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SUMMARY

Little is known about the solution properties of gases in molten
polymers. The purpose of this investigation was to determine diffusiv-
ities and solubilities of methane in thermally softened and molten
isotactic and atactic polypropylenes.

Diffusivities and solubilities were determined simultaneously
from sorption experiments. Methane-polymer systems were examined at
149.66, 166.00, and 188.00°C and at equilibrium pressures ranging from
approximately 10 to 350 atmospheres.

Average diffusion coefficients for methane in atactic polyprop-
ylene are greater than in the isotactic polymer. These diffusion co-
efficients increase with increasing temperature and demonstrate a pro-
nounced pressure dependence at gas pressures below 125 atmospheres.
Diffusivities range from 1.53 x 107 cm?/sec (isotactic) and 3.38 x 1073
em?/sec (atactic) at the lowest temperatures and pressures to 6.05 x 1072
(isotactic) and 9.98 x 1072 cmzfsec (atactic) at the highest temperatures
and pressures.

Methane solubilities in the atactic polymer correspond to about
10 gas molecules per 100 monomer units at the upper extremes of tempera-
ture and pressure; corresponding solubilities in the isotactic system
are about 7 molecules of gas per 100 monomer units. Solubilities in-
crease with increasing temperature and pressure and deviate from Henry's
Law in a negative sense.

These sorption data are well represented by the Langmuir isotherm,
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which suggests a solution model in which gas molecules are adsorbed on
widely separated sites, and in no way requires adoption of a substitu-
tional lattice model.

Results of these sorption experiments are interpreted to mean

that ordering due to isotacticity in polypropylene may persist above

the crystalline melting point over experimental times of 10° seconds.



CHAPTER I

INTRODUCTION

Purpose

The purpose of this investigation is to determine diffusivities
and solubilities of methane in thermally softened and molten isotactic
and atactic polypropylenes at temperatures up to 188.00°C and at pres-

sures up to approximately 5000 psig.

The Problem

The progress of polymer science and technology has been hindered
in part by the rather restricted research into the properties of bulk
polymers at temperatures above the softening point. Although much work
has been done in molten polymer rheclogy, investigations in other impor-
tant areas have been limited in both number and scope. An example is
diffusion and solution of gases in thermally softened and molten polymers.
Further research in this area is justifiable on grounds of the needs for
solution data in industry and also for a better understanding of polymer
solutions and solution theory.

Solubility and diffusivity data for gases in softened or molten
polymers are of great importance in a variety of manufacturing processes.
In the production of low-density polyethylene at high pressures the
solubility and diffusivity of ethylene in the product should be known.

In the synthesis of condensation polymers (nylon, for example), where

the leaving group must be efficiently removed from the melt, the dif-



fusivity of the small molecule (water in the case of nylon) split out
during condensation as well as 1ts solubility in the melt are important
factors to be considered in predicting the properties of the finished
product. Gas diffusivities are also essential data in the production
of foamed plastics. Solution data for each of these cases probably are
proprietary; such data are not in the literature.

Continued development and refinement of the existing theories
of polymer solutions depend on the availability of data. Many data
have been collected for systems in which polymers are dissolved in
large amounts of liquid. Considerable work has been done on solution
and diffusion of simple liquids, dyes, and gases in solid polymers. In
comparison, an almost insignificant fraction of polymer solution re-
search has dealt with systems in which the polymer is thermally softened
or molten,

The system polypropylene-methane is a logical candidate for mol-
ten polymer-gas studies. Polypropylene is incorporated in a variety of
products in the textile and plastics industries. During fabrication
polypropylene melts are often blanketed with non-reative gases at ele-
vated pressures. It is readily available in isotactic and atactic
varieties; therefore consideration of the role of polymer tacticity in
both equilibrium and kinetic solution processes is easy. Methane and
its derivatives have been the most widely used gases in previous molten
polymer-gas systems. Consequently its use with polypropylene invites
comparison with a number of other systems which are mentioned in the
literature survey below. 1In addition, thermodynamic data for methane and

polypropylene at temperatures as high as 250°C and at pressures up to sev-



eral hundred atmospheres are available. This system indeed has prac-

tical and theoretical significance,

Review of the Literature

The literature in the general fields of diffusion and solubility
is quite extensive. Barrer (1) and Jost (24) have written well known
reviews which may serve as keys to the literature of diffusion in
solids, liquids, and gases. An extensive work in the field of solu-

bility is Hildebrand and Scott's The Solubility of Nonelectrolytes (22).

These three references offer excellent cross-references for more spe-
cialized investigations.

Solutions to the diffusion equations require rather sophisticated
mathematical manipulation. Crank's book (7) is perhaps the most useful
reference in this regard. His work is based in part on the mathematics
of heat conduction of Carslaw and Jaeger (5) since molecular diffusion
and thermal diffusion are physical analogs. Both of these works rely
heavily on the work of Fourier (19) which will be mentioned later.
Diffusion

Diffusion is the process by which molecules are transported from
one point in a system to another as the result of molecular motions.

The net mass flow is from a region of higher chemical potential to a
region of lower chemical potential. Such phenomena are commonplace, and,
indeed are wvital to life itself. The process which accounts for the
movement of molecules from an open bottle of cologne to the far side of

a room is the same one that accounts for the transfer of oxygen and

carbon dioxide between hemoglobin and myoglobin in tissue resipration.



The drive for diffusion and solution then is a 'statistical" drive to
increase the entropy of the system.

Transfer of heat by conduction is also due to molecular motion,
and this was recognized by Fick (16), who is generally accredited as
the first to mathematically describe the molecular diffusion process.

The two basic equations of diffusion

F == po& (1)
ax
8C _ 3 [poC
t_ax(l}é-;) (2)

are ordinarily referred to as Fick's First and Second Laws respectively,
where

F = rate of mass transfer per unit area normal to the direction
of flow;

D = diffusion coefficient;
C = concentration of diffusant;
x = distance along the axis of diffusion;

time.

t
Crank and Park (ll) point out that D is a sensitive function of tempera-
ture, may vary with time and concentration, and generally is not constant.

