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ABSTRACT: Sorption and diffusion of supercritical car-
bon dioxide (SCCO,) into polysulfone (PSF) from 313 K
and 20 MPa to 333 K and 40 MPa were investigated in this
study. A simple gravimetric method was used to measure
the mass gain of SCCO, in PSF, and the Fick’s diffusion
model was applied to describe the desorption process.
The sorption amount, the sorption diffusivity under su-
percritical states, and the desorption diffusivity at ambi-
ent conditions are presented. Comparisons of the sorption
amounts and diffusivities of CO, for polymers of polycar-
bonate and PSF are discussed according to the interac-

tions between gas and polymers. The morphology change
and plasticization effect attributed to gas sorption in PSF
were studied. Effects of glass-transition temperature and
yielding stress for PSF and other polymers were used to
describe the difference in their diffusivities for the sorp-
tion and desorption processes. © 2004 Wiley Periodicals, Inc.
] Appl Polym Sci 94: 474-482, 2004
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INTRODUCTION

Supercritical carbon dioxide (SCCO,), which has low
critical properties and desirable chemical safety, is
capable as an alternative solvent for polymer process-
ing. Production of polymer foams and dyeing of poly-
mer material'~ are examples where swelling and plas-
ticization effects occur after the absorption of SCCO,.
The plasticization process accelerates the infusion of
additives into polymers and also significantly affects
the membrane performance during gas separation.*
The plasticization effect depends on the sorption amount
of SCCO, as well as its interaction with polymers. Dif-
fusion of SCCQO, into polymers is also influenced by the
operating temperature and pressure. Extensive investi-
gations of these phenomena are crucial to further appli-
cation of SCCO, in polymer processing.

Various experimental apparatus and methods have
been applied to measure the solubility and diffusion
kinetics of SCCO, in polymers. The use of a quartz-
crystal microbalance provides an accurate technique,’
but only equilibrium sorption data were collected. A
simple gravimetric method to obtain the diffusion
data by measuring the mass gain in polymers was
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reported in the literature.®"® Using this method, the
sorption amount was determined by extrapolating the
CO, weight remaining in the polymer during the de-
sorption process. Gas diffusivities for sorption or de-
sorption at various operating conditions were then
evaluated from Fick’s law of diffusion.

The sorption and desorption diffusivities of SCCO,
in polysulfone (PSF) were measured in this study
using the gravimetric method. A small vessel of 10 mL
was used to eliminate possible extrapolation error
during the venting period. PSF is usually applied as a
gas-separation membrane. The transport properties of
CO, in PSF have been studied at pressures up to 2
MPa,”'? although gas solubility and diffusion data at
supercritical conditions are still inadequate. The ex-
perimental temperature and pressure were up to 333
K and 40 MPa, respectively, in this study. Diffusivities
for SCCO, in PSF were calculated and compared with
our previous study for polycarbonate.® The scanning
electron microscope (SEM) was used to investigate the
morphology change of PSF in the sorption process.
Tensile testing and shifting of loss maxima of dynamic
mechanical analyses (DMA) were used to characterize
the effect of plasticization.

EXPERIMENTAL
Materials

The commercially available polysulfone (PSF, M,
= 26,000) was purchased from Aldrich (Milwaukee,
WI). Pellets of PSF were softened at 523 K and pressed
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Figure 1 Schematic diagram of the experimental apparatus.
1: CO, gas cylinder; 2: high-pressure syringe pump; 3: pressure
gauge; 4: check valve; 5: constant-temperature bath; 6: high-
pressure cell; 7: temperature indicator; 8: check valve.

to form sheets of 0.8 to 1.2 mm thickness. The sheets
were then cut into 40 X 12 mm pieces as the experi-
mental specimens. Carbon dioxide was purchased
from San-Fu Chemical (Taiwan) with purity greater
than 99.8 mol %.

Apparatus and procedures

A schematic diagram of the experimental apparatus is
shown in Figure 1. CO, was compressed to the oper-
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ating pressure by a syringe pump (Model 100DX; Isco,
Inc., Lincoln, NE). The weighed specimen was put into
a column with a capacity of 10 cm’. The column was
then set in a constant-temperature bath (SFX2-10,
Isco). The compressed CO, was charged into the col-
umn and it took about 10 s to reach the equilibrium
pressure. After a desired sorption period, the column
was quickly depressurized and the desorption time
was recorded. It usually took 40 s before the specimen
was immediately taken onto a microbalance
(AX105DR; Mettler-Toledo International, Zurich,
Switzerland), with sensitivity of 0.01 mg, at room tem-
perature and atmospheric pressure. The weight of the
specimen was recorded every 10 s for a period of 150 s.
These data were then used to determine the sorption
amount and desorption diffusivity of SCCO, in PSF.

