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Abstract — The transport properties of CO, and CH, for TMSPSF (bisphenol A trimethylsilylated polysulfone) were
measured, and compared with the values for PSf (bisphenol A polysulfone) and MPSf (bisphenol A methylated po-
lysulfone) to explain the effect of molecular structure of polysulfones on gas transport properties. The permeability
coefficients of three polysulfones rank in the order: TMSPSf>PSf>MPSf. TMSPS( is several times more permeable
than PSf. The effect of the substituents on chain packing was related to the gas transport properties. The ranking of
permeability coefficient correlates well with fractional free volume. The variation of d-spacing is also reasonably
consistent with the permeability coefficient. The effects of pressure on the sorption and permeation properties of po-
lysulfones were examined. The permeation properties for a mixture of CO, and CH, were also measured and these
results were compared with the values of pure gases. The sorbed concentrations and permeability coefficients are
well fitted to dual mode model. The permeability coefficients of each gas of binary mixture are reduced than those
for pure gases, and the extent of reduction in permeability coefficient is the smallest for TMSPSf, which has the

highest value of Langmuir capacity constant.
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INTRODUCTION

Membrane-based gas separation technology has emerged as
an important alternative technology to cryogenic distillation or
pressure swing adsorption. New materials with higher permea-
bility and selectivity are required to advance membrane tech-
nology in the commercial areas. It is generally known that po-
lymeric membrane which has high gas permeability exhibits
low selectivity and vice versa [Stern, 1994; Koros and Flem-
ing, 1993]. Careful molecular design of polymer structure can
lead to materials that can run counter to a certain extent this
trade-off relationship. Recent studies have been focused at sys-
tematically varying polymer structure to increase permeabili-
ty with minimum selectivity loses [McHattie et al., 1991a; Mu-
ruganandam et al., 1987; Ghosal et al., 1996; Pixton and Paul,
1995; Ghosal et al., 1995]. Structural changes that inhibit chain
packing can increase permeability and those that reduce chain
mobility can lead to higher selectivity [Kim et al., 1988; Ait-
ken et al., 1992].

Bisphenol A polysulfone (PSf) has been used commercial-
ly as a gas separation membrane material, and it has a stable
aromatic backbone that is amenable to structural modification.

Recently, some polymer materials containing silicon on the
polymer branches such as poly(trimethylsilylmethyl methacryl-
ate), poly(vinyl trimethylsilane) and poly(trimethylsilyl propyne)
are well recognized to be promising membrane materials [Mul-
der 1991; Ichiraku et al., 1987]. These materials have exception-
ally high permeabilities, but the disadvantage of these polymers
is their low selectivities. Considering this fact, this present work
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involves the synthesis of bisphenol A trimethylsilylated po-
lysulfone (TMSPSf). The gas pair chosen for this study is
the CO,/CH, system. The separation of these gases is of in-
terest in oil recovery, the treatment of landfill gases and sweet-
ening of natural gases [Bhide and Stern, 1987; Bollinger et
al., 1982; Rautenbach and Welsch, 1994]. In this study, the
transport properties of CO, and CH, for TMSPSf were me-
asured, and compared with the values for PSf and MPSf (bis-
phenol A methylated polysulfone), which have been stu-
died previously in our laboratory [Kim and Hong, 1997], to
explain the effect of molecular structure of polysulfones on
gas transport properties. In addition, the effects of feed pres-
sure on the transport properties were examined. The permea-
tion properties for a mixture of CO, and CH, are also meas-
ured, and these results are compared with those for pure
gases.

