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Processing of Polyamide 11 with Supercritical Carbon Dioxide

Jérdme D. Martinache,” Joseph R. Royer,' Srinivas Siripurapu,’
Florence E. Hénon,*¢ Jan Genzer," Saad A. Khan," and Ruben G. Carbonell*'

Department of Chemical Engineering, North Carolina State University, Raleigh, North Carolina, 27695-7905,
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The supercritical carbon dioxide induced swelling and plasticization of polyamide 11 were
investigated. The swelling kinetics exhibit an initial region of large swelling, in which the
diffusion of CO, into the polymer follows Fickian behavior, and a subsequent region of small
volume increase that asymptotically approaches an equilibrium swelling value. The diffusion
coefficient of CO; in polyamide 11 was calculated from the initial slope of the swelling kinetics
data. CO,, injected up to 3 wt % using an extrusion rheometer, is shown to be an effective
plasticizer for polyamide 11, lowering the viscosity of the polymer melt by as much as 50%. The
use of CO; as a blowing agent was also investigated, and we report preliminary foaming attempts
using a batch process. We obtained homogeneously distributed foams, featuring well-defined
closed cells with an average diameter of 30 um that had an unfoamed skin layer.

Introduction

The use of supercritical CO, (scCO,), among with
other supercritical fluids (SCFs), in polymer processing
has become of strategic importance in polymer science
over the past decade.! The physical properties of SCFs
can be tuned by slight adjustments to either the
pressure or temperature conditions, allowing for tailored
solvent properties.! SCFs can provide an alternative and
“transient” method of plasticizing a polymer melt during
processing as compared to traditional additives, which
are often difficult to precisely control, separate, and
recover.? Additionally, scCO; is inexpensive and gener-
ally more environmentally friendly than traditional
polymer additives. A significant amount of research has
already been aimed at demonstrating the utility of
pressure-tuning scCO, and its potential in polymer
synthesis,3~6 foaming,”~° blending,1%11 coating,?3 and
additive impregnation.1415 All of these specific processes
are based on the ability of scCO; to swell and plasticize
a polymer.

The focus of this study is the polyamide 11 (PA 11 or
nylon 11)/scCO, system. The goal of this work is to
better understand the interactions of scCO, with PA 11
and to evaluate the potential industrial applicability of
scCO; as a transient polymer additive for this material.
The terms nylon and polyamide are used interchange-
ably here; nylon is a generic term for any long-chain
synthetic polymeric amide in which recurring amide
groups are integral to the main polymer chain.’617 A
previous study indicates that the solubility of molten
nylon 6 (T range = 233—241 °C) in CO; is approximately
13—17 wt %.18 Polymers possessing electron-donating
functional groups (e.g., the carbonyl functionality of
amide groups) have been shown to exhibit specific
interactions with CO,, most probably of Lewis acid—
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base nature,’® with the CO, molecule acting as an
electron acceptor.2°-22 This suggests that lone electron
pairs on the PA 11 carbonyl oxygen can interact with
the carbon atom of C0O,.22 Consequently, as nylons
exhibit strong intermolecular and intramolecular hy-
drogen-bonded networks,62% the lower the amide fre-
guency along the polymer chains, the more accessible
the carbonyl groups should be for these interactions.
Thus, nylon 11 should be more likely than nylon 6 to
interact with CO,, allowing for higher solubility in CO»
and enhanced plasticization of the melt by CO,. To the
best of our knowledge, this study represents the first
investigation of both CO,-induced swelling and plasti-
cization of nylon 11 under high-pressure conditions.

In this study, we present experimental findings for
three aspects of polymer processing. First, we investi-
gated the ability of scCO, to swell the PA 11 at elevated
pressure and temperature conditions, corresponding to
typical processing temperatures. Using these experi-
ments, the effects of temperature and pressure on both
polymer swelling and the diffusion coefficient of CO,
into PA 11 are reported. Second, we used a high-
pressure slit-die rheometer to probe the effects of CO;
addition on the viscosity of PA 11. Third, we report
attempts to produce thermoplastic foams with PA 11
using CO; as the blowing agent. Using a batch foaming
technique,?*~27 the potential of using CO; as a blowing
agent to produce microcellular polymeric foams is ad-
dressed.

