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SYNOPSIS

As an absorbent of CO,, tetraethylenepentamine (TEPA) and/or N-methyldiethanolamine
(MDEA) was introduced into the hard segment as chain extenders of the series urethane
polymer (PU), urea-urethane polymer (PUU), and segmented urethane/urea-urethane co-
polymer (SPU) based on 4,4-diphenylmethane diisocyanate (MDI) and either poly(ethylene
glycol (PEG)-400 or -600. The obtained polymers thus contained a nearly equal weight
composition of both soft and hard segments and were prepared as polymer membranes for
permeation and sorption of CQ,. The properties of the polymer membranes were charac-
terized using a Fourier transform IR spectrophotometer, thermal gravimetric analysis, and
rheometric measurement. The permeation and sorption isotherms as a function of tem-
perature and pressure as well as the activation energy of permeability and diffusivity and
the enthalpy change of the solution were measured. The test temperatures were carried
out above and below the T, of soft-segment domains or the Ty, of hard-segment domains.
The steady-state permeability (P) and diffusion coefficients (D) obtained ranged from 1.01
to 12.9 barrer and 1.04 to 4.04 cm?/s, respectively, and the solubility coefficients (S), from
0.529 to 3.43 cm®*(STP)/cm® polymer-atm at 10 atm and 35°C. The TEPA-containing poly-
mer membranes showed a smaller P and D but a larger S than did MDEA-containing ones.
The membranes comprising PEG-600 exhibit the values of P, D, and S at about 11.5-,
2.5-, and 4.5-fold the PEG-400 ones, respectively. For SPU membranes, above T, or T,
the pressure dependencies of P followed the modified free-volume model. On the other
hand, below Ty, they exhibited a minimum permeability at a certain pressure caused by
the plasticization action of sorbed CQO,. The sorption isotherms of CO, indicated that the
membranes comprising PEG-400 can be described by a dual-mode sorption model below
T, Also, the SPU polymer membranes obied the Henry’s law above T, as well as T,. The
characteristic constants of the sorption model were also determined and are discussed.
© 1996 John Wiley & Sons, Inc.

INTRODUCTION

Carbon dioxide is a byproduct of numerous indus-
trial processes. In view of the global warming and
the recovery of CO, from other gas mixtures, the
separation process with polymer membranes has at-
tracted interest because it is less energy-intensive
than are conventional processes such as the one used
as a suitable solvent for the absorption of CO,.!
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The permeation of gases through polymer mem-
branes depends strongly on whether the polymer is
in its rubbery or glassy state. In general, the mech-
anisms of gas sorption in glassy polymers (T < T})
is more complex than in rubbery polymers (T > T)
because of their unequilibrium states??; i.e., the free
segmental rotations of polymer chains are restricted
below the T, resulting in the presence of microvoids
or frozen ‘“holes,” and the sorption isotherms are
concave to the pressure axis and have been suc-
cessfully interpreted in terms of the dual-mode
sorption model.*® By contrast, because of the in-
crease in the polymer segmental mobility above T,
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the sorption isotherms become straight and can be
described by the Henry’s law. A number of
investigators® 2 have also reported that the Arrhen-
ius plot of the permeability and diffusivity coeffi-
cients and the van’t Hoff plot of the solubility coef-
ficient for a given gas in a polymer exhibit a break-
point near the T, of the polymer.

