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ABSTRACT:
polysulfones.

Novel gas permeation membranes were prepared from polysulfones and amine-modified

The introduction of the primary amine moiety into polysulfone membranes led to an

increase in permselectivity toward CO, in CO,/N, separation and a significant increase in that toward 0, in

0,/N, separation.

1. Introduction

Polysulfone (PSf} is known to have thermal
stability combined with mechanical strength and
It has a stable
backbone onto which functional moicties can be

membrane-making qualities.

introduced and is a good candidate material for
Modified
polysulfones have been prepared for a variety of
membrane applications including ultrafiltration
(UF),””  nanofiltration  and
(RO), ™% gas

10.11.14-16

specialty polymeric membranes.

TEVerse OSmosis

31,1013

separation, pervapor-

ation, affinity separation,’”” electromem-

18,19

brane processes, and chiral separation.®

Separation or removal of CO, or enrichment

* Issued as NRCC No. 42006

of O, is an important subject in membrane

separation  in  connection  with developing
environmentally friendly and ecnergy efficient
technologies. Consequently, we studied gas
scparation of CO,/N, and O,/N, mixtures through
modified polysuifone membranes in order to
determine the effect of the primary amine

functional group on permselectivity of these gases.

2. Experimental

2.1 Materials

2.1.1 Synthesis of Polysulfone (ortho-sulfone

L
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(OSDA)) and
diamine {OEDA)})

Polysulfone (ortho-ether

Polysulfone amines were prepared by a
lithiation/azidation rouie according to the method
reported.”*? The
substitution (DS) of each polymer was 2.0,

previously degree of

determined by NMR spectroscopy.

2.1.2 Synthesis of Aminomethy! Polysulfone
(AMSTI)

Aminomethylated polysulfone was prepared by
a two step procedure adapted from ones reported

23,24 In the

previously . first  step, a
phthalimidomethylated derivative was prepared by
reaction of polysulfone with chloromethyl-
phthalimide *?

Udel polysulfone {22.12 g, 50 mmol) was
dissolved in 1,2-dichloroethylene (DCE, 200 cm®)
by stirring in an inert atmosphere overnight. n-
Octanol (4.4 cm’) and chioromethylphthalimide
(24.45 g, 125 mmol) were added to the clear
polymer solution, followed by tin (I'V) chloride (5.7
cm’, 49 mmol) in DCE {40 cm’} which was added
dropwise using an addition funnel over a perjod of
20 minutes. During tin chloride addition, the
colour changed to dark red-brown. The mixture
was stirred at 45 °C overnight, then precipitated
into an agitated mixture of methanol (2.5 dm?)
containing water {100 em’) and conc. HCI (50
c’). The resulting polymer was washed twice by
stirring it in fresh ethanoel (95%) for several hours,
then washed once more with water. The recovered
red polymer was dried in a vacuum oven.

The conversion of the phthalimido-
aminomethylated

methylated  derivative to

polysulfone was carried out by hydrazinolysis.*

The phthalimidomethylated polymer resulting
from the previous reaction was dissolved in a
mixture of THF (600 cm’) and ethanol 95% (200
cm’) and under inert atmosphere in a 2 dm® flask
heatedto 74 °C.  Hydrazine hydrate (50 em®) was
poured quickly into the reaction mixture under
vigorous stirring, and a white solid precipitated
shortly afterwards. The heterogeneous mixture was
stirred for | hour at 74 °C and 48 hours at room
temperature. The volume of reaction mixture was
reduced to approximately 400 cm’ using a rotary
evaporator. The mixture was precipitated into well
stirred ice-cold isopropanol in a large beaker. The
fine white powder was filtered, then washed by
stirring again in fresh cold isopropanol  The
polymer was then washed with a solution of sodium
bicarbonate (40 g) in cold water for several hours in
order to remove byproducts. The product was
washed with fresh cold water, then cold isopropanol
and filtered. The white aminomethylated
polysulfone product was dried initially under an
inert atmosphere, then vacuum dried at room
temperature. The yield of polymer was 90%. The
polymer cofitained aminomethyl groups on the
bisphenol portion of the repeat unit at the ortho-
ether site, and the DS was determined by NMR to
be 1.5.