Experimental Materials and Procedure

Materials. The polymers used in this study are PA
11 semicrystalline thermoplastics commercially avail-
able from Atofina S.A. (Paris, France) under the trade
name Rilsan. Two different commercial grades of Rilsan
PA 11 were used in this study: BMFO (high-fluidity)
for both the swelling and foaming studies and BESNO
TL (extrusion-grade, free of plasticizers) for the rheology
measurements. All samples were supplied in translu-
cent pellet form and were used as received. Table 1
summarizes the physical properties of the two different
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Table 1. Physical Properties of Polyamide Samples

P Ty Tm crystallinity My,
sample  (g/cm)3 (°C) (°C) (%) (g/mol) PDI
BMFO 1.03 420+1 1900+1 25 19400 2.2
BESNOTL 1.03 420+1 190.0+1 25 36200 2.1
nylon 6 1.084 625 228.5 - - =

polymeric samples. In Table 1, density and crystallinity
were specified by the manufactures. Molecular weight
information was determined via size-exclusion chroma-
tography (SEC) using an 80/20 mixture of methylene
chloride and dichloroacetic acid as the solvent.?® Dif-
ferential scanning calorimetery (DSC) was used to
determine Ty and Tn. Preliminary swelling experiments
were also performed on nylon 6 (PA 6) supplied by
Aldrich and used as received. Its physical properties are
also found in Table 1. Finally, liquid carbon dioxide
(bone dry grade 2.8; purity > 99.8%) was obtained from
National Welders and used as received.

Swelling Experiments. Swelling experiments were
performed in a high-pressure view cell, previously built
to study PDMS swelling behavior.?° The inside of the
cell is rectangular in shape, with dimensions of 0.635
cm (width), 1.587 cm (depth), and 1.587 cm (height). To
the best of our knowledge, swelling investigations of a
semicrystalline thermoplastic polymer have never been
carried out at such high temperatures (T = T, ~ 190
°C). To attain these conditions, it was necessary to adapt
the original setup by using a new temperature control
unit (Barnant 689-0000; 0.1 °C resolution; +0.2 °C
accuracy at 200 °C) in conjunction with a type-K
thermocouple and a heating rope (Omegalux FGR-060)
in lieu of a convection oven. Given the high viscosity of
nylon 11 melts, an additional cylindrical nonporous
quartz cuvette (Ruska Instrument Corp.) was used to
hold the sample within the view cell. The cylindrical
opening of the cuvette had an inner diameter of 0.592
cm and a height of 1.321 cm. The cuvette not only
reduced the amount of sample required, but also limited
diffusion and swelling of the material to a single
dimension and helped increase the turn-around time
between experiments.

All polymer samples were dried at 80 °C in a vacuum
oven to remove any trace of humidity or gas that could
have been dissolved in the polymer. Approximately 100
mg of nylon 11 was introduced into the quartz cuvette.
Once the system reached thermal equilibrium (at the
set temperature), high-pressure CO, was injected into
the cell using a syringe pump (Isco 260 D). Figure 1
displays the inside of the cell during a swelling experi-
ment with PA 11. A digital camera was used in conjunc-
tion with a public-domain NIH imaging program (de-
veloped at the U.S. National Institutes of Health and
available at http://rsb.info.nih.gov/nih-image/ or http://
www.scioncorp.com/) to capture frames at constant time
intervals. Images were collected until no further swell-
ing was detected (typically ~20 h), thus ensuring that
equilibrium had been attained. The imaging software
was used to correlate the number of pixels to the height
of the polymer layer (the top of the layer is taken at
the bottom of the meniscus) for each individual picture.
The calibration of the corresponding size of the pixels
was done using the actual dimensions of the cell.