Polyurethane is a segmented block copolymer
composed of alternating aromatic urethane and
macroglycol segments. Because of the incompati-
bility of the two dissimilar types of segments, it
undergoes phase separation in which the urethane
and the macroglycol segments cluster into hard and
soft domains, respectively. Its properties are easily
tailored by introducing controlled changes in the
polyol chain length, chemical nature, and propor-
tions of the constituents which make up the flexible
and rigid segments of the polymer chain. This
shows that the gas permeabilities of polyurethane
membranes increases with the decrease of hard-
segment content and the increase of soft-segment
molecular weight.!3'¢ In addition, the type of chain
extenders'®!” used also affect the permeation prop-
erties of the membranes with the result of changing
the phase-separated morphology, crystallinity,
density, and T}, of the membranes. Xiao et al.* ob-
served that the Arrhenius relation of permeability
deviates at above the temperature ranges of 60—
80°C, which might be attributed to the increase of
the mixing of hard and soft segments as a result of
the dissociation of the short-range order in hard-
segment domains. However, McBride et al.’®
showed a discontinuity in the Arrhenius plot of dif-
fusivity at the onset of the glass transition in the
hard domain. They suggested that the penetrants
can diffuse through the hard domains at tempera-
tures above the T, of the hard domains.

In this article, three series of urethane polymer
(PU), urea-urethane polymer (PUU), and seg-
mented urethane/urea—urethane copolymer (SPU)
based on poly(ethylene glycol) (PEG)-400 or -600
and 4,4'-diphenylmethane diisocyanate (MDI) were
prepared as polymer membranes for permeation and
sorption of CO,. As the chemical solvents of aqueous
alkanoamines have been the most widely used as an
absorbent of CO; in the acid gas treatment,'® tet-
raethylenepentamine (TEPA) and/or N-methyldi-
ethanolamine (MDEA) with a functional group of
secondary and tertiary amines, respectively, were
introduced into the hard segments as chain exten-
ders of the polymers to interact with CO,. The poly-
mers were prepared to contain a nearly equal weight
fraction of both hard and soft segments. The influ-
ence of the composition of both the hard and soft

segments on the performances of permeation and
sorption for CQ, is focused on. The mechanism of
CO, permeation and sorption isotherms of the poly-
mer membranes were studied.

EXPERIMENTAL

Materials

The chemicals used for this study, as chain exten-
ders, were 4,4'-diphenylmethane diisocyanate (MDI,
Tokyo Kaisei Co., extrapure); poly(ethylene glycol)
(PEG, Ferak Co.) of MW 400 and 600, used as po-
lyols; N-methyldiethanolamine (MDEA, Merck Co.,
GC grade), and tetraethylenepentamine (TEPA,
Ishizu Pharmaceutical Co., extrapure). The polyols
were dried and degassed at 50°C under vacuum.
N,N-Dimethylformamine (DMF, Katayama Chem-
ical Co.) was dried by treatment with powdered
magnesium sulfate and then stored over 4 A molec-
ular sieves before use. The other chemicals were used
as received.

Synthesis of Polymers

The polymers used in this study were prepared by
a two-step process. Polymerizations were conducted
in a four-necked reaction kettle at 76°C under dry
N,. As usually used for the polymerization of ure-
thane (U) or urea—urethane (UU), a prepolymer was
prepared using MDI and PEG with a NCO/OH mo-
lar ratio of 2/1. DMF was used as the solvent. After
the predetermined NCO content was reached, as de-
termined by di-n-butylamine titratation,?’ the pre-
polymer was then chain-extented with a suitable
amount of MDEA and/or TEPA to make the NCO/
OH and/or NH, molar ratio 1/1 for yielding the final
polymer. The polymer was precipated and then dried
at 50°C under vacuum.

Preparation of Membranes

The polymers were dissolved in DMF to make 10%
{by weight) solutions. The solutions were centrifuged
at 2000 rpm to remove any gel particles or undis-
solved impurities for casting the membrane. The
polymer membranes were made by putting a pre-
determined amount of the polymer solution on a
clean polyethylene (PE) film supported with a glass
cylinder which was covered with a filter paper to
prevent any dust pollution. The system was placed
in a nitrogen-purged oven at 80°C to cast the mem-
brane. The polymer membrane was formed after



PERMEATION OF CO, THROUGH PU AND PUU MEMBRANES 1629

most of the DMF was removed. Then, it was re-
moved from the PE substrate and put in vacuo at
50°C for about 3 days to remove the remaining sol-
vent. The thickness of the dry membranes varied
from 100 to 150 um.