Fick's quantitative approach to molecular diffusion is exactly
the mathematical theory of heat due to Fourier (19). In his classic,

Theorie Analytique de la Chaleur, Fourier formulated a mathematical model

for thermal diffusion, applied it to a variety of geometries and boundary

conditions, and solved the differential equations. Fourier's thermal
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diffusion equations are identical to the molecular diffusion equations.
Fick rationalized that because heat conduction and molecular diffusion
are propagated by molecular motion, their mathematical models must be
identical,

Radial Diffusion Equation

Fourier's differential equation for radial diffusion in an infi-

nite right circular cylinder of radius a is

Q2

Qz

C L 5 3C
= = — D—
t ror (r ar) (3)
with the boundary condition
C(t=0) =0 , (4)

where r is radial distance. If the system is closed and the diffusant

external to the cylinder is of uniform composition, the solution to

equation 3 is (8)

n(t=0) - n(t) da (1 +a) -2 Dt
R(E=0) = n(E>s) = 1 - &< 4 + 4a ; 2.2 = ' aZ &2
lzl ‘i
where
B n(tr=) (6)

n(t=0)-n(t-<=)

n(t=0), n(t), and n(t+») being the numbers of free moles of diffusant
external to the cylinder at zero time, arbitrary time, and infinite

(equilibrium) time respectively. The q; are successive, positive non-



zero roots of

aq;J (qy) + 23,(q,) = 0 (7)

where J, and Jj are the zeroth-order and first-order Bessel functions.
Lundberg, Wilk, and Huyett (28) have approximated the infinite
series of equation 5 by using separate sub-approximations for long and
short times. Since the exponent of equation 5 is negative and the q
increases rapidly with i, a good approximation for long times such that
Dt/az > 0.045 would be the first two terms of the series. At short
times, a very large number of terms would be required, so for Dt/32 <
0.045 an analytic approximation suggested by Carman and Haul (4) and

Crank (9),

n(t) =n(e=0) [ YL +to+ 1 gepfe(lt vl +a lLQE (8)
VT ¥ 4o o a’

+—lia—_leerfc Jedl % w JDE
2VT + (61 a2

was used, where

2
cerfc(x) = exz[l -erf(x)] =& |1 - _glj;_uz du 9
e}

is a function of the Gaussian error function. To make the scheme am-
menable to analysis by digital computer, the rational function approxima-

tion given by Hastings (21)

. (10)

erf(x) =1 -
3 4 ‘
[1 +4x + ¢2x2 + 04X + 9yx ]
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<278393 ¢ .000972

- =
—
I il

.230389 ¢4 = ,078108

was used. This approximation scheme represents the solution to the
radial diffusion equation to within 0,2% except near the junction of
the two sub-approximations at Dt/a2 = 0.045, where departures approach
0.5%.

Diffusion in Polymers

Bulk polymers have been widely used as diffusion media in a
variety of investigations. All types of solids, liquids, and gases
have been paired with every imaginable class of polymer. Currently,
the most extensive review of the field of diffusion and solubility in
polymers is that of Crank and Park (10). In addition, Jost (24) and
Barrer (1) have compiled information on diffusion in elastomers. These
books reveal a true deficiency in polymer solution work to date: ther-
mally softened and molten polymers have been practically ignored. Four
teams of investigators--Newitt and Weale; Durrill and Griskey; Lundberg,
Wilk, and Huyett; and Lundberg, Mooney, and Rogers--have investigated
diffusion and solubility of gases in molten polymers.

Newitt and Weale

Newitt and Weale (45) studied the diffusion and solubility of
hydrogen, nitrogen, carbon dioxide, and ethylene in polystyrene at ele-
vated pressures. Measurements were made on both the unsoftened and the
thermally softened polymer using simple sorption techniques.

Solubility measurements were made by placing the weighed polymer

specimen in a leak-proof diffusion cell, introducing gas under pressure,



and measuring the initial and final pressures. The amount of gas sorbed
was computed from the difference in initial and final pressures. Knowl-
edge of the total diffusion cell volume and the polymer weight permitted
calculation of solubility in moles of gas per unit weight of dry polymer.
Solubilities were then plotted against final pressure to calculate Henry's
Law constants.

Diffusivities for the gases in polystyrene were obtained by an
interferometric technique. For reasons not given by the authors, the
sorption method was considered impracticable to obtain diffusion data.
The first technique employed involved observation of a boundary of dye
within the specimen. A revision of this technique called only for the
observation of the solute bubble front at temperatures above 120°.

Two weaknesses are apparent in the work of Newitt and Weale.
First, the sorption data used to calculate solubilities and Henry's Law
constants were not used to calculate diffusivities. Therefore, the op-
portunity for correlation of kinetic and equilibrium data on the same
system was missed. Secondly, in most of the experiments the diffusing
gas was not preheated to the temperature of the polymer. These experi-
mental defects were corrected in the work of Lundberg and coworkers and
in that of Durrill and coworkers,

Lundberg, Wilk, and Huyett

Joint determination of diffusivities and solubilities of gases in
molten polymers was first accomplished by Lundberg, Wilk, and Huyett (26)
using a simple sorption method. Molten polymer was constrained in a
sintered glass cylinder in a pressure vessel which was part of a leak-

proof pressure system of known volume maintained at constant temperature



using thermistor controlled oil baths or heaters for pressure vessels.
The experiment consisted of quickly admitting gas to the system and
measuring the pressure drop of the diffusing gas with time. In the
early stages of experimental technique development, gases were not pre-
heated, and pressure measurements were manually recorded from Bourdon
gages. Improvements were made so that polymers were constrained in
sintered stainless steel cylinders, temperatures were measured as well
as controlled using thermistors, pressures were monitored with a trans-
ducer, and all data were automatically collected on punched cards for
subsequent analysis on a digital computer. A gas preheat system was
also developed so that gas and polymer would be at the same temperature
throughout the experiment (except for some cooling upon expansion as
gas was admitted to the sorption systen).