Rheological Experiments. The extrusion slit-die
rheometer used here is based on the extrusion rheom-
eter designs originally developed by Han and Ma30-32
and later used by Lee et al.®? Its design is detailed and
fully discussed elsewhere,®* and a schematic diagram
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of the device is displayed in Figure 2. The base compo-
nent of the rheometer is a single-screw extruder with
an extended 30:1 barrel. Along the length of the barrel,
four band heaters are used to establish four individual
temperature zones. The final zone is set to the desired
measurement temperature, and the other three are
incrementally decreased by 5—10 °C at each zone. An
injection port for COs is located in the extruder barrel
at approximately 70% of the distance from the hopper
to the extruder exit. A two-stage screw design is
incorporated to help trap the injected CO, in the
polymer melt and prevent upstream flow of the CO..
An adapter, a slit die, and a nozzle are attached to the
outlet of the extruder. There is a static mixer within
the adapter connecting the slit die to the face of the
extruder barrel, and the nozzle is required to elevate
the pressure within the slit die above the bubble
pressure of the polymer/CO; mixture, so that a one-
phase system is maintained during measurement.

Viscosity calculations on the polymer system were
performed using the standard equations for a slit-die
rheometer.3>36 To collect viscosity measurements at
constant CO, concentrations, a calibration of the mass
flow rate was required. This was achieved by feeding
PA 11 to the extruder via the hopper and using the
extruder screw to generate pressure, thus forcing the
melt into the slit die. The pressure drop was recorded,
and samples of the melt were taken at the exit of the
die to measure the mass flow rate. The volumetric flow
rate, which was required to determine the viscosity of
the melt, was calculated using the measured mass flow
rate and the density estimated from the Sanchez—
Lacombe equation of state.3’—3° A list of the Sanchez—
Lacombe parameters used for both PA 11 and CO; is
found in Table 2. The procedure was repeated at
different screw rotation rates to develop a viscosity
curve and to obtain a mass flow rate calibration as a
function of shear rate for the neat polymer. The viscosity
of the plasticized melt with dissolved CO, was measured
following a similar procedure. The desired amount of
CO,, determined from the polymer mass flow rate
calibration, which was found to be independent of the
CO, concentration, was injected by varying the tension
on a back-pressure relief valve (Gilson 7037) and the
flow rate of the syringe pump (Isco 260D). The CO,/
polymer solution density was also determined using the
Sanchez—Lacombe equation of state. The viscosity
measurements were relatively insensitive to the density
prediction based on the Sanchez—Lacombe equation of
state. In these experiments, only a small concentration
(2—3 wt %) of high-pressure CO, was added to the
polymeric melt. The change in the system density
calculated by the equation of state and by direct addition
of the densities for the two pure fluids is only 1-2%, a
low level of error that has also been seen by other
investigators.1040 In general, this error (1—2%) of the
volumetric flow rate is less that the error in the accuracy
of the pressure transducers (+0.15 MPa), which corre-
sponds to a maximum viscosity error of approximately
+5%.

Foaming Experiments. Foam Preparation. A known
amount of polymer mass was charged into a foaming
vessel (316 SS high-pressure cylindrical view cell). The
inside wall of the vessel was initially lubricated with a
mold-release agent (polyethylene glycol) to facilitate
easier removal of the final expanded product without
disrupting the foam morphology and then heated above
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Figure 2. Schematic diagram of high-pressure extrusion slit-die rheometer.

Table 2. Sanchez—Lacombe Pure-Component
Characteristic Parameters

material 0* (g/cm3) T* (K) P* (MPa) ref
PA 112 1.035 765.0 465.4 56
CO, 1.426 328.1 464.2 57

aPA 11 data were determined over the temperature range of
478—542 K and the pressure range of 0—50 MPa.

the melting point of the polymer. The vessel was then
filled with CO, using an Isco pump (Isco 260 D) to a
saturation pressure of 34 MPa. When stabilized at the
determined temperature, the system was left overnight
(~15 h) to ensure equilibrium absorption of gas by the
polymer. Before the pressure was released to foam the
polymer, the heating was stopped, and the temperature

decreased rapidly to a lower temperature (Tfam = 165
°C, Pfoam = 34.5 MPa) where the system was eventually
guenched (over a few seconds) to atmospheric pressure.
Microcellular foaming was affected by a pressure-
induced phase separation of polymer/gas solution at a
fixed temperature.