Method of approach

The method for analyzing the data of sorption and
desorption was introduced by Berens et al.® Fick’s law
was applied in this study and only diffusion along the
thickness direction is analyzed. No edge effect was
assumed because the ratio of thickness to length is
<0.16. There are two equivalent expressions for the
time dependency of mass absorbed in polymer:
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Figure 2 Schematic illustration for the sorption (—) and desorption (—--—-- ) processes. t,, sorption time; t,, desorption
time; M., saturation amount; M,, sorption amount at time t,, M,, residual amount at time f; of desorption.
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Figure 3 Plot of mass gain (M,) against the square root of desorption time (t,)'/? for PSF at 313 K and 20 MPa at various

sorption times (¢,).
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where D is the constant diffusivity of CO,, M, is the
amount of sorption during a specific time t,, and M., is
the quantity absorbed after an infinite time period.
Both M, and M., are expressed as the weight percent-
age of CO, per unit weight of the polymer matrix.
The desorption was taken as a short-time process
compared to that of sorption. In this case, eq. (1) was
simplified by truncating to the first term in the serial:

M, Dt
M. —4 P 3)

where M, is the amount that remains in the polymer
matrix after desorption time t,; and D, is the diffusivity
for desorption. According to eq. (3), D; was calculated
from the plot of mass gain M, against (t;)'/% The
sorption amount M, was obtained by extrapolating to

zero desorption time from the desorption mass gain
plot.

On the other hand, sorption was taken as a long-
time process. With proper estimation of the truncation
error, eq. (2) was simplified by truncating to the sec-
ond term in the serial:

M, . 8 — D7t 8 —9D.7t,
M, T REPT ) TP

(4)

where ¢, is the sorption time and D is the diffusivity
for sorption. With various M, values of CO, deter-
mined at different sorption times, a complete sorption
curve was obtained, as illustrated in Figure 2. The D,
parameter was then evaluated from the plot of M,
against t,/I%, according to eq. (4).

Characterization

The morphology changes of the polymer specimen
were verified using a field emission scanning electron
microscope (FESEM; Model 6335F, JEOL, Tokyo, Ja-
pan). To analyze the plasticizing effect, the yielding
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Figure 4 Sorption amounts of PSF at 323 K and various pressures: ¢ 20 MPa, A 30 MPa, @ 40 MPa. Curves are calculated

with eq. (8).

stress of the sample was measured using an RTM-1T
tensile meter. Dynamic mechanical analyses (DMA;
Perkin—Elmer DMA 7e, Norwalk, CT) were used to
examine the shifting of loss maxima.

RESULTS AND DISCUSSION
Sorption of CO, in PSF

Figure 3 shows a typical plot of the desorption mass
gain (M,) against the square root of the desorption
time (t;)'/? at various sorption times t,. The linear
relationship indicates that Fick’s diffusion model is
applicable for the experimental data at a short desorp-
tion interval. The sorption amounts of SCCO, (M,)
into PSF were determined by taking the intercepts of
the desorption diagram shown in Figure 3. A sorption
diagram is then obtained at different f, periods, as
shown in Figure 4. The equilibrium sorption amount
(M.,) in a 40 X 12 X 0.8-mm’ PSF specimen was
reached at around 16 h for all conditions. The CO,
sorption amounts (M,) at various sorption times (t,)
were regressed using eq. (4) and the resulting sorption
curves are shown in Figure 4. Satisfactory agreement
between the experimental and calculated results indi-

cates that the truncated Fick’s diffusion model is ap-
plicable.

Plots of M., isotherms against pressure are shown in
Figure 5. The equilibrium sorption amounts increase
with pressure and decrease with temperature, as ob-
served in previous studies of SCCO, sorption in poly-
(vinyl chloride)/(PVC) and polycarbonate (PC).>'* At
higher pressure and lower temperature, it is easier for
CO, to condense and to be trapped into the polymers.
Compared with our previous work,? the M., values of
CO, in PC are higher than those in PSF.

