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Summary

Polysulfone is less plisized by compressed COthan are amorphous vinyl
polymers such as atactic polystyrene or poly(methyl methacrylat€), Which is more
polar than CQ is slightly more effectivefor plagicizing polysufone than CQ Under
the atmosphere of each gas, the depressiol ims found to be linear with pressure.
The dependence of, on pressure of CQOis -0.52 Kebar, while thatfor N,O is -0.60
Kebar’. Chow's thermodyamic model in combination with readily available gas
solubility data does not describe well the pressure dependenceT, ofin the
polysulfone/CQsystem.

Introduction

The thermodyamic behavior of glassy polymer/compressed gas systems at
elevated pressure has received much attention in recent years agpa@iaminfactor in
several new applications such as the separdtom gas mixture? the supercritical fluid
extraction; and the impregnation of chemical cpounds using supeitical fluids. In
particular, the glass transition temperatuig) (of polymers at high gas pressure is a
principal factor that dominates the limiting temperature in practical use, andotkere
several reports have appeared which invastigthe effect of compressed gases on The
of polymers using a high-pressuralorimeter’’

Polysulfone is used comercially as a membrane mateffial sepaating CQ
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gas,” and its gas transport propies have been extensively studiéd.Polysulfone
shows a relatively high affinitfjor CO, or more polar media due to polar -S@roups in

its main chain. Such affinitypromotes high gas sorption, which strongly etates to
the plasticization effect by the alsbed gas. However, to the best of our knowledge, no
report has been published concerning theeatffof these gases on thg of polysulfone.

To know the CQ pressure dependence of polysulforig'sand to compare the result with
those reported for a viety of polymers may help us to clarify the relationship between
polymer structure and C@ressure dependence.

Inspired by several preceding studiésn this work we eamined the effect of
compressed CQ(up to and above its itical pressure) or XD (up to 50 bar) on th& of
polysulfone. CQ was used as a reference medium for severateoling studies on
polymer/compressed CGystems. DO has also been used as a more polar medum (
0.161 D at 20 °Cjthan CQ(u 0 D at 20 °C).

Experimental
Materials

Polysulfone ¥, = 26 000,melt index3.5 g/10 min (343 °C/0.3 MPa (ASTM D
1238)) was purchased from Aldrich, and used exseived. CQ (Ekika Tansan Co. Ltd.,
Kobe) and NO (Koike Medical, Dkyo) were used without further pugétion.

Procedures

The differential scanning calorimetry was rigemed on a Tian-Carvet typ&
SETARAM C80Il calorimeter in combination with ¢ih-pressurecells. The calorimeter
was calibrated by e¢eying out the measurement of the heat of' fusion of tin (literature
value: +7.03 KJ/mol) under ambient and high pressures. The sangplé was charged
with 150-200 mg of the polymer, and wtasled in the calorimeter. The entire system
was then filled with an @gproprate anount of either CQ or NO.  CQ pressures higher
than the gas cylinder pressure were achieved by pumping in the required amount of
liquefied CQ. NO was installed at gas cylinder pressure only.  Once the whole
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Figure 1. Representative DSC curves of (a) the polysulfone/CO, system and (b) the
polysulfone/N,O system.
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Table 1. Glass transition temperature of poly-
sulfone at elevated pressures of CO2 or N20O

pressure Tg, °C
bar CO2 N20
1 194 193

11 188 187
20 181 179
35 174 170
50 167 164
78 155

94 =

4 Glass transition was unclear.

system was pressurized, the sample was scanned at 2 K/min to a tempdratiré0aK
above the ddnated T, of the plasticized polymer, and the polymer was annealed at this
temperaturefor at least 1 h. After annealg, the sy®m was cooled at 1 K/min to a
temperature faout 50 K below the ésnated T, of the plasticized polymer and kept at the
same temperaturfor at least 1 h. Then, the calorimeter was scanned again at 2 K/min to
a temperature out 60 K above the @mated T, of the plasticized polymer, and thgs
described in this report were taken in this step. The pressure of the enteen syse
by ca 5% during the dathg. For measurements at different pressures, a fresh sample
was used at each pressure.

X-ray diffraction analysis (XRD) was carried out on a Rigaku RINDO X-ray
diffractometer.

Results and Discussion

While CQ-induced crystallization of pg(vinylidene fluoride)/polyknethyl
methacrylate) blend$, poly(ethylene terephthalatg), polycarbomte,® and synditactic
polystyrené’ has been reported elsewhere, XRD analysis of our samglatedr at each
pressure of COor NO showed no noticeable peaks, indicating that the treatment with
these gases did not induce crystallization of pofgsd@. Some represwtive DSC
outputs at various pressures of C@nd NO are shown in Figure 1. Under
atmospheres of compressed ,C&hd NO, DSC traces clearly exhibit phase transition of
polysulforie. In CQ, a higher noise level was observed under its supesadr
conditions (see Figure la). ThHe at 78 bar was barely estimatedrdugh a smoothing
procedure using the spline fution, whle at 94 bar theT, could no longer be @mated.
T, was taken as the temperature at thedpmint of the step. Thesd& 6 values were
reproducible within the range of &ast 1 degree. The results regarding the changg, in
of polysulfone as a fugtion of the gas pressure are given in Table 1. The difference
between theT at ambient pressure and tfig at the pressure of interest, designated as
AT, in each gas is plotted indtire 2 against gas pressure. TA€ decreased linearly
with the increase in COpressure, and the slope Afj/dp) was —0.52 Kebal. This
dAT /dp value is lower than those for atactic polystyren@.9 Kebaf'),” poly(methyl