Foam Characterization. Foams, previously dried un-
der vacuum at 80 °C, were cryofractured after immer-
sion in liquid N, and then examined with a Hitachi
S3200N by variable-pressure scanning electron micro-
scope (VP-SEM). This particular technique is based on
backscattered electron analysis and does not require any
kind of conductive coating. It is carried out at an
accelerating voltage of 21 kV and a chamber pressure
of 70 Pa.
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Figure 3. Swelling kinetics of PA 11 at 215 °C at different CO,
pressures.

Results and Discussion

Swelling Kinetics. Experimental measurements for
PA 11 swelling upon exposure to pressurized carbon
dioxide were conducted at 215 °C and at pressures of
10.3, 20.6, 31.0, and 37.9 MPa. To compare the results
between pressures, it is convenient to define a param-
eter for the percent of swelling as seen in eq 1.

Vi—V,
V,

0

percent swelling =

1)

Here, V; is the volume of the swollen sample at time t,
and V, is the initial volume of the polymeric sample
upon CO, pressurization. Using this definition, the
percent swelling as a function of time for each of the
four different pressures is shown in Figure 3. Replicate
experiments were run at 10.3 MPa and the percent
difference of the equilibrium percent swelling was found
to be less than 5%. Examination of Figure 3 leads to
several conclusions. First, the percent swelling of PA
11 increases with increased pressure. Specifically, the
percent swelling increases from 4.7 to 17.6 for a pressure
increase from 10.3 to 31.0 MPa. However, between 31.0
and 37.9 MPa there appears to be no further increase
in the swelling. If we assume that volume and mass
uptake are directly related, it is well understood that,
as the pressure of CO; increases, two competing effects
can occur. First, swelling via adsorption and dissolution
occurs, and then, in direct contrast, compaction via
hydrostatic pressure is observed. It appears that, be-
tween 31.0 and 37.9 MPa, a balance between the
increase in CO; solubility and the compaction by
hydrostatic pressure is reached. It is expected that, as
the pressure is increased further, the effect of hydro-
static pressure will begin to dominate, and the percent
swelling might decrease, as seen with other similar
phenomena such as blend miscibility*4? and T4 depres-
sion.43v44

Second, the initial slope of the curve is directly related
to the Fickian diffusion coefficient. As expected for
Fickian diffusion, the first 60% of the swelling curve
data plotted as a function of the square root of time
reveals a linear relationship. An example of such a plot
is displayed in Figure 4 for the PA 11 system swollen
at 215 °C and 37.9 MPa.
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Figure 4. Linear relationship obtained when the initial 60% of
the kinetic data are shown as a function of t¥2 for PA 11 at 215 °C
and 20.6 MPa.

Table 3. Data Extracted from PA 11 Swelling
Experiments at 215 °C

pressure equilibrium swelling diffusion coefficient
(MPa) (%) (cm?/s x 10°)
10.3 4.7 5.29 +£ 0.25
20.6 11.7 5.20
30.1 17.6 2.81
37.9 17.4 2.29

Finally, it appears from qualitative observation that
the time required to reach equilibrium swelling of the
system increases with pressure. Under 10.3 MPa, the
time to attain the equilibrium is approximately 3 h as
compared to 10 h under 37.9 MPa. Quantitative values
of equilibrium percent swelling can be found in Table
3. Furthermore, some preliminary experiments per-
formed on molten nylon 6 (T = 235 °C) at 20.7 MPa
showed a swelling at equilibrium (after 24 h) of only
2.4%, compared to 11.7 for the PA 11 system at 215 °C,
thus confirming the assumptions made earlier compar-
ing the increased likelihood of CO; interaction with PA
11. Finally, these results demonstrate that CO, can be
a promising plasticizer for nylon 11.