2.1.3 Synthesis of the 6F-Polysulfone (6FSF)

6F-Polysulfone was prepared by condensation
polymerization from 2,2-bis(4-hydroxyphenyl)-
hexafluoropropane (PCR Inc., USA)} and bis(4-
hydroxyphenyl)sulfone (Aldrich) and K,CO, in 1-
methylpyrrobdinone (NMP)} using the conditions

reported previously.? Both monomers were

purified by crystallization prior to use. The My
was estimated to be 52,600 from GPC calibrated

8
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with-monodisperse polystyrene standards. [n] =
{3.98 using NMP as the solvent.

2.1.4 Synthesis of the 6F-Polysulfone Amine
(6FSA)

A dilute solution of 6F-polysulfone {12.5 g, 23
mmol) in THF (1.25 dm®) was prepared and cooled
to -25 °C. A large magnetic stirring bar was used
because of a viscous gel formation during the
lithiation process, The polymer solution was
lithiated using 2,95 mol equiv. n-butyllithiam (10.0
mol dm” solution, 6.70 cm?, 67 mmol), introduced
slowly and dropwise into the mixture via a syringe
pump. The (.95 molar excess of butyllithium is
necessary since the 6F moiety appears to form a
A thick gel formed

immediately after addition of n-butyllithivm was

complex with the reagent.

started, and there was a colour change from yellow
to red. During addition, the gel changed to a less
viscous solution. Five minutes following addition
of latyllithinm, the temperature of the mixture was
reduced to -60 °C prior to the clectrophile addition.
Tosyl azide (17.9 g, 13.8 cm’, 91 mmol), diluted in
THF (20 cm®), was cooled and poured promptly
into the reaction flask. A less viscous yellow
suspension formed, and this was gradually warmed
to -50 °C and stirred for 30 min. An ethanol-water
mixture (100 cm® - 10 om?) was poured into the
mixture to quench the reaction. The cooling bath
was removed and the mixture was stirred at room
:temperature for 1 h. Approximately 900 cm® of
THF was evaporated on a rotary evaporator to
concentrate the polymer solution. The resulting

diazide polymer was recovered by precipitation

from ethanol 95% and washed. The DS was
stightly higher than 2.0 as determined by 'H-NMR
analysis of the aromatic region. The 'H-NMR

spectrum shown in Fig. 1 illustrates that most of
the repeat units were identical and contained two
azide groups per repeat unit as shown by the five
major signals. In the 6F-bisphenol ring, there are
two 4H coupled doublets. In the azide-substituted
ring, the upfield signal (H12) shielded by the azide
is narrowly split by meta-coupling to H8, whereas
HS8 is a doublet of doublets from coupling to both
H12 and to H9. IR: strong absorption 2114 cm”
(azide); "H-NMR (CDCL}: & = 8.23, 2H doublet, H-
ortho-sulfone; 6= 7 .44, 4H doublet, H-6F ring; 6 =
7.08, 4H doublet, H-ortho ether 6F ring; 8 = 6.85,
2H doublet of doublets ortho and meta coupling, H-
ortho-ether; § =6.79, 2H doublet of doublets meta
coupling, H-orthe-azide.