EXPERIMENTAL

1. Materials

Bisphenol A polysulfone (PSf, Udel® P-3500) was obtain-
ed from Amoco Chemical Co.. Reagent grade tetrahydrofu-
ran (THF) was freshly distilled for each reaction. All other
reagents were purchased commercially and used as received
without further purification. The procedure described by Guiver
et al. [1989a, 1989b] was used for the synthesis of TMSPSf.
PSf (0.027 mol, 12 g) was dissolved in distilled THF (400 mL)
and the temperature of the solution was reduced to below-30
°C. n-Butyllithium (0.06 mol, 6 mL of 10 M in hexane) was
added dropwise. The mixture turned a red-brown color. The
polymer was trimethylsilylated after 30 min by the dropwise
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Fig. 1. Chemical structures of TMSPS.

addition of excess trimethylsilyl chloride. The resulting solu-
tion was stirred for 1 hr, and then precipitated into methanol,
washed several times, and finally dried to yield TMSPSE. The
chemical structure of TMSPSf was characterized by 'H-NMR
and PC-NMR, and are shown in Fig. 1. The degree of sub-
stitution (DS) was calculated by comparative methyl integra-
tion of the substituent and the isopropylidene group. The DS
was over 70 %.

2. Characterization

'H-NMR and “C-NMR spectra were recorded on a Bruker
DRX-500 sepectrophotometer. The glass transition tempera-
ture (T,) for each material was measured using a Perkin-El-
mer DSC-7 differential scanning calorimeter at a heating rate
of 20 °C/min. Polymer density was measured using a density
gradient column filled with aqueous solutions of calcium ni-
trate at 23 °C. Fractional free volume of the polymers was cal-
culated by the group contribution method proposed by Bon-
di [Bondi, 1964; Van Krevelen, 1990]. The wide-angle X-ray
diffraction (WAXD) measurements were carried out using Ri-
gaku WAXD-D/Max III B X-ray diffractometer with Cu K o
radiation with wavelength of 1.54 A. The average interseg-
mental distances or “d-spacings” were calculated from Bragg
equation [Balta-Calleja and Vonk, 1989], n A=2d sin 0, at the
angle of maximum peak of scan. Cohesive energy density
(CED) was estimated by the group contributions published by
Fedor [Van Krevelen, 1990].
3.Membrane Preparation

The membranes were cast from 10 wt% solution in chlo-
roform on the clean glass plate at room temperature. The mem-
branes were dried under atmosphere for 24 hr, controlling
the rate of solvent removal. After drying, the membranes were
lifted from the glass plate, and completely dried in a vacuum
oven at 150 °C for several days.

4. Gas Sorption and Permeation

Pure gas sorption measurements were made for CO, and
CH, up to 25 atm and at 30 °C. Equilibrium sorption was
measured in the two-volume pressure decay type of sorption
cell [Kim and Hong, 1997].

Permeability measurements were also made for pure CO,
and CH, and their binary mixture using the variable volume
method employed in our laboratory [Hong et al., 1996]. The
volumetric flow rate through the membrane to the downstream
side was determined by observing the displacement of 1-pro-
panol in the capillary tube connected to the downstream side.
The permeability coefficients were calculated by Eq. (1) and
(2). Permeation runs were carried out at 30 °C and pressures
up to 25 atm.

P=D.5=_5C
Pi—P:

M

. 273.15p, dh
Lo 275 0P dh )

s =—

4A 76T dt

where, P [Barrer, cm’(STP)cm/cm’s cmHg] is the mean per-
meability coefficient, D [cm?s] is the apparent diffusion co-
efficient, and S [cm’(STP)/cm’ cmHg] is the apparent solubi-
lity coefficient. Js [cm’(STP)/cm’s] is the steady-state rate of
gas permeation through unit area when the constant gas pres-
sure p; and p, are maintained at the membrane interface, and
L [cm] is the effective membrane thickness. d [cm] is the di-
ameter of capillary, A [cm’] is the membrane permeation area,
p» [cmHg] is the barometric pressure, T [K] is the experimen
tal 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 mix-
ture and the concentration of each component on the upstream
and downstream side. The concentrations of the components
were determined by Gas Chromatograph (Shimatzu 8A) with
a column packed with Porapak Q. Permeation runs for the bi
nary mixture were carried out at stage cuts below 0.01.