Sorption experiments were performed isothermally and in a step-
wise fashion. To begin a sorption increment, gas was preheated and
admitted at about 30 atmospheres. After pressure dropped to equilibrium,
more gas was admitted to start the second phase of the experiment. This
procedure was repeated through three or more pressure increments up to
several hundred atmospheres.

Estimations of diffusivity were made by fitting the sorption data
to an approximation to the radial diffusion equation described above.
Since several hundred to a few thousand observations of pressure, temper-
ature, and time were made for each increment, the data were first smoothed
and reduced in number. The reduced pressure data were converted to moles
of gas external to the polymer. Since the initial and final numbers of

moles could be inferred from the data, the number of dissolved moles of
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gas at any value of elapsed time could be computed and solubilities
determined.

An analytical technique used was referred to as '"censoring’ (30).
Experimental measurements were believed to be the net result of several
procedures, including gas expansion, response time of instruments, and
pelymer visco-elastic behavior. Therefore different parts of the
sorption data would yield different "fits" to the diffusion equation.
Long time data were eliminated to determine the initial number of moles;
the final number of moles could be determined quite accurately from
long time data. A separate series of censorings emphasizing long time
data were used to estimate diffusivities., In cases where the diffusion
increased and then decreased during a sorption increment, diffusivities
were computed from a fit of all the data. Lundberg (38) has stated
that a rapid pressure drift was noted for 30 seconds or so after the
admission of gas to the sorption system containing no polymer at all.
Consequently it was suggested that solubilities might be more accurately
determined by using a best fit over most of the data and deleting the
very short time data. Solubilities recalculated by this scheme are as
much as 30% lower than the published values.

Details of the instrumentation (34) and the analytical procedures
(31) used for these sorption studies have been published by the invest-
igators.

The gas-polymer systems studied by Lundberg, Wilk, and Huyett
include nitrogen-polyethylene (26), and nitrogen and methane in poly-
ethylene and polystyrene (27,34). Lundberg (36) has also compared dif-

fusivity and solubility of methane in linear and branched polyethylenes.



The last work of the series was Lundberg, Mooney, and Rogers' (37)
investigation of the methane-polyiscbutylene system.

It was demonstrated that for the solution of methane in poly-
styrene at lOO.ZOoC, Henry's Law is obeyed (33). However, at tempera-
tures of 125.42, 155.42, and 188.40°C and pressures up to 700 atmo-
spheres, positive pressure deviations from the Henry's Law prediction
were noted. Similar departures were noted for methane and nitrogen in
molten polyethylene (33). The deviations were notably larger for poly-
ethylene than for polystyrene. Conversely, Newitt and Weale (45) have
indicated that at temperatures above and below the softening point,
nitrogen solubility in polystyrene obeys Henry's Law at pressures as
high as 300 atmospheres.

Diffusion coefficients were found to exhibit a slight pressure
dependence for the methane-polystyrene system (33). The effect was
smaller at the higher temperatures, and at 188.40°C diffusivity seemed
to be independent of pressure. This result was assumed to be reasonable
since the plasticizing effect of the methane molecules would be more
apparent at lower temperatures where chain mobility is more restricted.
Furthermore, it was concluded that this sort of pressure dependency is
not inconsistent with a free volume model solution and in noc way re-
quires assumption of a substitutional lattice model (34).

The first experiment in the Lundberg series seemed to indicate
that diffusivity increased and then decreased with increasing temperature
for the nitrogen-polyethylene system (26). The decrease noted at higher
temperatures was interpreted by the investigators (37) and by Durrill

(12) as the result of not preheating the gas. Subsequent investigations



showed an increase in diffusivity (and a corresponding decrease in dif-
fusional activation energy) with increasing temperature. The magnitude
of change has been interpreted in terms of the Barrer 'zone" theory (2).

Durrill and Griskey

Durrill (12) and Durrill and Griskey (14,15) have studied the
diffusion and solution behavior of a number of inert gases in polymer
melts. In principle, the equipment and experimental procedure were
similar to those of Lundberg, Wilk, and Huyett and of Newitt and Weale.
Polymer specimens were held in a cylindrical diffusion cell in an iso-
thermal environment. Preheated gas was admitted to the cell, and dif-
fusion proceded from the planar surface of the molten polymer (duffusion
in an "infinite slab'). Gas pressures read from Bourdon gages were
monitored with elapsed time and the data were fitted to sorption iso-
therms to yield the diffusion coefficient. Solubilities were computed
from the difference of initial and final pressures. The method is a
true hybrid of the methods used by the two earlier teams of investigators.

The outstanding contribution of the Durrill experiments was his
variety (27 pairs) of combinations of gases and polymers. The polymers
used were polyethylene, polypropylene, polyisobutylene, polystyrene, and
polymethylmethacrylate. Gases included nitrogen, carbon dioxide, mono-
chlorodifluoromethane, argon, helium, krypton, and neon.

Temperatures selected for these experiments were 370, 397, and
435°F, with emphasis being placed on the data taken at the lowest of
these. A fairly narrow pressure range, from 7 to 20 atmospheres, was
used.