Characterization of the Polymer Membranes

The density of the polymer membranes was mea-
sured by the immersion method,?! which included
the weighing of the samples in air and in distilled
water. Thermogravimetric analysis (TGA) was done
on a DuPont-951 apparatus with a heating rate of
20°C/min under nitrogen purging. The IR spectra
of thin membrane films were obtained with a Fourier
transform IR spectrophotometer (Bio-Rad FTS
40A) at a resolution of 4 cm ', Dynamic mechanical
measurements were made with rectangular speci-
mens on a Rheometrics dynamic analyzer 700 (RDA-
700) at 1 Hz in the temperature range —100 to 100°C
at a heating rate of 5°C/min.

Permeation Measurement

The permeation of CO, through the polymer mem-
branes was measured using the Barrer’s high-vac-
uum technique.?” The accumulative amount of gas
passing through the polymer membrane in a con-
stant volume receiving chamber (V) was measured
by the pressure increase on the downstream side
(pgy) with a pressure transducer (MKS Baratron
222B with a full-scale range of 10 Torr connected
to an MKS Type PDR-C-1C readout). The upstream
pressure (p,) was monitored with a pressure trans-
ducer (Honeywell). The permeability coefficients (P)
were then calculated by using the following equation:

273><V><L><d—p
dt

P = 1
760 X T X A X (D, — Dg) 1)

where (dp)/(dt) is the gradient of the linear region
(steady-state gas flow) of the p, vs. time plot; L, the
membrane thickness; T, the absolute temperature;
and A, the membrane area, and p; can be negligible
(pd < pu)-

The diffusion coefficients (ID) were determined
by the time-lag method?® and represented as

L2

D==
66

(2)

where § is the time lag which was the intercept ob-
tained from extrapolating the linear region of p, vs.
the time plot to the time axis.

The solubility coefficients (S) can be calculated
from the permeability equation of

P
S—B (3)

Sorption Measurement

The isothermal sorption of CO, in the polymer
membranes was studied by a gravimetric method
described elsewhere.?**® The sorption measurements
in a polymer membrane were performed with a Sar-
torius electronic high-pressure ultramicrobalance
Type S3D-P. The sensitivity of the microbalance
was 0.1 ug. The weighing system was initially evac-
uated to 10™* Torr until no change of the sample
weight was registered. Subsequently, the vacuum
source was shut off and the CO, was fed into the
system, its pressure being measured with a pressure
transducer (Honeywell). At any given pressure, the
weight gain of the polymer membrane caused by ab-
sorption of CO, was allowed to attain a constant
weight. Therefore, it allows one to determine the
equilibrium sorption concentration of COs.

RESULTS AND DISCUSSION

Characteristics of the Polymer Membranes

The urethane polymer (PU), urea—urethane polymer
(PUU), and segmented urethane/urea—urethane co-
polymer which is denoted as SPU were prepared as
membranes for permeation and sorption of CO,. The
first one comprises either PEG-400 or -600 as the
soft-segment and MDI-MDEA as the hard-segment
ingredients; the second one comprises composites of
MDI-TEPA as the hard-segment ingredients and
the soft segment is the same as the first one; and
the last one differed from the other two in that the
chain extender used is composed of MDEA and
TEPA with a mol ratio of 1/1. As shown in Table
I, the weight ratios of the hard segment and the soft
segment of those polymers studied are ca. 0.50-0.64,
which are larger than those of usual polyurethanes.
The use of MDEA and TEPA as the components of
the hard domains is aimed to increase the affinity
of polymer membranes to CO, by introducing those
secondary and/or tertiary amine moieties. They are
as follows:



