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Abstract — The sorption and permeation properties of the CO, and CH, were measured for polysulfone and dimethylated
polysulfone to investigate the structure-property relationships. The effect of operating pressure on the transport properties of
the polysulfones was examined. The permeation properties for a mixture of CO, and CH, (CO,/CH,=57.5/42.5 vol%) were
also measured and these results were compared with those obtained from the experiments of pure gases. The sorptions of
CO, and CH, are well described by "dual-sorption model". The permeability coefficients of CO, and CH, decreases with in-
creasing upstream pressure, as is often the case with other glassy polymers. The permeability coefficients of each gas of bi-
nary mixture are reduced than those for pure gases. This result is due to the competition of each gas for the Langmuir sites.
The free volume of the dimethylated polysulfone is lower than that of polysulfone, and dimethylated polysulfone shows re-
latively lower permeability coefficients and higher selectivity than polysulfone.
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INTRODUCTION

Over the past decade, gas separation using membranes have
emerged as an important alternative operation to cryogenic dis-
tillation or pressure swing adsorption. New materials with high-
er penneability and selectivity are required to advance membrane
technology in the commercial areas. In general, so called “trade-
off” exists between permeability and permselectivity among po-
lymers that are used as membranes [Pixton and Paul, 1994].
Careful molecular design of polymer structure can lead to ma-
terials that can run counter to a certain extent the trade-off rela-
tionships. Recent studies have been focused at systematically
varying polymer structure to increase permeability without decr-
easing selectivity, or to enhance selectivity without loss of per-
meability [McHattie et al., 1991; Kim et al., 1988; Houde et al.,
1995; Tanaka et al, 1992; Aitken et al., 1992]. Structural changes
that inhibit chain packing can increase permeability and those
that reduce intramolecular mobility around flexible linkages in
the polymer backbone can lead to higher selectivity. Simultan-
eous suppression of intersegmental packing and intramolecular
mobility can yield increase in both permeability and selectivity
[Cotello and Koros, 1994].

This present work involves the synthesis of dimethylated po-
lysulfone in which ortho sites of sulfone unit in polysulfone
have been replaced with methyl substituents. The gas pair chosen
for this study is the CO,/CH, system. The separation of these
gases is of interest in oil recovery, the treatment of landfill gases
and sweetening of natural gases [Bhide and Stern, 1993; Bollin-
ger et al,, 1982; Rantenbach, 1994). It is the purpose of this
study to investigate the effect of feed pressure on the permea-
tion properties, and to examine the effect of the substituent on
CO,/CH, transport properties that are important for candidate
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materials for gas separation membranes.
EXPERIMENTAL

1. Synthesis of Dimethylated Polysulfone (DMPSf)

The procedure described by Guiver et al. [1989] was used for
the synthesis of dimethylated polysulfone (DMPS{). Polysuifone
(PSf, Udel® P-3500, 0.027 mol, 12 g) was dissolved in distilled
THF (403 mL) and the temperature of the solution was reduced
to below —30°C. n-Butyllithium (0.06 mol, 6 mL of 10 M in hex-
ane) was added dropwise. The mixture turned a red-brown color.
The polymer was methylated after 30 minutes by the dropwise
addition of excess iodomethane. The resulting solution was stirr-
ed for 1 hr, and then precipitated into isopropanol, washed sev-
eral times, and finally dried to yield DMPS{.

O Lo

DMPSf

2.Membrane Preparation

The membranes were cast from 10 wt% solution in meth-
ylene chloride on the clean glass plate at room temperature. The
membranes were dried under atmosphere for 24 hrs, controlling
the rate of solvent removal. After removing from the glass plate,
the membranes were completely dried in a vacuum oven at 150
°C for several days.
3. Gas Sorption and Permeation

Pure gas sorption measurements were made for CO, and CH,
up to 20 atm and at 30°C. Equilibrium sorption was measured
by the pressure decay method. The sorption cell is similar to one
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designed by Koros and Paul [1976].

Permeability measurements were also made for pure CO, and
CH, and their binary mixture using the variable volume method.
A schematic diagram of the apparatus for permeability measure-
ment is shown in Fig. 1. Pure gas to permeated was fed into up-
stream side, while downstream side was filled with the same gas
at 1 atm, The volumetric flow rate through the membrane to the
downstream side was determined by observing the displacement
of isopropanol in the capillary tube connected to the down-
stream side. The permeability coefficients were calculated by
Eq.(1) and (2). Permeation runs were carried out at 30°C and
pressures up to 20 atm.

