most widely
used unit operation in the polymers industry. The mixing
conditions, flow patterns, and residence time distribution
(RTD) in a plasticating extruder have significant effects
on the product, especially when polymers sensitive to heat
are extruded or when good mixing of additives is required.
For the use of extruders as polymerization reactors, as it is
recently being considered, the knowledge of the residence
time distribution is even more important. Therefore, an
experimental study on the residence time distribution of
the polymer material in a single screw plasticating ex-
truder was made and compared with the limited theory
available to date. Additional experiments were made with
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solids conveying and with liquid conveying by the ex-
truder screw so as to be able to model the plasticating
extruder and its various zones as closely as possible.

The experiments for the determination of the RTD
were made by using a radioactive tracer, and two different
techniques were used for the output analysis. Both tech-
niques were found applicable for the RTD determination
in the plasticating extrusion process. The tracer used was
a master batch of 19, manganese dioxide in polyethylene
which in the first method was irradiated in a nuclear re-
actor before it was injected into the extruder, whereas in
the second method it was injected without being irradi-
ated. The post irradiation method is more time consuming
but enables one to test the extruder also in cases where
radioactive material cannot be handled at the location of
the extruder.
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