RESULTS AND DISCUSSION

1. Pure Gas Sorption and Permeation-Dual Mode Model
Sorption isotherms for CO, and CH, in TMSPS{ are shown
in Fig. 2 and 3. The pure gas sorption isotherms show con-
cave to the pressure axis, and can be described by “dual sorp-
tion model” [Vieth et al., 1966]. According to dual sorption
model, the equilibrium concentration of sorbed gas in glassy
polymers can be described as a function of pressure:

C=Cp +Cy4
_ Gibp
C=kpp+ 1+bp 3
TMSPS{/30°C
sk — calculated by eqn.(3)

1] 5 10 15 20 ' 25
Pressure [atm]
Fig. 2. Sorption isotherms for CO, and CH, in TMSPST at 30
°C.
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Fig. 3. Pressure dependency of seolubility coefficients of CO,
and CH, in TMSPSf at 30 °C.

where C [cm’(STP)/cm’] is the equilibrium concentration of
the sorbed gas, and Cp, and Cy represent Henry' law mode
sorption and Languor mode sorption, respectively. The pa-
rameter kp|lcm’(STP)/cm’® atm] is the Henry's law solubility
constant, Cl,[cm’(STP)/cm’] is the Langmuir capacity con-
stant, and b[atm '] 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
represent the dual mode fits of the actual data, substituting the
values of sorption parameters given in Table 1. It is shown
that the sorption of pure CO, and CH, in TMSPSf are well
fitted by dual sorption model. Fig. 3 represents the correspond-
ing plot of apparent solubility coefficient versus gas pressure.
The apparent gas solubility coefficients in glassy polymers are
decreasing function of pressure as illustrated by Eq. (4), and
equal to the secant slope of the sorption isotherms.

C,b
1+bp

p
In Fig. 3, the apparent solubility coefficients decrease as the
Langmuir sorption sites are saturated, and approaches the as-

Table 1. Dual mode parameters’ for TMSPSE, PSf’, and MPSf’
at 30 °C
Polymer Gas kp Cy b D, Dy
TMSPSf  CO, 0324 2072 0.155 3097 1.202
CH, 0.199 830 0.09 3521 0221

PSt” CO, 0630 1656 0356 4799 0.581
CH, 0.167 904 0.118 0.692 0.106
MPSt’ CO, 0482 1217 0287 2846 0.452

CH, 0078 735 0108 0520 0.051
“Units: kp [cm’(STP)em® atm]; Cy [em’(STP)cm’]; b (atm ')
D, X 10 (cm’/s); Dy X 10 (cm’/s)
"Data from Kim, H. J. and Hong, S. 1., 1997.
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Fig. 4. Pressure dependency of permeability coefficients of CO,
and CH, for TMSPSf at 30 °C.

ymptotic value of Henry's law solubility constant, kj. The de-
gree of pressure dependency of solubility coefficients varies
with gases. The greater pressure-dependency of CO, solubili-
ty coefficient is due to the larger value of Cj for CO, com-
pared with that for CH,.

The permeability coefficients of pure gases for TMSPSf
are shown as a function of upstream pressure in Fig. 4. The
permeability coefficients of CO, and CH, decrease with in-
creasing upstream pressure, as is often the case with other
glassy polymers [Koros and Chern, 1987]. This pressure-de-
pendency of permeability coefficients have been generally de-
scribed as “dual mobility 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 diffusion coefficients D, and Dy, the

“permeability coefficient of pure gas can be written as;

FK
P=k,Dp |1 +—n— 5
° ”[ (1+bp1)(1+bpz)J ©
where, K=% and F=Pﬁ-
k, D

The diffusio_n coefficients, D, and Dy are calculated from the
slope and intercept of the plot of experimental permeability
coefficient versus 1/(1+bp,}(1+bp.). The diffusion coefficients
obtained by this analysis are also listed in Table 1. The solid
curves in Fig. 4 are calculated by Eq. (5) using parameters gi-
ven in Table 1, and show that the permeability coefficients
of CO, and CH, for TMSPSf are well fitted to dual mobility
model at entire pressure range.
2.The Effect of Substituents on Permeation Properties

The comparisons of the permeability coefficients of CO, and
CH, and ideal separation factors for PSf, MPSf, and TMSPSf
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Fig. 5. Permeability coefficients of CO, for TMSPSf, PSf, and
MPSf at 30 °C.