258

AT, K

0O 20 40 60 80 100
pressure, bar

Figure 2. Dependence of T, of polysulfone on the pressure of
compressed CO, and N,O. The solid line shows the predicted 7,
values for the polysulfone/ CO, system based on the eqs. 1-3.

methacrylate) 1.2 Kebai'),” and synditactic polystyrene 0.86 Kebar).® However,
it is worth noting that the Al /dp values for poly(2,6ithethylphenylene oxide)—0.5
Kebar®),” poly(phenylene sulfide) |0.516 Kebar)’ and polysulfone,all of which have
rigid aromatic rings aing theirmain chain, are all close t#.5 Kebar'.

In N,O, the AT, of polysulfone also decreased linearly with the increase in
pressure, and AT /dp of -0.60 Kebal was obtained, which is larger than that of the
polysulfone/CQ system. The larger pressure dependenceTofin N,O than in COQO
means that the more polar,QN interacts with and singly plasicizes the polymer to a
greater extent than does COIt was expected that at higher gas pressures, an
antiplasticization effect due to theydrogatic pressuré would offset any decrease in,
due to the plasticization effect of the dissolved gas, and lead to a devratnorthe linear
T,p relationship. However, no such effect was explicitly observed in the pressure
range we examinefor either CQ or NO.

Thus, it has been shown that the ability of compressed &@@ NO to plasticize
"CO,-philic" polysufone is not so large. However, the more polaONshows a slight
dominance in the plasticization of polyRre, suggesting that the polarity of gases has a
large influence on the plasticization of polysule.

Chow derived a elationship to acwunt for the change i, of polymers due to
absorbed vapors or liquids on the basisclafssical statistical themadynamics (the Bragg-
Williams gpproxmation in the lattice model of small molecul€s)Later on, this
relationship was shown by Chiou et al. to describe equally well polgae syseems?
Handa et al. discussed their experimentalvalues by using the same themyramic
model®” In this study, we also used this atjon to estimate, albeit qualitatively, the
strength of the interaction between the polymer chain and gas moleculexdiAgcto
this model,T, at pressures of interest is related to gas solubility by B@gs.
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ln(T;/Tgo)=ﬁ[91n9+(l—0) In(1-0)] (D
ZR
= 2
B=iac @
M
9 = —=L 0 (3)
M 1-w

where T, is the glass transition temperature at ambient presMjrand M, are the molar
masses of the polymer repeat unit and the gas, respectRedy/the gas constan\C, is

the heat capacity change associated with the glass transition putdepolymer,w is the

gas solubility in the polymer, and z is the latticoiration number that depends on the
sizes of the gas molecule and the polymer repeat umforturately, the solubility data

of N,O into polysulfone is not readily ailable in the literature, and we examined only for
the polysulfone/CQ system. The calculated,s using AC, = 0.236 J K ¢g' and the

gas solubilities measured by Chern et al. at 358@ shown by the solid line in Figure 2.
Chiou et al. pointed out that for polymers witimadl repeat units, such as atactic
polystyrene and poly(methyl methacrylate) , gaod fit for expemental results was
obtained using z = 1 where&w polymers with larger regat units, such as polytemnate,

z = 2 gave a good fif. In this comparison, we used z = 2. As seen in Figure 2, the
AT, values expected bZhow's model show an exporeh decrease, and are constantly
lower than our expénental AT, values. This disparity may be ascribed to the following
two factors. One is the uncertainty of the solubility at high temperatures and high
pressures. Since accurate solubility data of, @® polysulfone at highetemperatures
and pressures are not available, we used the solubility data at 35°C and below'20 atm.
In the DSC experiments the gas content of the polymer is likely to be slightly lower
during the scan. Accordingly, the agment between experimental and calculated values
improves asT, decreases. The other factor is the strong actésn between polymer
main chains. Polystdne has polar -S© groups and rigid aroatic rings in its main
chain, making the polymer chain very rigid and coagulative. Thengt polymer-
polymer interaction may not satisfy the assumpfarthe model.

In summary, polysulfone is less pliaszed by compressed COthan are
amorphous vinyl polymers such astactic polystyrene or poly(methyl methacrylate).
N,O, which is more polar than CQOs slightly more effectivdor plagicizing polysufone.
Under the atmosphere of each gas, the depressidpisnfound to be linear with pressure.
The dependence of, on CQ pressure of is-0.52 Kebar, while thatfor N,O is -0.60
Kebar’. Chow's thermodyamic model in combination with readily available gas
solubility data does not describe well the pressure dependenceT, ofin the
polysulfone/CQsystem.
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