Durrill found that Henry's Law holds for each of the gas-polymer
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melt systems investigated. At 3?ODF, Henry's Law constants ranged
from 0.02 to 0.50 em3 (S.T.P.) per gram of polymer per atmosphere. Dif-
fusion coefficients ranged from 2 x 106 to 2 x 10~4 cmzﬁsec. Dif fu-
sivities for nitrogen in polyethylene, and polystyrene are significantly
higher than those reported in earlier investigations (39). Several of
the diffusivities reported by Durrill are inordinately high for liquids.
Two empirical relations for solubility and diffusivity of gases
in molten polymers were also developed (13). The solubility relations
assert that the Henry's Law constant S depends on the critical temper-
ature T, of the gas and the morphology of the polymer. For polyethylene,
polypropylene, and other crystalline polyolefins, an estimation to with-

in 25% is
« .0026
S = 0.0690e Te (11)

at 370°F, For polyisobutylene, polystyrene, polymethylmethacrylate, and

related polymers which do not form true melts, the relation is

S = 0.0265e+004T¢ (12)

at 370°F,

An empirical relation relating diffusion coefficient D to mer
weight M of the polymer and the Lennard-Jones diameter d of the gas
molecule (in Angstroms) was also presented. At 370°F Durrill's estima-

tion to within 35% is

D = 0.0163'0.034}1(]_3'3 (13)
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Prospectus

The method of Lundberg and coworkers seems to be the most prac-
tical for the estimation of diffusivities and solubilities of methane
in isotactic and atactic polypropylene melts. The technique permits
determinations with consistent bias, works over wide temperature and
pressure ranges, and leaves the investigator free to do other work while
the data are being automatically collected. Analytical difficulties
present in any diffusion study are transferred to the computational
stage. Finally, availability of the Lundberg sorption apparatus and the
original computer programs dictate this approach as the most feasible

for the present research.
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CHAPTER 11

INSTRUMENTATION AND MATERIALS

Polypropylene and Methane

Methane
The methane used in this study is an ultra high purity (99.97+%)
gas purchased from the Linde Division of the Union Carbide Corporation.

Isotactic Polypropylene

Isotactic polypropylene was obtained in powder form from the
Research and Development Division of the Phillips Petroleum Company.
The crystalline melting point of 166°C was determined with a Fisher-
Johns melting point apparatus.

Atactic Polypropylene

Atactic polypropylene, obtained from the Research Center of
Hercules Incorporated, was produced by solvent extraction of a predom-
inately isotactic polymer. The overall atactic content was 80%, the
remaining 20% being composed of syndiotactic and stereoblock segments.
Melt viscosity was 3710 cps at 350°F, and the ring and ball softening

point was determined to be 100°C (46) .

Molding

Polymers were vacuum molded in 25 x 300 mm Pyrex test tubes at
210°¢ using a Fisher laboratory oven.
Air was removed from the oven using a laboratory vacuum pump before .

the temperature was raised. Bubbles ceased to form in the molten polymer
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after about 2.5 hours, at which time temperature was allowed to drop

to 25°C under vacuum.

Isotactic samples were turned on a lathe to the proper radius (a
snug fit in the sintered steel container). Atactic samples had to be
trimmed by hand.

After molding, densities of the isotactic and atactic samples

were 0.9217 and 0.8583 g/cm3 respectively.

Sorption Apparatus

General Description

The sorption apparatus used in this investigation was designed
and built by John L. Lundberg for use in experiments described earlier.
In its primitive version, gases were admitted at room temperature and
pressures were read from a Bourdon gage. Improvements were eventually
made so that gases could be preheated and pressures measured using a
pressure transducer.

Simple in concept and effective in performance, the apparatus
(Figure 1) is constructed from stainless steel high pressure tubing and
pressure vessels connected by a series of floating stem needle valves
and coned connection blocks. Coned tubing connections are of the sleeve-
gland-nut variety. Pressure vessels are effectively sealed using an-
nealed copper gaskets in a constrained double-V seal. Rupture valves in
the system permit a maximum internal pressure of 11,500 psig.

Pressure Increase System

The portion of the apparatus between valves V1 and V2 was used to

attain gas pressures above that of the stock bottle. Cylinder Cl could
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be immersed in a flask of dry ice-acetone or liquid nitrogen to liquify
the gas, which could then be warmed and evaporated to elevated pressures.

Gas Preheating System

The region between valves V3 and V4 was used as a gas preheating
system. This entire system was submerged in the same silicone o0il bath
as the sorption system so that gas and polymer would be at the same
temperature throughout the experiment,

Sorption Svstem

The actual sorption system was contained between valves V4 and
V5, and like the gas preheating system was submerged in the silicone oil
bath. Molten polymer specimens constrained in cylindrical shape in
sintered steel vessels were placed in the sample cell C3. The total
volume of the sorption system (which must be precisely known) was deter-
mined to be 115.,2 cm3 from measurements with a gas buret constructed

from an ordinary open end mercury manometer.

Pressure Measurement

Gas pressure within the sorption system was measured with a
Consolidated Electrodynamics 4-317-0001 pressure transducer (6), a
medium to high range, flush diaphragm strain gage designed for use at
high temperatures. This transducer was calibrated at 149°, 1660, and
188°C at pressures up to 5000 psig using a free piston gage (3) manu-
factured by the American Instrument Company. When driven by a constant
5 volt DC power source an output of approximately 24 millivolts was
obtained at 5165 psig. Three cyclings of pressure from 0 to 5000 psig

produced a maximum hysteresis of 0.3% of full-scale output.
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Calibration data were fitted to the least squares parabola

2
Patm = ¥oPmy * H1Pme t Yo (14)
where P e and va are pressures in gaged atmospheres and millivolts
respectively. The relative magnitudes of y, and uj (Table 3, Appendix)

demonstrate the high degree of transducer linearity over the temperature

and pressure ranges employed.

Temperature Control

Diffusivity and solubility are sensitive functions of temperature;
therefore fluctuations from the desired temperature must be minimized.
Also, the sorption apparatus is to a first approximation a gas thermom-
eter and to a second approximation a sorption apparatus (35). The same
temperature control system used by Lundberg and coworkers (35) was also
used in this investigation because of its availability and proven ability
to properly control heat requirements in the sorption apparatus.

Silicone 0Qil Bath

The sorption and gas preheating systems were immersed in a well

stirred, insulated bath of General Electric SF-1093 silicone o0il, a non-
toxic, chemically inert, inhibitor-grafted dimethyl silicone fluid.
This oil permitted optimum heat transfer and suffered no apparent degra-
dation over a period of more than 1260 hours at temperatures up to 195°.
Main heater

The principal heat source was a variable voltage resistance heat-

ing coil immersed in the c¢il bath and powered by a 220 volt line.