Diffusion Coefficients of CO; into Nylon 11 Melt.
The diffusion coefficient (D) of CO; into a PA 11 melt
can be determined from the initial region of the kinetic
swelling data using Fick’s second law

ac _ 9°(Dc)
ot aZZ

@)

where c is the concentration of CO; in the polymer melt
and z is the direction of diffusion. To solve the above
equation, the polymer is assumed to be a semi-infinite
medium in the limit of short times. This is a reasonable
hypothesis as the polymer is free of CO; initially, and
it allows for modification of the boundary conditions to
establish what amounts to an infinite driving force. It
is also valid for up to approximately 60% of the equi-
librium swelling for systems that demonstrate Fickian
behavior; after the first 60% of the swelling, the shape
of the Fickian diffusion profile can become distorted by
the changes in the z direction.*® From the calculations
developed previously by others,?° the following expres-
sions give the mass of penetrant (M) taken up into the
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Figure 5. Diffusion coefficients of CO; in PA 11 calculated from
swelling Kinetics at 215 °C as a function of CO, pressure.

polymer sample during any elapsed time t and the total
mass uptake (M.,) at equilibrium, respectively

Dt\1/2
M; = 2p¢0,Cor ?) S 3)
Moo = pCOZIOOSCOO (4)

where ¢, is the CO; concentration at equilibrium, l. is
the polymer layer thickness at equilibrium, and S is the
area of the polymer-free surface.

Assuming that the volume change of mixing is zero,
the mass uptake and volume expansion are directly
equivalent

&:uzﬁ (5)
o V.-V, M,

The assumption of no volume change on mixing (AVmix)
has been shown to be valid for other polymeric systems
using this same experimental setup.?® Additionally
Gerhardt et al.*647 have shown for PDMS samples that
the mixing is more ideal away from the critical point of
CO,. Because these experiments were conducted nearly
200 °C above the critical point, the assumption of ideal
mixing is expected to be valid. Using the Sanchez—
Lacombe equation of state, we find that, under all
experimental conditions, the calculated AVpix is less
than 3%. This is of the same order of magnitude as the
error in the experimental measurements. As a result,
eqs 3—5 can be combined to relate the swelling to the
diffusion coefficient

o z(m) ©6)

a I \m

00 00

This expression can be fitted to the initial part of the
swelling kinetics curve plotted as a function of t¥2, as
shown in Figure 4, to determine a diffusion coefficient
for CO; in the nylon 11 melt. The diffusion coefficients
as a function of operating pressure are displayed in
Figure 5 and can also be found in Table 3. Given the
enhanced mobility of the molten polymer chains, the
value we obtained is consistent with the data found in
the literature for diffusion in the solid state, which are
1.91 x 1078 cm?/s at 40 °C and 6.33 x 1078 cm?/s at 60
°C.58 Furthermore, the diffusion coefficient value does
seem to be slightly dependent on pressure. As the
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Figure 6. Viscosity measurements for a PA 11 extrusion-grade
sample at 225 °C at various CO; concentrations and corrected to
atmospheric pressure.

pressure is increased from 10.3 to 37.9 MPa, the
diffusion coefficient decreases from 5.293 x 1075 to 2.294
x 107% cm?/s. This decrease is consistent with the
expected compaction or compression of the viscous
polymer layer, becoming more pronounced as the oper-
ating pressure increases. However, this is not expected
to be of major significance because, under our operating
conditions, pure-polymer pressure—volume—tempera-
ture (PVT) data show that density changes in the PA
11/CO, melt phase should be less than 2%.5*

Viscosity Reduction With CO,. Measurements of
the viscosity of the PA 11/CO, system were performed
using the high-pressure extrusion slit-die rheometer at
225 °C. To obtain accurate rheological data for this
system, the nylon samples had to be treated with care.
First, nylons require adequate drying to handle their
high-sensitivity to moisture, causing either hydrolysis
(if the moisture level is too high) or post-polymerization
(if the moisture level is too low), which can dramatically
reduce or increase both the molecular weight and the
viscosity of the resin.167 To operate at the same
moisture level, all polymer samples were initially dried
at 80 °C in a vacuum oven. However, our laboratory
extruder was not equipped to control the moisture level
during experiments. Furthermore, the characteristics
of the screw that we used are themselves not optimized
for extrusion of nylons. In particular, the compression
ratio along the metering zone is only 2:1, because of the
decompression zone required to inject CO,, although
nylons usually require a value between 3:1 and 3.5:1 to
overcome significant shrink rates under extrusion con-
ditions.’®17 The poor screw optimization requires that
the flow rate of nylon in the extrusion system be closely
monitored. Operating under these special parameters,
it is possible to obtain accurate viscosity data for the
PA 11/CO; system.