P=D-5=_%L ¢

P1—P2

7]l

L _md? 273.15p, dh ?
4A 76T dt

where P is the mean permeability coefficient, D is the apparent
diffusion coefficient, S is the apparent solubility coefficient, J;
is the steady-state rate of gas permeation through unit area when
the constant gas pressure p, and p, are maintained at the mem-
brane interface, and L is the effective membrane thickness. And d
is the diameter of capillary, A is the membrane permeation area,
p» is the barometeric pressure, T is the experimental temperature,
and dh/dt is the displacement rate of propanol in the capillary.
The permeation rates for the components of binary gas mixture of
CO, and CH, (CO,/CH,=57.5/42.5 vol%) were determined by the
volumetric flow rate of gas mixture and the concentrations of
each component on the upstream and downstream side. The con-
centrations of the components were determined by Gas Chroma-
tograph with a column packed with Porapak Q. Permeation runs
for the binary mixture were carried out at stage cuts below 0.01.
4. Characterization

'H-NMR specrta were recorded on a Bruker AM 100 MHz
spectrophotometer. Samples were dissolved in CDCl,; with an in-
ternal TMS (tetramethylsilane) standard. Chemical shifts & are ex-
pressed in parts of million (ppm) and are described as singlet (s),
doublet (d), or and multiplet (m). The glass transition temper-
ature for each material was measured using a Perkin-Elmer DSC-
7 differential scanning calorimeter at a heating rate of 20°C/
min. Polymer densities were measured using a density gradient
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Fig. 1. The experimental apparatus for permeability measurement.

1. Needle valve 7. Sampling port
2. On/Off valve 8. Needle valve
3. Pressure gauge 9.3-Way valve
4. On/Off valve 10. Capillary

5. Permeation cell 11. Vacuum gauge
6. Water bath 12. On/Off valve

column filled with aqueous solutions of calcium nitrate at 30 °C.
Fractional free volumes of the polymers were calculated by a
group contribution method proposed by Bondi [Van Krevelen,
1989). The wide-angle X-ray diffraction (WAXD) measurements
were carried out using Cu Ko radiation with wavelength of 1.54
A. The average intersegmental distances or “d-spacings’ were
calculated from Bragg equation [Balta-Calleja and Vonk, 1989],
nA=2d sin 0, at the angle of maximum peak of scan. Cohesive
energy densities were calculated by Fedor's group contribution
method.

RESULTS AND DISCUSSIONS

1. Pure Gas Sorption and Permeation

Sorption isotherms for CO, and CH, in PSf and DMPSf are
shown in Fig. 2. For each polymer, the pure gas sorption iso-
therms show concave to the pressure axis, and can be described
by “dual sorption model” [Stannet, 1978]. According to dual
sorption model, the equilibrium concentration of sorbed gas in
glassy pcymers can be described as a function of pressure:

C=Cp +Cy
Cybp

C=k,p+ 2P
2P T p

©)]
where C is the equilibrium concentration of the sorbed gas, Cp
and Cy represent Henry' law mode sorption and Langmuir mode
sorption, respectively. The parameter k;, is the Henry's law solu-
bility constant, C' is the Langmuir capacity constant, and b is
the Langmuir affinity constant. These sorption parameters can
be obtained by nonlinear least-square regression, and are listed
Table 1. The solid curves in Fig. 2 are calculated by Eq. (3),
substituting the values of sorption parameters given in Table 1.
The sorbed concentrations are well fitted to dual sorption model.
Fig. 3 represents the corresponding plot of apparent solubility
coefficient versus gas pressure. The apparent gas solubility coef-
ficients in glassy polymers are decreasing function of pressure as
illustrated by Eq. (4), and equal to the secant slope of the sorp-
tion isotherms.
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Fig. 2. Sorption isotherms for CO, and CH, in polysulfone and
dimethylated polysulfone at 30 °C.