Thermometry

Bath temperature was monitored continuously using a manganese
oxide thermistor immersed in the bath and connected to a one millivolt
full scale recording potentiometer. The thermistor was calibrated
using a Fisher 13-487-10F mercury thermometer on which temperature could
be read directly to 0.2°C and estimated to 0.01°C using a laboratory
telescope.

Control Heater

Temperature fluctuations were detected by a separate manganese
oxide thermistor balanced at a resistance corresponding to the desired
temperature. This thermistor constituted one arm of a Wheatstone bridge
(Figure 2) driven by a 1.5 volt DC battery. Temperature deviations in
the bath would disturb the balance of the bridge, the output of which
was converted to alternating current by a vibrating reed converter.

This AC output was amplified by a high-sensitivity, high-impedance am-
plifier with a phase shift output that drives a balancing motor clock-
wise or counterclockwise depending on the polarity of unbalance of the
bridge. A slip clutch allowed the motor to control a variable auto-
transformer whose output was to an incandescent lamp submerged in the
silicone oil bath. The incandescent bulb served as a rapid response
heater because of its relatively large conduction surface and since its
radiation falling on the thermistor provides thermal feedback which
allows the system to anticipate changes in heat requirements. This sys-

tem has also been described elsewhere.
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Data Collection

Instrumentation for data collection was selected on the basis of
its ability to accurately measure a large number of pressure-time data
and to store these data in a form readily ammenable to analysis on a
digital computer. Temperature fluctuations were sufficiently well under
control that a simultaneous reading of temperature with pressure and
elapsed time was unnecessary.

The data logging system (Figure 3) was quite simple. Pressures
(in millivolts) of the gas external to the polymer in the sorption sys-
tem were measured with a pressure transducer whose output was to a
Hewlett—Packard 3480B digital voltmeter. The voltmeter, a Hewlett-
Packard 9100B calculator, an HP-2752 Teleprinter, and a homemade relay
box, were interconnected through a Hewlett-Packard 2570A Coupler/Control-
ler. The calculator was programmed to read pressure data from the volt-
meter at specific values of elapsed time (Table 4, Appendix). Pressure
data in millivolts were recorded by the teleprinter on punch tape and on
teleprinter paper at 2, 5, 10, and 300 second intervals. To avoid over-
heating, the teleprinter power supply was controlled by the relay box
which received on-off commands from the 9100B calculator for observations
made after a total elapsed time of 170 minutes. Values of elapsed time,
which were measured internally to within 0.0004% accuracy by the 9100B,

were not recorded since each pressure datum would correspond to a pre-

determined value of time.

Computation

Smoothing of pressure~time data and calculation of diffusion co-



HP 2752A

Relay Box

Teleprinter

HP 2570A HP 9100B

Coupler-
Controller

Calculator

HP 3480B

Voltmeter

C.E.C.

Pressure
Transducer

Ac/pc

Converter

Figure 3. Data Logging System

23



24

efficients and solubilities were performed with the aid of the Univac
1108 digital computer at the Office of Computer Services at the Georgia
Institute of Technology.

All other calculations were accomplished with a Hewlett-Packard

9100B programmable desk calculator.
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CHAPTER III

PROCEDURE

Experimental Procedure

The experimental procedure was essentially that followed by
Lundberg and coworkers in the papers cited above. A polymer cylinder
was weighed and placed in a cylindrical sintered steel vessel of known
volume. The vessel was then placed in the sorption system. Methane
was slowly passed through the system to remove oxygen and other atmo-
spheric contaminants. The gas supply was then cut off, and the valves
to the sorption system were closed as soon as the sound of methane
escaping through the bleed valve (V5 on Figure 1) subsided. The sili-
cone oil bath was then brought to the temperature of the experiment,
and the thermometer and temperature control bridges were balanced. Sev-
eral times during the temperature rise, the bleed valve was quickly
opened and closed to relieve any internal pressure build-up. Methane
was admitted to the preheat system at a pressure approximately 20% above
the desired initial pressure of the experiment since the volume to be
occupied by gas in the sorption system was about one-fifth the volume of
the preheat system. After polymer and gas remained at the temperature
of the experiment for 30 minutes, the HP-9100B calculator was placed in
countdown mode, and five seconds before the first datum was taken the
preheated gas was quickly admitted to the sorption system. Gas pressures

in millivolts were recorded on teleprinter paper and on punch tape in
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accordance with the time schedule of Table 4 (Appendix).

Sorption data were collected for isotactic and atactic poly-
propylene at 149.66, 166.00, and 188.00°C in a stepwise fashion. To
begin an isothermal series, the initial gas pressure was set at about
500 psig, and the pressure of the diffusing gas was measured for up to
27 hours and 50 minutes. When equilibrium was attained, the pressure
was raised to about 1000 psig and another set of data collected. In
all, seven pressure increments were used at each temperature, the ini-
tial pressures being approximately 500, 1000, 1500, 2000, 3000, 4000,
and 5000 psig. Therefore the entire experiment consisted of 42 separate

pressure increments.

Analysis of Data

Data Reduction

The 2100 observations of pressure P_, (in millivolts) on punched
tape were transferred to magnetic tape to economize computer time.
These data, along with the corresponding array of elapsed times t, were

fitted to the parabola

2
Bong = By, Blt + B t (15)

by least squares. Average pressures were calculated over each of 100
equal divisions of the logarithm of time, and the resultant average
pressures and antilogs of log (time) were taken as reduced and smoothed
sorption data.