are shown in Figs. 5-7, and these values at 10 atm are listed
in Table 2. Ideal separation factor was calculated from the ra-
tio of the pure component permeability coefficients, ie. Pco,/
Pcrs. In Figs. 5-7 and Table 2, the data for PSf and MPSf
(methylated polysulfone), which have been studied previous-
ly in our laboratory [Kim and Hong, 1997], are also includ-
ed to compare with TMSPSf. MPSf is the polymer in which
ortho sites of sulfone unit in PSf have been replaced with
methyl groups. In this study, the permeability coefficients of
three polysulfones rank for CO, and CH, in the following
order, TMSPSf>PSf>MPSf, and ideal separation factors are
in the opposite order. The ideal separation factor for TMSPSf
is reduced by about 25 % than that for PSf, but TMSPS( is
several times more permeable than PSf. This result means that
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Fig. 6. Permeability coefficients of CH, for TMSPSY, PSf, and
MPSf at 30 °C.
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Fig. 7. Ideal separation factors of CO, and CH, for TMSPSS,
PSf, and MPSf at 30 °C.

TMSPSS is strong candidate for CO,/CH, separation membrane.
In general, the permeation properties depend on intermol-
ecular packing distance, chain stiffness, polymer-polymer in-
teraction and polymer-penetrant interaction. The physical prop-
erties related to permeation properties are listed in Table 3.
Intermolecular packing distance is determined from fractional
free volume (FFV) or d-spacing. The FFV, given in Table 3,
is calculated Eq. (6). The group contribution method of Bondi
[Van Krevelen, 1990] is used to calculate V,, hypothetical spe-
cific volume of the polymer at 0 K, and V, specific volume
of the polymer at T, is determined from the polymer density.

V-V,
FFV = 2 . ’ 6
Vv ()

As shown in Table 2 and 3, the ranking of permeability
coefficient correlates well with FFV. Fig. 8 represents the
correlation of permeability coefficients with 1/FFV for CO,

Table 2. Transport properties® of CO, and CH, for TMSPSE,
PSf’, and MPSf® at 30 °C and 10 atm

Polymer Pcor Ocoucus  Scor Scoucrs  Dcor Deoscra
TMSPSf 151 16 2.1 27 72 55
pst’ 46 22 24 2.8 1.9 7.8
MPSf’ 22 29 1.8 3.0 1.2 9.6

“Units: Px 10" [cm’(STP) cm/s cm? cmHg]; Dx10° (cm®s); S
x10* [em’ (STP)/cm’ cmHg]
*Data from Kim, H. J. and Hong, S. L, 1997.

Table 3. Physical properties for TMSPSf, PSf’, and MPSf"

T, p d-spacing
Polymer ) (g/cm3) ( A) (cal/cmz)uz FFV
TMSPSf  164.0 1.126 5.6 11.0 0.167
PSf* 190.3 1.243 5.2 12.4 0.158
MPSf* 177.6 1.213 5.2 12.1 0.151

“Data from Kim, H. J. and Hong, S. 1., 1997.
Korean J. Ch. E.(Vol. 14, No. 5)
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Fig. 8. Correlation of permeability coefficients at 10 atm and
30 °C with inverse fractional free volume; A=TMSPSf,
B=PSf, and C=MPS$f.

and CH,. The substitutions of bulky trimethylsilyl groups are
responsible for the higher FFV of TMSPSf. The variation of
d-spacing is also reasonably consistent with the permeability
coefficient, although Jacobson [1991] suggested that d-spac-
ing may not always be sensitive to intermolecular packing.
For example, TMSPSF has the highest d-spacing of 5.6 A,
and the highest permeability coefficient of 15.1 Barrer at 10
atm. MPSf has lower value of FFV with the similar value of
d-spacing in spite of the substitution of phenyl hydrogens of
PSf with methyl groups. This result discussed in previous
paper in detail [Kim and Hong, 1997].