Korean J. Ch. E.(Vol. 14, No. 3)



170 H.-J. Kim and S.-1. Hong

Table 1. Dual mode parameters of PSf and DMPSf at 30°C
Polymer Gas kp Cy b D, Dy
PSt CO, 0.630 16503 0356 4.799 0.581

CH, 0.167 9.044 0.118 0.692 0.106

DMPSE  CO, 0482 12166 0287 2846 0452
CH, 0.078 7.348 0.108  0.520  0.051

Units: ky, [cm® (STP)/cm® atm]; C; [em’ (STPY/em’]; b (atm™'); Dy
X 10 (cm’/s); Dy % 10 (cm’/s)
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Fig. 3. Pressure dependency of solubility coefficients for CO, and
CH, in polysulfone and dimethylated polysulfone at 30°C.
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In Fig. 3, the apparent solubility coefficient decreases as the
Langmuir sorption sites are saturated, and approaches the asymp-
totic value .of Henry's law solubility constant, k. The degree of
pressure dependency of solubility coefficients varies with gases
and polymers. For each polymer, the greater pressure-dependency
of CO, solubility coefficient is due to the large value of C;; for
CO, compared with that for CH,. The difference of pressure-
dependency of solubility coefficients between PSf and DMPSf
is also due to the difference of the value of Cy,.

Pure gas permeability coefficients of CO, and CH, for PSf and
DMPSS are shown as a function of upstream pressure in Fig. 4
and 5. The permeability coefficients of CO, and CH, decreases
with increasing upstream pressure, as is often the case with oth-
er glassy polymers. The decreasing permeability coefficients of
CO, and CH, are attributed to the decreasing function of solu-
bility coefficients as explained by Fig. 3. This pressure-depend-
ency of permeability coefficients can be described as “dual mo-
bility model” (or “partial immobilization model”) proposed by
Paul and Koros [1976]. According to dual mobility model, the
populations in each the sorptions can be assigned separate dif-
fusion coefficients D), and Dy, the permeability coefficients of
pure gas can be written as;

P=k,D, [ )

14+ K
(1+bpy)(1+bp,)
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Fig. 4. Permeability coefficients for CO, through polysulfone and
dimethylated polysulfone at 30 °C.
[1 Barrer=10"" em® (STP) cm/cm’s cmHg]
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Fig. 5. Permeability coefficients for CH, through polysulfone and
dimethylated polysulfone at 30 °C.
[1 Barrer=10"" cm’ (STP) cm/cm’s cmHg]

Cyb D
where, K=—2_ and F=—~
kD DD

The diffusion coefficients, D, and Dy, are calculated from the
slope and intercept of the plot of experimental permeability co-
efficient versus 1/(1+bp,)(1+bp,). An example of such a plot is
shown in Fig. 6 for CO, permeation through DMPSf. The dif-
fusion coefficients obtained by this analysis are listed in Table
1. The solid curves in Fig. 4 and 5 are calculated by Eq. (5) us-
ing parameters given in Table 1, and show that the permeabi-
lity coefficients are well fitted to dual mobility model at entire
pressure range. In Fig. 4 and 5, the permeability coefficients of
gases through PSf are higher than those through DMPSE. This
result is discussed below.
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Fig. 6. Correlation of CO, permeability coefficient for dimethylat-

ed polysulfone with dual mode guantity at 30 °C.
[1 Barrer=10""" cm® (STP) cm/cm’s cmHg]

2. Mixed Gas Permeation

The permeability coefficients of CO, in a binary mixture (CO,/
CH,=57.5/42.5 vol%) for PSf and DMPSf membranes are illust-
rated in Fig. 7, and those for CH, are shown in Fig. 8. In Fig. 7
and 8, the solid and dashed curves represent values calculated
from pure gas data by the dual mobility model [Eq. (5)] based
on the respective partial pressures for PSf and DMPS{, respec-
tively. For each polymer, mixed gas permeability coefficients
are lower than the respective pure component values. Based on
dual sorption model for pure gas, Story and Koros [1989] ex-
tended the model to sorption of gas mixtures in glassy poly-
mers. For component A in a binary mixture, the concentration
of sorbed gas can be written as Eq. (6).