Conversion to Moles

The smoothed gas pressures were then converted to moles of gas
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external to the polymer using the gas law

n = £t Vunoccupied
RTZp T (16)
3

where n is the number of free moles of gas, R is the gas constant, and
T is absolute temperature (assumed to be constant). V . is the
unoccupied

volume occupied by the gas external to the polymer and is a variable

defined by

Y = Y

Vunoccupied = Vsys ss = Vpoly (17)

where vsys is the known volume of the sorption system, Vss is the vol-
ume of the sintered steel vessel, and Vpoly is the volume of the polymer.
The latter is a function of pressure and temperature and may be rep-
resented to within 0.5% by the equations in Table 5 (Appendix) which
were obtained by least squares fitting of the published P-V-T data for
polypropylene given by Foster, Waldman, and Griskey (18). Z, the com-
pressibility factor of methane, is also dependent on pressure and tem-
perature. A virial type expression for Z (29) appears in Table 6
(Appendix).
Computation

The smoothed data converted to moles were fitted to approxima-
tions to the radial diffusion equation (the first two terms of equation
5 for long times, equation 8 for short times) using a quadratic modifi-
cation of a Gaussian iterative linearization procedure. The procedure,
which is outlined in detail elsewhere (31), proceeds by determining

corrections for trial values of the two items of interest in the dif-
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fusion equation:
v, = D/a’ (18)

Y, = n(t=0) (19)

The corresponding corrections, &§; and §,, are added to trial values,

Yy and Yoo and the procedure is repeated. To prevent wide oscillations
and computer stops, a self-correcting damped cycling was used for each
correction (32).

Diffusivity and Solubility

Values of y; = D/a2, the initial number of moles of gas Yo =
n(t=0), and the final number of moles of gas Yy = n(t+») were determined
using data from 2 to 100,000 seconds.

Diffusion coefficients were readily determined from
D = ya’ (20)

since the radii of the polymer cylinders were known.

Solubilities were determined simply by subtraction of the pre-

cisely known Y3 from the extrapolated Y2

- Yg- (21)
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CHAPTER 1V
RESULTS AND DISCUSSION

Results
Diffusivities of methane in isotactic and atactic polypropylene
melts determined at average temperatures of 149.66, 166.00, and
188.00°C and at pressures up to 344.5 atmospheres are tabulated in
Tables 7 and 8 (Appendix). These results are summarized in Figure 4.
Solubilities are tabulated in Tables 9 and !0 (Appendix) for the
same temperatures and pressure range described above. Figure 5 is a

graphical summary of these data.

Discussion of Results

Pressure Dependence of Diffusion Coefficient

The plot of diffusion coefficients D versus equilibrium pres-
sures in Figure 4 demonstrates interesting pressure dependence. As pres-
sures increases up to about 125 atmospheres, there is a marked increase
in the magnitude of the diffusion ccefficient. This increase is quite
significant for the methane-atactic system at all three temperatures;
however, the isotactic system at 188.00°C exhibits the most dramatic
change. Diffusivity of methane in isotactic polypropylene at 166.00°C
shows a moderate increase while little change is apparent at 149.66°C.

As pressure increases beyond 125 atmospheres, D begins to rise more
slowly. For the isotactic systems, diffusivity appears to level off,

and at 188.00°C diffusivity may even decrease at pressures above 300
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atmospheres.,
The overall pressure dependency of D is further demonstrated by

fitting the data to the equation
In D=A+ BP, (22)

in which P is equilibrium pressure in atmospheres. Values of the coef-
ficients A and B are given in Table 1l for the least squares fit. The
relative magnitudes of A and B indicate that the systems showing the
greatest dependence of D on P are methane-isotactic at 188,00°C and
methane-atactic at 149.66°C. TFor all six systems, diffusivity is only
slightly pressure-dependent above 125 atmospheres.

The rapid increase of diffusion coefficient at the lower pres-
sures may be due to the plasticizing effect of methane, since dissolved
molecules tend to increase polymer chain mobility. For the atactic sys-
tems, it is reasonable that this effect should be felt most strongly at
149.66°C since the thermal energy contribution to chain mobility at the
two higher temperatures would tend to offset any plasticizing effect of
the gaseous solute. One might also well assume that the isotactic sys-
tem at 188,00°C would be more subject to plasticization than the other
two since an increase in hydrostatic pressure might tend to drive the
isotactic polymer at or below its melting point (166°C at atmospheric
pressure) further back into the solid state,

Diffusivities in the methane-polypropylene systems examined in
this study appear to be significantly more pressure-dependent than those
obtained for other methane-polymer combinations (39). The parameters of

equation 22 are listed in Table 2 for a number of these in the vicinity
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1. Pressure Dependence of Diffusivity of
Methane in Isotactic and Atactic PPE

In D = A + BP

33

Diff. Coeff.
Extrapolated Pressure (Atm.) Dependence
Temperature to 1 Atm. of Diff. Coeff. (cmzfsec)
(oC) (cm?/sec) A B.103 R**
Isotactic PPE
149.66 1.50 x 10~3 O 0 0.99 0.961
166.00 1.87 x 1072 -10.89 1Bl 0,703
188.00 3.02 x 1072 ~10.41 2.79 0.729
Atactic PPE
149.66 4,24 x 1072 ~10.07 2.44 0.858
166.00 5.79 x 1072 - 9,76 1.49 0.797
188.00 6,60 % 167 = B 63 1.58 0.901

*#% R is the correlation coefficient for the least squares fit to

In D = A+ BP.
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Table 2. Pressure Dependence of Diffusivity of Methane
in Several Polymers near 188°C
In D = A + BP
Temperature Parameters of Equation
Polymer (°c) A B x 104
Branched
Polyethylene#* 188.4 - 9.81 - 5.4
Linear
Polyethylene* 188,31 ~-10.,24 =22.7
Isotactic
Polypropylene#*#* 188.00 -10.41 +27 .9
Atactic
Polypropylene*# 188.00 ~ 9.63 +15.8
Polyisobutylene* 188.46 -11.1 - 3.4
Polystyrene* 188.40 -12.13 -12.8

% Tabulated by Lundberg, Wilk, and Huyett (39).

** Data from this investigation.
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of 188°C. The greater pressure-dependence of the diffusivity of meth~
ane in polypropylene may be due to the fact that several of the final
pressures attained in this investigation were significantly below the
range of those reported earlier.