Figure 6 displays the viscosity for a PA 11 extrusion-
grade sample plotted against shear rate at 225 °C with
CO, concentrations of 0, 2, and 3%. To obtain viscosity
measurements from the slit-die rheometer several cor-
rections to the data must be applied. Because the slit-
die instrument is a pressure-driven rheometric device,
the pressure of each of the experimental points varies
with viscosity, screw rotation rate, nozzle size, and CO,
injection pressure. A pressure correction developed in
previous work for polymeric melts well above T4 was
used with these data.*® The pressure correction based



on an Arrhenius model of visocelastic scale is*®

/a T E 1 1
Ina, = In[—"] = =8 — (7
P (nTg,P,mix) R (T P T P)

Imix’ o mix:

Here, ap is the viscoelastic pressure shift factor; P and
P, are the experimental and atmospheric pressures,
respectively; E, is the activation energy of viscous flow;
and Tymix is the glass transition temperature for the PA
11/CO, mixture calculated via the Chow model.*® The
activation energy of viscous flow, E,, was estimated
using a technique developed by Porter et al.5° with a
value of 10 x 1075 K= for the thermal expansion
coefficient.5! In addition to the pressure correction, the
apparent viscosity data were corrected to reflect the
actual viscosity using the Rabinowitsch—Weissenberg
correction for the slit-die geometry.5? Examination of
Figure 5 reveals that CO, addition to the PA 11 melt
greatly reduces the system viscosity. Specifically, the 2
and 3 wt % additions of CO, reduce the viscosity of the
PA 11 melt by 12.5 and 25%, respectively. This signifi-
cant shift in viscosity confirms that CO, acts as an
efficient plasticizer for PA 11. This result is of the same
order of magnitude as observed for polystyrene,3> which
has a much stronger affinity for CO,.

Foaming Attempt. Most studies on microcellular
foaming in the past have been done with amorphous
polymers such as polystyrene.5® Classical nucleation
theory has been shown to describe microcellular foaming
of poly(methyl methacrylate)?> and is widely accepted
now as the foaming mechanism. Cooling the polymer
melt to a temperature closer to its glass transition
temperature has been shown to increase cell nucleation
density. As suggested by Behravesh et al.,> the cell wall
stability can be improved by increasing the so-called
melt strength. By definition, the melt strength is the
degree of resistance of the extensional flow of the cell
wall during the drainage of polymer in the cell wall
when volume expansion takes place. Consequently, cell
coalescence tends to be suppressed, and smaller cell
nuclei are frozen in with decreased foaming tempera-
ture.

During the saturation step of the temperature pro-
gram, the polymer is maintained in its molten state (T
> 190 °C). By doing so, we increase the polymer chain
mobility, which facilitates penetration and diffusion of
the CO, molecules into the matrix. This also ensures
formation of a homogeneous polymer/CO, solution.
Because polyamide 11 has a crystalline melting point
(Tm = 190 °C) apart from its glass transition tempera-
ture (T4 = 42 °C), the foaming temperature was set as
close as possible to the melting point of the polymer melt
swollen with carbon dioxide. Before initiating the foam-
ing process by quenching the system from 34 MPa down
to atmospheric pressure over a few seconds, we let the
melt cool to the desired foaming temperature (Tam =
165 °C). As the foaming vessel is equipped with sapphire
windows, we found visually that lower temperatures led
to phase separation of the polymer/gas solution through
the appearance of opaque crystallites in the transparent
melt. A micrograph of a PA 11 foam sample is shown
in Figure 7. The foam obtained, featuring well-distrib-
uted spherical closed cells, is homogeneous and has an
an unfoamed skin layer. The resulting foam has the
same degree of crystallinity as the unfoamed polymer.
The number of cells seen in the picture was counted,
and the cell density of the foam was calculated, using
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Figure 7. VP-SEM micrograph of a PA 11 foam sample (satura-
tion time = 15 h, saturation pressure = 34.5 MPa, saturation
temperature = 190 °C, nucleation temperature = 165 °C).