It has been shown in literature that the interaction
between CO, and the main-chain carbonyl functional
group increases the dissolution of CO, in PC.**'3 It
explains why the CO, sorption amount is higher in PC
than that in PSF, as depicted in Figure 5. When M., is
plotted against CO, density, the solubility graph is
shown in Figure 6. The CO, density is calculated using
the Peng-Robinson equation of state'* at a given tem-
perature and pressure. Generally, the CO, solubility
increases with density in PSF and PC. A dual-mode
model®*'%!> has been suggested for the gas-sorption
mechanism is glassy polymers. At a lower density,
greater gas solubility is observed at a lower tempera-
ture. At a higher density, however, greater gas sorp-
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Figure 5 Plot of the equilibrium sorption amount of CO, (M..) against pressure at various temperatures: ¢, C 313 K; A, A
323 K; @, O 333 K; solid symbols for PSF in this study and open symbols for PC in our previous study.?®

tion is found at a higher temperature, attributed to the
increase in polymer chain mobility to accommodate
more CO,. This behavior was reported in our previous
study for PC, as shown in Figure 6, where a crossover
point was reached at a density of 680 kg/m® The
crossover point for PSF polymer substrate was not
found in this study. This result can be explained by the
difference in glass transition temperatures (T,) of var-
ious polymers. As shown in previous studies, the
crossover densities for poly(ethylene terephthalate)
(PET) and PC are about 400 and 680 kg/m?>, respec-
tively. The T, values for various polymers are in the
order of PET < PC < PSF. The crossover density for
PSF is thus higher than that of PC, and cannot be
observed in the operating range of this study.

DESORPTION AND SORPTION DIFFUSIVITIES

From the slopes of the plot of M, against (t;)'/?, as

shown in Figure 3, the diffusivities for desorption (D)
at ambient temperature and pressure were deter-
mined according to eq. (3). Values of D, at various
operating conditions, together with the corresponding
CO, density and the M., data, are shown in Table L.
The plot of D, against M., for PSF is shown in Figure
7. Desorption diffusivities increase significantly with

the CO, concentration in the PSF matrix. The largest
D, value is 2.37 X 10~ m?/s at 313 K and 40 MPa,
corresponding to a maximum CO, sorption amount of
12.0 wt % in the PSF substrate. The smallest D, value
is 0.87 X 107" m?/s at 333 K and 20 MPa, where the
smallest sorption amount of 9.1 wt % was observed.
Comparison of the D, values for PC® and PSF are also
presented in Figure 7. Because of the stronger interac-
tion between CO, and the carbonyl group of PC,
larger CO, sorption amounts and smaller D, values
are demonstrated in PC than those in PSF.

The sorption diffusivities D, were evaluated using
eq. (4) with the experimental data shown in Figure 4.
The results are also presented in Table I. Figure 8
presents the plot of D, against temperature at various
pressures. It is observed that D, values for PSF in-
crease with temperature, but are relatively insensitive
to pressure. The D, values for PC were recalculated
using our previous experimental data® and eq. (4) with
truncation to the second-order term. Comparison of D
for these two polymers, as shown in Figure 8, indi-
cates that higher values are observed for PC. In the
sorption process, CO, must overcome the polymer
chain interaction force to penetrate into the glassy
substrate. This force is proportional to the yielding
stress of the neat polymer. The yielding stresses for
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Figure 6 Plot of isotherms for equilibrium sorption amount (M..) against CO, densigy: ¢, O313K; A, A323K; ® O333K;
solid symbols for PSF in this study and open symbols for PC in our previous study.

neat PC and PSF substrates were measured as 68.1 and
73.0 MPa, respectively. The higher yielding stress of
PSF results in a lower D, value than that in PC. More-
over, the stronger interaction between CO, and the
carbonyl group of PC is also attributed to the larger D,
data.

The D, values are larger than D, values for CO, in
PSF substrate over the whole range of this study,
similar to what we found for the PC substrate.® The
reason is explained by the plasticization effect for CO,
in these polymers. On the other hand, Muth et al.'?

showed that D, > D, for PVC polymer substrate under
SCCO, conditions. The yielding stress for PVC is 42
MPa. This lower yielding stress favors gas sorption
and thus a larger D, value. The plasticization effect on
the diffusivities for PVC is comparatively reduced,
although it has a lower T, value of 360 K.