Temperature Dependence of Diffusion Coefficient

To demonstrate temperature dependence, diffusivities are extra-
polated to atmospheric pressure using equation 22. These extrapolated
values of diffusivity (D*) are given in Table 1 and are plotted against
reciprocal temperature in Figure 7. The curve obtained for methane-
atactic is similar to those obtained for other methane-polymer systems
(40) shown in Figure 6.

The temperature dependence of D* for methane in atactic poly-
propylene appears to be similar to that of the methane-branched poly-
ethylene system. This is not surprising since both polymers have very
small crystalline portions which could inhibit diffusion.

Diffusivities of methane in linear polyethylene and isotactic
polypropylene exhibit some similarity in temperature dependence from
149.66 to 166.00°C. Isotactic polypropylene apparently becomes more
open than linear polyethylene as temperature increases from 166.00 to
188.00°C, That this is indeed the case cannot be ascertained without
additional data at higher temperatures.

Solubilities

The solubilities S of methane in polypropylene are less than 10
molecules of mathane per 100 monomer units in the atactic polymer and
less than 7 molecules per 100 monomer units in the isotactic polymer at

319.6 atmospheres. These values are comparable to solubilities of meth-
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ane in branched and linear polyethylenes (36), slightly greater than
methane solubility in polyisobutylene (41), and more than twice the
solubility of methane in polystyrene (33).

Henry's Law (25) predicts that for regular solutions gas solubil-
ity and equilibrium pressure should be directly related by a constant

K,
S = KP (23)

The sorption curves of Figure 5 show increasing departure from regular
solution behavior as pressure increases, Such positive deviations of
pressure in these very dilute solutions suggests segregation of the
sorbed gas molecules from one another (43). This interpretation has
been applied to other gas-polymer melt systems,

Solubilities of methane in polypropylene appear to increase with
temperature. At 149.6606, solubilities in the isotactic and atactic
systems are almost equal up to pressures of 100 atmospheres. At the
higher temperatures, the atactic system is apparently capable of accom-
nodating as much as 30% more solute than the isotactic system at the
same temperature.

Langmuir Adsorption

Visual inspection of the curves of Figure 5 suggests the Langmuir

isotherm (41)
P = k;S/(k, - 8) (24)

as a sorption model. It has been demonstrated that sorption of nitrogen

and methane in polyethylenes, polyisobutylene, and polystyrene may be
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described by such a model within an average error of about 1.2% (42).
Values of the parameters k, and k; range from 43.4 to 592 em?(S.T.P.)
per gram and from 371 to 6028 atmospheres respectively for these sys-
tems.

Non-linear least squares fits of the sorption data for the-meth—
an -polypropylene systems examined in this study are given in Table 11
(Appendix). Magnitudes of ky (60.9 to 94.9 cm3(S.T.P.)/gm) and k; (170
atm. to 44] atm.) are similar to those reported for linear and branched
polyethylenes. Although accuracies of fit for these data are apparently
not as good as those reported for other methane-polymer systems, the

approximation to Langmuir adsorption is still good. Since Langmuir
sorption may be regarded as adsorption on "sites" or in pre-existing
volume packets within the polymer, these methane-polypropylene solu-
tions can be described in terms of widely separated sorption sites.
Adoption of a substitutional lattice model (17,20,23) seems unnecessary.
Clustering

The clustering function (47,48) was developed as an analytical

tool to determine the extent of clustering in binary solutions. The

cluster integral Gyy is defined by

64 =%ff[p2(j_,j) - 1] d(1)d@G) (25)

where V is the volume of the solution, i and j are the coordinates of
solute molecules and solute molecules, and F(i,j) is the molecular pair
distribution function. For an incompressible solvent (gas) and solute

(polymer) mixture, the clustering function is
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> (26)

where

-1
the volume fraction of gas = [1+(n2[n1)(G2/§l)]

Ry
—
]

f| = fugacity of the gas
n = number of moles of gas (1) or polymer segments (2); and
Vl/VZ = ratio of partial molecular volumes of gas molecules to
polymer segments in the solution.

For an ideal solution

GHXV1 = -1, (27)
which means that a solvent (gas) molecule excludes its own volume to
other molecules but does not affect their distribution. However, if

Gy /vy > -1, (28)

solute molecules tend to be in the immediate neighborhcod of each other;

i.e., the solute "clusters'". TFor the case where

Gllfﬁl < =1 i (29)

gas molecules are segregated from each other,

In order to determine the degree of clustering of methane in molten

polypropylenes, equilibrium gas pressures were converted to fugacities
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T
,f—{i- Z(%?-)' dp (30)
i 1

and the sorption data were used to evaluate equation 26. In all cases,
Gllfﬁl is less than -1.0. As gas concentration increases, Gllfﬁl
becomes less negative but never reaches -1.0. These results indicate
that methane molecules are segregated from one another in solutions with
isotactic and atactic polypropylenes under the conditions employed. The
degree of separation is decreased as concentration increases. Such be-
havior is perfectly consonant with the Langmuir adsorption model and
neither requires nor rejects the hypothesis of a substitutional lattice
solution model.

Calculated values of the clustering function are too numerous to
tabulate here. In synopsis it may be pointed out that for the isotactic
systems, Gllfﬁl at 188.00 and 149.66°C are about the same; however, at
the melting point (166.00°C) the values of Gllxgl are greater than
either of the former. These results may indicate that dynamic morphol-
ogical changes at the isotactic crystalline melting point permit a de-
crease in gas molecule segregation.

Tacticity

The kinetic (diffusivity) and equilibrium (solubility) data pro-
duced in this investigation are interesting from the standpoint of poly-
mer morphology. The diffusion data indicate that the diffusing methane
molecule encounters less resistance to flow in the atactic melt than in
the isotactic melt. Once equilibrium is attained, the resultant solu-

bilities of methane are consistently greater in the atactic than in the
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isotactic melt. These two pieces of information considered together
seem to say that (l) diffusion in the isotactic melt is somehow more
restricted than in the atactic melt, and (2) more ''sites'" or "free vol-
ume' must be available for solvation of gas molecules in the atactic
melt.