CrabaPa

C, =k —_
A = oaPa 1+b,p, +bgps

(©)

where, subscripts A and B represent components A and B, and
all the parameters are obtained by pure gas experiment. The Eq.
(6) assumed that in the Henry's law mode, solubility, hence,
permeability of a given penetrant was independent of the other
components present. According to Eq. (6), the above depres-
sions of permeability coefficients in Fig. 7 and 8 result from
the competition between CO, and CH, for the Langmuir sites
in glassy polymers. When A and B are relatively noninterac-
ting components, component B fills some of the Langmuir sites
previously available to A in the absence of B. The lowering of
the concentration driving force of A lowers its flux through the
membrane. Therefore, the permeability of A in a binary mix-
ture is lower than that of pure A. In Fig. 7 and 8, the per-
meability depressions are larger for DMPSf. This result is at-
tributed to lower value of Langmuir capacity constant, C;, for
DMPSA. For each polymer, the depression is larger for CH,. This
can be explained by the fact that the value of Langmuir affinity
constant, b for CO, is higher than for CH,, so the depression
of permeability coefficient of CH, in a binary gas mixture is

6.0
55}
5.0-\‘\

R ¥ " u n " ™

S ol =
a0}

L)

@' 3

é,15- B PSHCO, in a binary mbdure

:‘530- o m,hlmm

S | ——— cakulated by eq (5]

Ea2s

s ]
' ppo o % o o o o
15}

1-04 * 6 8 10 12 14
Pco, (atm)

Fig. 7. Permeability coefficients for CO, in CO,/CH, mixture (57.5
/42.5 vol%) through polysulfone and dimethylated polysul-
fone at 30°C.
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Fig. 8. Permeability coefficients for CH, in CO,/CH, mixture (57.5
/42.5 vol%) through polysulfone and dimethylated polysul-
fone at 30°C.

[1 Barrer=10""" cm® (STP) cm/cm’s cmHg]

higher than that of CO,, as expected by bgp, term in Eq. (6).
The separation factor,  is defined as Eq. (7)

_YY
X,/ Xp

where y/s and x/s are the mole fraction of the components in
the downstream and upstream, respectively. When the pressure
of the downstream is very small compared with the upstream
pressure, the separation factor will be approximately equal to the
ratio of permeabilities of pure gases, P,/Ps, which is called the
“ideal separation factor’. The solid curves in Fig. 9 correspond
to model predictions without considering the competition effect
for PSf and DMPSH, ie. ideal separation factors. The result of

()
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Fig. 9. Ideal separation factors for CO, and CH, in a binary mix-
ture through polysulfone and dimethylated polysulfone at
30°C.

separation factors also shows the competition effect between each
component. As mentioned above, the depression of permeabil-
ity coefficient of CH, in a binary gas mixture is higher than
that of CO,. Therefore, separation factor is higher than the
value without considering competition effect. The difference of
ideal separation factor between PSf and DMPSS is discussed at
the section below.

3. The Effect of Methyl Substituent on Permeation Properties

Fig. 10 shows the 'H-NMR spectra of PSf and DMPSf. In
the spectrum of DMPS{, the substitution of methyl group is as-
certained from the dimethyl singlet at 8=2.30. The detailed an-
alysis for the spectrum of DMPSf was reported at elsewhere
[Guiver et al., 1988].

In general, the permeability depends on chain stiffness, inter-
molecular ‘packing distance, and polymer-penetrant interaction.
The glass transition temperature is a pragmatic measure of the
stiffness of polymer backbone. Intermolecular packing distance
is determined from d-spacing or free volume, and the suppression
of intermolecular packing yields increases in permeability. The
values of glass transition temperature, d-spacing, density, and
fractional free volume for polysulfones are listed in Table 2.
The fractional free volume (FFV), given Table 2, is calculated
Eq. (8). The group contribution method of Bondi is used to cal-
culate V, hypothetical specific volume of the polymer at 0 K,
and V, specific volume of the polymer at T, is determined from
the polymer density.

V-V,
A%

FFV=

®

In this study, the permeability coefficients of CO, and CH,
for DMPS( are lower than those for PSf as illustrated in Fig. 4
and 5. As shown in Table 2, DMPSS has lower value of FFV
with the similar value of d-spacing in spite of the replacement
of phenyl hydrogen of PSf with methyl groups. This results can
be explained that the methyl groups of DMPSf are accommo-
dated between the polymer chains without forcing apart them,
so that their net effect is decreases in FFV, and consequently in
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Table 2. Physical properties of PSf and DMPSf

T p' d-spacing  FFV’ &
Pol g o
o (gem)  A) O (callem)”
PSf 190.3 1.243 52 0.158 12.4
DMPSf 177.6 1.213 5.2 0.151 12.1

1. density
2. fractional free volume
3. solubilty parameter

Table 3. Transport properties of CO, and CH, for PSf and DMPSf
at 30°C and 10 atm