It is generally known that the glass transition temperature is
a pragmatic measure of the chain stiffness of polymer back-
bone, and chain stiffening leads to high permselectivity {Mc-
Hattie, 1991c; McHattie, 1992]. For glassy polymers, no di-
rect correlation is apparent between T, and polymer gas trans-
port properties [McHattie et al., 1991b; McHattie et al., 1991c;
McHattie et al., 1992]. In our study, however, the value of
T, TMSPSf is more than 20 °C lower than that of PSf. The
lower ideal separation factors of TMSPSf may be attributed,
at least in part, to the lower T, of these polymers. Cohesive
energy density (CED) is also an important factor for predic-
tion of structure-permselectivity relationships. The higher the
CED, the higher the attractive forces between polymer chains.
Cohesive energy density is usually expressed in terms of solu-
bility parameter & [(cal/cm®)'?], where 8=(CED)"”, and the val-
ues of solubility parameter are listed in Table 3. The lower
ideal separation factor of TMSPSf is due to decreasing of in-
terchain interaction as substitution of very bulky trimethylsil-
yl groups.

The diffusivity and solubility contributions to both perme-
ability and ideal separation factor of each polymer are also
shown in Table 2. For each polymer diffusivity effect are lar-
ger. For example, for CO,, TMSPS{ is 3.3 times more perme-
able than PSf. The CO, solubility coefficient of TMSPSS is
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25 % lower than that of PSf, while the CO, diffusivity coef-
ficient of TMSPSS is almost four times that of PSf. The ideal
separation factor is the product of diffusivity selectivity and
solubility selectivity. In this study, the diffusivity selectivity
difference among the polymers is more significant than the sol-
ubility selectivity difference. Therefore, the variation of ideal
separation factor among three polysulfones is mainly depend
on the differences in diffusivity selectivity.

3.Mixed Gas Permeation

The permeability coefficients for CO, of binary mixture (CO,
/CH4=57.5/42.5 vol%) through TMSPSf membranes are il-
lustrated in Fig. 9, and those for CH, are shown in Fig. 10.
In Fig. 9 and 10, the data for PSf and MPSf are also in-
cluded for comparison. The solid curves in Fig. 9 and 10 re-
present the values calculated from pure gas data by Eq. (5)
based on the respective partial pressures, and which is to com-
pare mixed gas permeabilities with the values of pure gases
at the same partial pressure. For each polymer, mixed gas per-
meability coefficients are lower than the respective pure com-
ponent values. Such a reduction in permeability coefficient
in binary mixture is commonly observed in other polymers
[Ghosal et al., 1996; Chemn et al., 1984]. In this study, the
extent of depression in permeability coefficient is larger for
less permeable polymer. For example, at 10 atm, the CO, mix-
ed permeability coefficient for TMSPSS is decreased by about
2 %, but the values for MPSf is decreased by 20 % relative
to the permeability coefficient of pure CO,.

Based on dual mode model for pure gas, Story and Koros
[1989] extended the model to the case of gas mixtures in
glassy polymers. For cases involving only weak penetrant-
penetrant and penetrant-polymer interactions, Story and Koros
[1989] assumed that the primary effect for a mixture is com-
petition by the various penetrants for the fixed unrelaxed vol-
ume in the polymer, and that diffusivity of a penetrant in the
polymer is not much changed by introducing a second com-

CO, in binary mixture
[ TMSPSF
A A kA A —A—A—A——
g 10F
@
m,
= PSf
=1 " u
_g n [ ] []
Q
3
2 . MPSS
o o ® ¢ ¢ o o
1 L 2 L Py 1 2 2
4 6 8 10 12 14

Peo, [atm]

Fig. 9. Permeability coefficients for CO, in CO,/CH, mixture
(57.5/42.5 vol%) through TMSPSE, PSf, and MPSf at 30
°C. The solid lines represent calculated values by Eq. (5).
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Fig. 10. Permeability coefficients for CH, in CO,/CH, mixture
(57.5/42.5 vol%) through TMSPSE, PSf, and MPSf and
30°C. The solid lines represent calculated values by

Eq. (5).

ponent.
For component A in binary mixture, the concentration of
sorbed gas can be written as Eq. (7).