A reasonable explanation for these observations is that isotactic
ordering may exist in the molten state--at least in polypropylene up to
188°C. This assertion implys that isotactic segments, which may pack
tightly together in the solid state, may also impart a significant
degree of order to the melt. The results of this sorption study seem
to support this idea and lead to the logical conclusion that isotaxis

may persist in polypropylene above the melting point over experimental

times of 105 seconds.
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CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS

This investigation has produced estimates of the diffusivity and
solubility of methane in isotactic and atactic polypropylene melts at
149.66, 166.00, and 188.00°C for pressures up to 344.5 atmospheres.

Diffusivities of methane in atactic polypropylene at these temper-
atures and pressures are consistently greater than those in the isotactic
polymer. 1In atactic polypropylene, methane diffusivity ranges from
3.38 x 1072 to 9.98 x 1072 cmzfsec. Values of methane diffusivity in
the isotactic polymer varied from 1.53 x 1077 to 6.05 x 107>, Diffusion
coefficients for these systems are strongly temperature-dependent. Pres-
sure-dependence is evident in true melts of both polymers at methane
pressures less than 125 atmospheres.

Solubility of methane is noticably higher in atactic polypropylene
than in isotactic polypropylene. In the vicinity of 188°C, these solu-
bilities are about the same as those of methane in branched and linear
polyethylenes (about 1 molecule of methane for each 30 carbon atoms at
300 atmospheres). Pressures deviate from Henry's Law in a positive
sense, the deviation being more pronounced as pressure increases.

Sorption data for these systems are well represented (to within
6.9% maximum error) by the Langmuir isotherm. Clustering functions for

methane-polypropylene systems studied here indicate that gas molecules
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are segregated in the solutions and that the degree of segregation
decreases as gas concentration 1s increased., Sorption appears to take
place on sites or in pre-existing volumes in these concentrated polymer
solutions.

The kinetic and equilibrium solution properties of methane in
isotactic and atactic polypropylene melts suggest that isotactic order
may be retained above the melting point. This leads to the conclusion
that molecular ordering due to isotacticity is not a phenomenon pecu-

liar to the solid state.

Recommendations

In order to better understand gas-polymer solution phenomena, it
is recommended that these sorption studies be extended to other gas-
polymer combinations.

The pressure dependence noted for the diffusion coefficient at
lower pressures should be examined more closely. Previous investiga-
tions did not reveal such behavior.

It is strongly recommended that a sorption study be initiated to
characterize solutions of steam and molten nylon at high pressures.
Diffusivity and solubility data for this system are proprietary and

therefore are generally unavailable.
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Table 3. Calibration Data for Pressure Transducer
in the 0 to 5000 psig Range Using the
Interpolation Equation

2
Patm = WoPpy *+ U1Pgy *+ Mo

Tempgrature 3
(7C) o x 10 Ml Ho
149 = 1 3.4653 14.6029 ~-1,0345
166 £ 1 3.5837 14.6059 -0.1742
188 = 1 2.6362 14.6011 -1.1143
Table 4. Data Collection Schedule
Data Number Time (secs) Time elapsed at end
Block of Between of data block
Number Observations Observations HR. MIN. SEC.
1 300 2 0 : 10 0
2 300 2 0 : 20 : O
3 300 5 0 i 45 1)
4 300 5 1 : 10 o)
5 300 10 2 : 0 : 0
6 300 10 2 : 50 : 0
7 300 300 27 : 50 0

2100

Total Number of Observatiocns

Time Required Each Increment = 27:50:00
100,200 secs



Table 5. 1Interpolation Equation of State for
Polypropylene**

;o - 2
Specific Volume C2?atm + ClPatm + ¢

47

Tem?gé?ture ¢y x 10° & % 107 ¢ x 100
2 1 .

150 (149.66) 2.8698 -0.2693 1.1926

166 (166.00) ~7.6226 1.2852 1.2433

190 (188.00) 4.4230 ~1.7341 1.3340

** Interpolated from the P-V-T data of Foster, Waldman,
and Griskey (18)



Table 6. Compressibility Factor (Z) of Methane as a
Function of Pressure (P) in Atmospheres and

Absclute Temperature (T)**

Z l+BlP+82P +B3P +64P +85P,/T+8

6

P2T + 8?P3KT

+ esp4;T + BgP/T? + slopzfrz + 51193;T2 + 31294fr2

% 813P/T3 + 8,,P2/13 + 815P3/T3

B8 Coefficient
By +4.7145 x 1074
By -1.2587 x 107
84 +1.8372 x 1077
B, -2.0878 x 10713
s +2.7188 x 1071
B -2.3015 x 107*
g, +9.2852 x 107/
Bg -1.5379 x 1077
B4 ~1.4563 x 10%2
810 +1.3451 x 1071
Byy ~4.4532 x 107
By +7.3879 x 107/
815 -5.2007 x 10*%
814 +2.4445 x 1072
Bys ~2.2431 x 107}
*% From Lundberg. Wilk, and Huyett (29)

48
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Table 7. Diffusivities (D) of Methane in
Isotactic Polypropylene
Final
Temperature Increment Pressure L& D
(°c) Number (Atm.) (sec—l x 10?) (cmzfsec X 105)
149,66 1 31:3 LBl 1553
2 59.5 132 1.54
3 87.9 1.43 1.67
4 124.4 1.52 ik
5 196.6 458 1.85
6 267.2 1.62 1.88
7 31 7el 1.78 2,07
166.00 1 10.1 1.12 1.30
2 5348 2.06 2.40
3 84.6 2,10 2.45
4 121.6 2.26 2.62
5 197.3 2.39 2,78
6 269.7 2.40 2.78
7 321.8 2.43 281
188.00 1 9.4 1.59 1.85
2 44,2 2.82 3.27
3 80.6 4.67 5.42
4 118.4 S k1 5.93
5 205.0 5. 19 6.02
6 280.0 521 6.05
7 319.6 5«1l 5.93
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