Polymer Peo,  Clcoycn, Sco,  Scoycu, Deo, Deoycn,

PSf 4.6 219 24 2.8 1.9 7.8

DMPSf 2.2 29.0 1.8 3.0 1.2 9.6

Units: Px 10" [cm® (STP) cm/s em® cmHg]; DX 10° (cm?s); S x

10” {cm’ (STP) /em® cmHg]

permeability coefficients. Other researchers reported that asym-
metric aryl substitution leaded to the decrease of FFV [Ghosal
et al., 1996; McHattie et al., 1991a]. In addition, Ghosal et al.
[1996] reported that aromatic rings are activated for rotation (m-
flips) about 1,4 axis. These local segmental motions effectively
make the free volume to permit activated rotational motion. How-
ever, the addition of an aryl substituent inhibit the mobility of
these substituted rings, then these rings will be less efficient at
making the volume swept out by n-flips.

The glass transition temperature of DMPST is lower than the
value of PSf. One might expect that the polymer with higher T,
might show lower permeability, but it is not the case in this
study. In general, the higher the value of T,, the lower the per-
meability coefficient for rubbery polymers. While for glassy po-
lymers, no direct correlation is apparent between T, values and
polymer gas transport properties [McHattie, 1991a, 1991b, 1992].
Muruganandam et al. [1987] reported that although group and
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segmental motions are very important factors in gas transport
in polymers, it is important to note that all motions do not con-
tribute equally to the transport and that there is no strict pro-
portionality between the permeability coefficient and T,.

A comparison of the permeability coefficients of CO, and
ideal separation factors for each polymer at 10 atm are shown
in Table 3. The diffusivity and solubility contributions to the
permeability and ideal separation factor of each polymer are
also shown in Table 3. DMPSS is less permeable than PSf, but
exhibits higher values of ideal separation factor. The higher sep-
aration factor for DMPSS is due to the tightly packed chain seg-
ment. Cohesive energy density (CED) has often been used to es-
timate intersegmental attraction. In general the higher the CED,
the higher the forces between polymer chains, and separation
factors. In this study DMPSf has a lower CED, but has the
higher value of ideal separation factor. This can be explained
that the substitution of methyl groups decreases intersegmental
attractive force, however methyl groups fill in the void spaces
of polymer matrix as mentioned above. The ideal separation
factor is the product of diffusivity selectivity and solubility selec-
tivity, the high diffusivity selectivity in this study results in high
ideal separation factor.

CONCLUSION

The dimethylated polysulfone (DMPSf) is synthesized, in which
ortho sites of sulfone unit in polysulfone (PSf) are substituted
with methyl groups. The replacement of phenylene hydrogenes
of PSf with methyl groups results in decreases in chain stiff-
ness, as judged by the value of T,, and decreases in fractional
free volume. DMPSS is less permeable than PSf, but exhibits
the higher CO,/CH, ideal separation factor. The higher value of
ideal separation factor for DMPSS is due to the lower fractional
free volume of DMPS{.

For each polymer, the permeability coefficients for each gas
of binary mixture (CO,/CH,=57.5/42.5 vol%) are lower than the
respective values of pure gases. This result can be attributed to
the competition effect between CO, and CH, for the Langmuir
sorption sites.

The sorptions and permeations of CO, and CH, for PSf and
DMPSS are well described by dual-mode model. The differences
between PSf and DMPSf in permeability and separation factor
is mainly depend on the differences in diffusivity and diffusivity
selectivity.

NOMENCLATURE

: permeation area [cm’]

: Langmuir affinity constant [atmfl]

: concentration of sorbed gas [cm3 (STP)/cms]

Cy; :Langmuir sorption constant [cm’ (STP)/cm’]

D : diffusion coefficient [cm*/s]

d : capillary diameter [cm]

h  :height [cm]

Js  :steady state diffusion flux [cm’ (STP)/cm’ s

kp :Henry's law solubility constant [cm’ (STP)/cm’ atm]
L  :membrane thickness [cm]

P :permeability coefficient [cm’ (STP) cm/cm’ s cmHg]

OS>

: pressure [atm]

: barometeric pressure [atm]

: solubility coefficient [cm® (STP)/cm’ atm)]
: temperature [K]

: time [s]

: mole fraction of upstream

: mole fraction of downstream

: specific volume [em’]

<< ® "~ 3upT

Greek Letter
o  :separation factor

Subscripts

: component A

: component B

: Henry's law mode

: Langmuir mode

: upstream face of the membrane

: downstream face of the membrane

N=m oW
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