Ciabaps %)

Cy=Kpypy +—HAAPs
A= SoaPa 1+b,ps +bgps

where subscripts A and B represent components A and B,
and all the parameters are obtained by pure gas experiment.
According to above assumption and Eq. (7), the permeabil-
ity depressions in Fig. 9 and 10 due to the solubility effect,
and result from the competition between CO, and CH, for the
Langmuir sites in glassy polymers. When A and B are rela-
tively noninteracting 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 permea-
bility of A in binary mixture is lower than that of pure A
[Kesting and Fritsche, 1993]. In Fig. 9 and 10, the permea-
bility depressions are the smallest for TMSPSS. This result is
attributed to larger value of Cj; for TMSPSf. For each poly-
mer, the depression is larger for CO,. This can be explained
by the fact that the value of b for CO, is higher than for CH,,
so the depression of permeability coefficient of CH, in a bi-
nary mixture is higher than that of CO,, as expected by Eq.
).

The separation factor, o is defined as Eq. (8)

_ Ya'¥s
Qy/py = X,/X, ®

where y/s and x/s are the mole fraction of the components
in the downstream and upstream, respectively. When the pres-
sure of the downstream is very small compared with the up-
stream pressure, the separation factor will be approximately
equal to the ratio of permeabilities, P,/P;. Fig. 11 represents

® MPSf
SOF m pst
A TMSPSf
® o
A °
r oo ® ° L
x
iy MPSf
\ou 30 /
(3]
a. i n m N | |
C L . PSf
/
20F
A A A A A A A a
T~TMsPsf
10 - Il a 2 2 Il Ve _ 9 Y
8 12 16 20 24 28

Total Pressure [atm]

Fig. 11. Separation factors for CO, and CH, in CO,/CH, mix-
ture (57.5/42.5 vol%) through TMSPSt, PSf, and MPSf
at 30 °C. The solid lines represent calculated values
from the ratio of pure gas permeability coefficients with-
out considering competition effect.

the separation factors obtained by the ratio of mixed gas per-
meabilities. The solid lines in Fig. 11 correspond to calculat-
ed values by Eq. (5), without considering the competition ef-
fect. The mixed gas permselectivity is higher than the pure
gas value, which also shows the competition effect between
each component. As explained above, the depression of per-
meability coefficient of CH, in binary gas mixture is higher
than that of CO,, so the separation factor of mixed gas is
higher than the value without considering competition effect.

CONCLUSIONS

Bisphenol A trimethylsilylated polysulfone (TMSPSY) is syn-
thesized. The substitutions of very bulky trimethylsilyl groups
show the strong effect on chain packing and stiffness. The
replacement of phenylene hydrogenes of PSf with trimeth-

~ ylsilyl groups results in decreases in chain stiffness and in-

creases in both fractional free volume and WAXD d-spacing.
TMSPS( is more than three times permeable than PSf. The
higher value of permeability coefficient for TMSPSF is due
to higher chain packing distance.

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. The extent of such a
depression is the smallest for TMSPSf. The sorption and per-
meation of CO, and CH, for TMSPSf in this study are well
described by dual-mode model. The difference among poly-
sulfones in permeability and separation factor is mainly de-
pend on the differences in diffusivity and diffusivity selectivity.

NOMENCLATURE

A :permeation area [cm’]

Korean J. Ch. E.(Vol. 14, No. 5)
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: Langmuir affinity constant [cmHg ']

: sorbed concentration [cm’(STP)/cm’]

: Langmuir capacity constant [cm’(STP)/cm’]

: diffusion coefficient [cm’/sec]

: diameter of capillary tube [cm]

: height of capillary tube [cm]

: diffusion flux [cm’(STP)/cm® sec]

: Henry's law solubility constant [cm’(STP)/cm® cmHg]
: membrane thickness [cm]

: permeability coefficient [cm’(STP) cm/cm” sec cmHg]
: pressure [cmHg ']

: solubility coefficient [cm’(STP)/cm® cmHg]

: temperature [K]

: time [sec]

: mole fraction of upstream of the membrane

: mole fraction of downstream of the membrane

x4

<X " HuB RCOF-Tragnns

Greek Letters

o :separation factor

A :solubility parameter
Subscripts

A :component A

B  :component B

D  :Henry's law mode

H : Langmuir mode

S :steady state

1 : upstream of the membrane

2 :downstream of the membrane
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