The diazide was feduced to 6F-polysulfone
diamine foilowing a procedure similar to one
reported previously > In this case, the polymeric
diazide was dissolved in THF (500 ¢m’) containing
sodium
borohydride (8.6 g, 10 mol equiv.) at -50 °C,

followed by stirring at room temperature for 12 h.

gthanol (50 cm?®) and reduced with

The diamine polymer (12.06 g 91% yield} was
recovered by precipitation into 95% ethanol and
washed with hot water.  The structure was
confirmed by NMR spectroscopy. The 'H-NMR
spectrum shown in Fig. 2 illustrates clean reduction
of the azide derivative to the primary amine as
shown by the absence of the azide signals and the
presence of five new major aromatic-H signals and
an additional NH, singlet. The aromatic-H signals
have the same splitting pattern as those of the
azide but have different chemical shifts due to the
electronic environment of the amine. 'H-NMR
(DMSO-d,): 6= 778, 2H doublet, H-ortho-sulfone;
8 = 737, 4H doublet, H-6F ring, &6 = 719, 4H
doublet, H-ortho ether 6F ring; & = 6 37, 2H
6.30, 2H
6.16, 4H

broadened singlet, H-crtho-amine; & =

broadened doublet, H-ortho-ether; &

i
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broadened singlet, D, 0 ¢xchangable, NH,.

2.2 Preparation of Polymeric Membranes for

Gas Permeation

Polymer solutions were filtered through a course
glass frit and poured on a leveled mirror glass
surface having a circular retaining wall of 10.0 cm
diameter, or onto mercury (membranes O SDA and
OEDA).

day period at ambient temperatute under a slow

The solvent was evaporated over a one

streamn argon atmosphere in a stainless stec! vented
vessel.  The membranes were removed from the
glass by immersion in water and by cutting around
the periphery. The membranes were sandwiched
between two glass plates with small Teflon spacers,

then dried in a vacuum oven iaitially at ambjent

temperature.  The membranes were subsequently
heated in incremental stages under vacuum. For
example, OFDA was heated at 70 °C for 48 h, 100
°Cfor 24 h. 130 °C for 8 h, 150 °C for 16 h, and
175 °C for 24 h. Final heating temperatures and
times for other membranes were as follows: OSDA
215 °C for 16 h, AMSF 80 °C for 72 h, 6FSF 205
°Cfort h, 6FSA 150°C for 72 h. AMSF was not
heated to a high temperature because of a tendency
to crossiink at higher temperatures.  Membrane
thickness measurements were taken at 12 evenly

spaced points on the disk, and averaged.

2.3 Permeation Experiment

The permeatiorf of CO,, 0O,, and N;, through
membranes, were measured at 25 °C.  From the
steady-state straight line of the permeation curve,

the permeability coefficients was evaluated.*®

Table 1 Polymer structure and glass transition data

Polymer X R! R? DS Tg"/°C
6FSA CF;-C-CF, H NH, 2,0 2328
6FSK CF;-C-CF, H H 2.0 2012
AMSF CH;-C-CH, CH,NH, H L5 -
OSDA CH;-C-CH;, H NH, 2.0 210.5
OEDA CH;-C-CH;,4 NH, H 2.0 230.4

Determtned by DSC on polymer powders.

®  Above degradation point at 200 °C.

H1

/ — — —_—
oo oD
R‘i RQ

R2

— N
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3, Results and Discussion

The steady state permeability coefficients of
yarious gases in 6FSA membrane are presented m
Fig. 3 as a function of upstream driving pressuré p.

The permeability coefficients of O, and N, were

independent of upstream pressure.  In contrast
with O, and N,, the permeability coefficient of
CO, showed a slight dependence on upstream

pressure. P increased with a decrease in

coz
upstream driving pressure, as shown in Fig.3. The
6FSF membrane, which is the parent polymer of
6FESA,

upstream pressure. On the other hand, OSDA and

also showed a similar dependence on

OEDA membranes, which contain isopropylidene
rather than the 6F-isopropylidene linkage in the
polymer chain, did not show upstream pressure
dependence.  In other words, the steady state
permeability coefficients of various gases in QOSDA
and OFDA membranes were independent on
upstream pressure for the experimental pressure
range of 10 - 76 emig