The plasticization effect on PSF

The CO, plasticization effect on PSF was verified by
tensile testing and FESEM images in this study. The

TABLE 1
Densities of CO,, Equilibrium Sorption Amount, Desorption Diffusivity, and Sorption Diffusivity
at Various Experimental Conditions

Pressure Temperature Density M., D, R
(MPa) (K) (kg/m>) (wt %) (107" m?/s) (1071 m?/s)
20 313 830.0 10.6 1.75 0.53
20 323 763.6 9.7 1.22 0.76
20 333 694.9 9.1 0.87 0.88
30 313 927.9 11.8 2.26 0.45
30 323 880.0 10.6 1.78 0.67
30 333 831.2 9.7 1.36 0.89
40 313 991.7 12.0 2.37 0.54
40 323 952.4 11.5 1.90 0.63
40 333 912.7 10.6 1.72 0.95
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Figure 7 Plot of desorption diffusivity (D,) against equilibrium CO, amount at various temperatures: ¢, < 313 K; A, A 323
K; ®, O 333 K; solid symbols for PSF in this study and open symbols for PC in our previous study.®
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Figure 8 Plot of sorption diffusivity (D,) against temperature at various pressures: ®, & 20 MPa; A, A 30 MPa; @, O 40 MPa;
solid symbols for PSF in this study and open symbols for PC in our previous study.®
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TABLE 1I
Comparison of the Yielding Stress and Mass Gain
Fraction for PSF Before and After Being Treated with
Supercritical Carbon Dioxide for 24 h

Mass gain fraction,
M, (wt %)

Density Yielding stress

(kg/m?) (MPa) t;, =0 t, = 300 seconds
Untreated 73.0 — —
830.0 444 10.6 8.5
991.7 35.6 12.0 9.8

PSF sample was treated with CO, for 24 h, and the
tensile stress was measured at 300 s after venting.
The measured data of yielding stress for untreated
PSF, the impregnated PSF at two conditions, and the
corresponding mass gain fractions are listed in Ta-
ble II. As shown in Table II, the CO, remaining in
the sample at a desorption time of 300 s is about 80%
of the saturated sorption amount. The PSF sample
was plasticized after being treated by CO,, and the
yielding stress decreases with increasing density of
CQO,. Its value is about half that of the untreated PSF
sample at the highest CO, density of 991.7 kg/m’®
(313 K and 40 MPa) in this study. The X1000 FESEM
images at various operating conditions are shown in
Figure 9. The defects on the PSF surface resulted
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from the substrate distortion and the rapid CO,
depressurization. Compared with the untreated
sample in Figure 9(a), no apparent morphology
change at lower densities is observed, as shown in
Figure 9(b) and (c). At higher densities, shown in
Figure 9 (d) and (e), microstructure change and
surface deformation arising from plasticization be-
come significant with increasing CO, density. Fig-
ure 10 presents the loss modulus measured using
DMA for PSF treated with CO, at various densities,
as shown in Figure 9. The treated samples were
allowed to remain in ambient conditions for 1
month, where no remaining CO, in each sample was
assumed. The two loss maxima shown in Figure 10
correspond to two glass-transition states. The plas-
ticization effect is identified by the shifting of loss
maxima toward lower temperatures with increasing
densities.'® From our measurements, as shown in
Figure 10, the shift of loss maxima from pure PSF to
the treated PSF at the highest density (40 MPa and
313 K) are about 4 to 7 K for the two transition
temperatures. These results provide further evi-
dence for the plasticization of PSF by SCCO.,.

CONCLUSIONS

This study reports the sorption and desorption diffu-
sivities for high-pressure CO, in PSF substrate. The

Figure 9 FESEM (x1000) images of polysulfone with SCCO, at various densities: (a) untreated, (b) 763.6 kg/m?, (c) 830.0

kg/m?, (d) 952.4 kg/m>, (e) 991.7 kg/m”>.
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Figure 10 Loss modulus as a function of temperature for po
763.6 kg/m?, (c) 830.0 kg/m?, (d) 952.4 kg/m>, (e) 991.7 kg/m°.

experimental range is from 20 MPa and 313 K to 40
MPa and 333 K. The desorption diffusivity increases
with CO, solubility. The sorption diffusivity increases
with temperature and is insensitive to pressure. Com-
parison of these measured data with those for PC
substrate in our previous study is discussed. The equi-
librium sorption amount and sorption diffusivity of
CO, are lower in PSF than those in PC. The desorption
diffusivity, however, is found to be higher in PSE. The
plasticization effect for the sorption of CO, in PSF is
observed in this study from FESEM and yielding-
stress measurements, as well as the shifting of loss
maxima toward higher SCCO, densities from DMA
measurements for the treated samples.

The authors are grateful to the National Science Council,
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