the method described by Kumar and Suh.38 The number
of bubbles nucleated per cubic centimeter (Ns) can be
expressed as

2\3/2
Ny = (”,“(' ) ®)

where A is the area of the micrograph, M is the
magnification factor, and n is the number of bubbles
seen in the micrograph. The bulk density of the foam
was determined by immersing a sample in water and
measuring the mass of the liquid volume displaced, in
accordance with Archimedes’ principle.

This foam exhibits an average cell diameter of ~30
um, a cell density of 1.2 x 107 cells/cm?3, and a bulk
density of 0.29 g/cm3, parameters that are comparable
to those of a typical microcellular polymeric foam (MPF).
A typical MPF structure has a uniform distribution of
closed cells with a mean cell diameter of 10 um (or less)
and a cell density of 108 cells/cm® (or more).*® Our
results are very encouraging given the processing
problems associated with the foaming of nylon 11,
including its degree of crystallinity (~25%) and the large
difference between the melting and glass transition
temperatures (T — Tg ~ 150 °C). This latter quality
prevents the nucleation step from being conducted near
the Ty of the melt, which is an important factor in
reducing cell coalescence. The most simple and economi-
cally sound way to improve the quality of our foams,
and to tend toward the MPF parameters, would be to
operate at lower temperature, which would enhance the
melt strength, as discussed previously, and decrease
CO, diffusion in the system when nucleation occurs.
However, lower temperatures induce phase separation
of the polymer/gas solution. A detailed study of the
effects of the foaming pressure and control of the
pressure drop rate might lead to improved MPF mor-
phologies.

Conclusion

Several properties of the PA 11/scCO; system were
investigated. Characteristics of the swelling kinetics of
molten PA 11 in CO, were determined, and diffusion
coefficients of CO, into the polymer melts were calcu-
lated at 215 °C. We found that the diffusion of CO, into



5576 Ind. Eng. Chem. Res., Vol. 40, No. 23, 2001

PA 11 melts exhibits Fickian behavior until two-thirds
of the equilibrium swelling value is reached. The CO,
pressure was shown to have a dramatic impact on the
equilibrium swelling value and the time required to
reach the equilibrium, as well as to slightly decrease
the diffusion itself. CO, was also shown to be an
effective plasticizer for PA 11, lowering the viscosity of
the polymer melt by as much as 25% at 225 °C. Finally,
the preliminary foaming attempt was successful, result-
ing in a homogeneous foam featuring well-distributed
spherical closed cells with an average diameter of about
30 um. The results gathered in this paper demonstrate
the potential of PA 11 for CO;-assisted processes cur-
rently under development.

Nomenclature

A = area of the micrograph (cm?)

ap = pressure shift factor

¢ = penetrant concentration (g/g)

C» = CO, concentration at equilibrium (g/g)

D = diffusion coefficient (cm?/s)

E, = activation energy of viscous flow (J/mol)

l. = height of the polymer layer at equilibrium (cm)

M = magnification factor

M, M., = masses of penetrant taken up into the polymer
at any time t and at equilibrium, respectively (g)

n = number of bubbles seen in the micrograph

N¢ = number of bubbles nucleated per cubic centimeter
(cm=)

P, P, Proam= pressure, atmospheric pressure, and foaming
pressure, respectively (MPa)

R = ideal gas constant [J/(mol K)]

S = area of the polymer-free surface (cm?)

Tg, Tm, Troam= glass transition temperature, melting tem-
perature, and foaming temperature, respectively (K)

t = time (S)

Vo, Vi, Voo = volume of the polymer layer initially, at any
time t, and at equilibrium, respectively (cm?)

AVnix = change of volume upon mixing (cm3)

z = axial coordinate (cm)

o, 0L, = degrees of swelling at any time t and at equilibrium,
respectively

pco, = density of CO, under the operating conditions (g/
cm3)

n = melt viscosity (P)
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