AMSF  was

permeation of  CO,  was

The gas permeation

behavior for anomalous because

experimentally
insignificant, while O, and N, permeation were
independent of upstream pressure in similarity with
the other membranes. In selecting aminated
polymer membranes for this study of pas
permeation, we anticipated that the interaction of
a basic primary amine in the membrane with an
acidic pas such as carbon dioxide might have
interesting effects in changing the permeability
coefficients of those interacting gases while having
a much lesser effect on non-interacting gases. In
the case of the AMSF membrane, it is probable
that the interaction between CO, and the most
strongly basic aminomethyl moiety In AMSF
membrane was too strong for CO, to diffuse in the

membrane. That is, CO, might be immohilized on

the aminomethyl sites in AMSF membrane
resulting in virtually no CO, permeation being
observed through AMSF membrane.*’*  This
property could possibly be exploited to make a
membrane permeable to gases other than CO,.
Permselectivities between two kinds of gases

were evaluated theoretically.
and B

1deal separation

factors 8 were defined by’

CCM2 O2N2

P, /P

ﬁmzmz‘ cor’ T N2

Bounz = For ! P

Fig. 4 shows the ideal separation factors for

-CO/N, and O,/N, as a function of CO, and O,

partial pressures Tespectively. The experimental

4
“
L
£
[ 3F
‘n
™
e \"\g co,
) . ' M -
£
S o
o
}_
22
=
E
o
— 1r
a
= G,
o p - —Cr —O—
Ny
0 i L L
0 20 40 60 °
p/cmHg
Fig. 3  Pressure dependence of the per-

meability coefficients of COy, Oy,
and N, through 6FSA membrane
at 25 °C
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conditions were that the total upstream pressure
was 76 cmlg (1 atm) and the downstream pressure

was assumed to be negligibly small.
The ideal separation factor towards CO,

betyween CO, and N, for 6FSA membrane increased
with decrease in partial pressure of CO, as shown in
Fig. 4. for 6FSF membrane

gave a similar CO, partial pressure dependence.

As expected, [,

Other membranes gave constant separation factors,
Booamz 2nd By, independent of partial gas

pressures. Boozms 2nd Boy, for all the

membranes studied in the present article are

summarized in Table 2. The permeability
coefficients of CO, for 6FSA and 6FSF at 66.8 and

69.8 cmHg upstream pressure rtespectively were

adopted to evaluate the ideal f3 values for the

CO2M2
membranes,  From Table 2 and gas permeation
data for polysulfone, which is the parent polymer
of OSDA and OKEDA® it is clear that the
mtroduction of primary amine groups into
polysulfone led to a significant increase in
permselectivity toward CO, in CO,/N, separation
and toward O, in O,/N, separation. One reason
for enhanced permselectivity of €O, for CO,/MN,
scparation may be due to a specific interaction
and CO,.

However, a large increase in permselectivity of 0,

between primary amine moiety

for O,/N, separation is also observed. This is

suggestive of an additional or altemative

mechanism for permselectivity. The presence of
many primary amine groups spaced regulariy along
the polymer backbone would allow strong
These

interactions would resuit in reduced segmental

interchain hydrogen-bonding interactions.

motion, thus giving higher permselectivity.
Although the aminated polysulfone membranes

gave higher permselectivities toward CO, in
CO,/N, separation and 0, m O/N, separation,
reduced

-there was an expected trade-off in

permeability  coefficient. For aminated
polysulfone membranes to have commercial utility
for gas separation, it is important to increase flux
values. In order to make the barrier layer as thin
as possible for maximum gas permeance, an
asymmetric membrane structure or a thin-film
composite membrane format would be required for

gas purification or other separation processes.

60
40 r
w_
[=n R L
20
- . Boyin,
— G —G—————
0 ! I 1 I 1 I 1
0 20 40 60 7"
p/cmHg
Fig. 4  Ideal separation factor for CO,

relative to Ny and that for O,
relative to N, as a function of
partial pressure of CO, or O, for
the case of a negligible down-
stream pressure at 25 °C for
6FSA membrane. The total
upstream pressure was 76.0 cm
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