1630 TEO, KUO, AND CHEN

Table I Characteristic of the Urethane and Urea—Urethane Polymer Membranes

TGA
Tan §
Density Residue Xj Fraction of Bonded
Sample Designation PEG (Wt %) (g/cm®) T, (°C) T (°C) T, (°C) (%) Urethane Carbonyl
PU-400 39.2 1.16 23.0 — 330 6.9 0.26
SPU-400 37.2 1.18 25.1 50.0 344 7.7 0.22
PUU-400 36.7 1.21 27.0 524 346 10.3 0.20
PU-600 49.2 1.04 —7.0 — 353 8.8 0.24
SPU-600 47.8 1.09 —-3.9 25.2 355 9.5 0.23
PUU-600 46.5 1.12 -2.3 26.4 355 14.7 0.20
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Among the polymers studied, the PEG-400-con-
taining ones have a density around 1.18, slightly in-
creasing with the TEPA content, while the PEG-
600-containing ones have a density around 1.1,
also increasing with increase of the TEPA con-
tent. This suggests that the PEG-600-containing
membranes comprise more free volume than do
the PEG-400-containing ones; meanwhile, the
MDEA-containing PU comprise more free volume
than do the TEPA-containing PUU and SPU. The
decomposition temperature of the PU, PUU, and
SPU membranes, T,, was also determined using
thermal gravimetric analysis. The PEG-600-con-
taining polymer membranes have a T, around
355°C, and the residue ranges from 8.8 to 14.7%
by weight. Also, those PEG-400-containing ones
have a T around 340°C, and the residue is 6.9-
10.3%. The T, and the residue increase with in-
creasing of the TEPA content as well as of the
PEG content. Thus, the introducing of TEPA im-

proves the thermal stability of the polymer mem-
branes. The membranes studied have a higher
thermal stability property compared with the
conventional polyurethane.?®

Figure 1 shows the IR spectra of the PEG-400-
containing polymer membranes. Very similar IR
spectra are observed for the PEG-600-containing
one. In both series, the membranes of PU-400 and
PU-600 show the typical IR spectra of polyether-
based PU?: a strong and sharp peak at 3313 cm™
due to the stretching vibration of bounded NH; a
strong absorption peaks at 1727 and 1710 cm ™! due
to the stretching vibration of free and bounded
C=0 of urethane, respectively; and a C—O—C
stretching vibration occurring at 1109 cm™?, whereas
for PUU as well as for SPU membranes, the IR
spectra include a weak and broad peak at 3500 cm™!
due to the stretching vibration of free NH and a
moderate strong peak at 1645 cm™! due to the
bounded C=0 of urea?"® in addition to those of
PU mentioned above.

Figure 1(a) illustrates that the IR spectra of the
PUU-400 membrane measured the change of the
intensities of both the peaks at 3500 and 3313 cm™!
as function of time under CO, atmosphere. The
measurement was obtained by holding the polymer
membrane in a sample chamber with NaCl win-
dows (P/N 20.610, Graseby Specac Inc.) under CO,
purging in the measurement period. The figure
shows that the peak intensity of the free amine
vibration at 3500 cm™! decreases gradually with
increasing time; meanwhile, the peak intensity of
bounded amine at 3315 cm™! increases, and then
the former finally disappears. The phenomenon
is attributed to the free amine groups of TEPA
occurring at a specific interaction with CO,
molecules.

The fraction of bounded C—=0 of urethane, Xp,
relative to the free C=—0 of urethane is estimated
by the following equation®®:
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Figure 1 The IR spectra of the PEG-400-containing membranes: (I) PUU-400; (II) SPU-
400; (III) PU-400. (1a) The change of the intensities of both peaks at 3500 and 3313 cm™!
as function of time under CO, atmosphere for PUU-400 membrane.
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and taking eg/er =~ 1.2, where A, C, and ¢ are the
absorbance, concentration, and extinction coeffi-
cient of bonded (B) and free (F) carbonyl groups,
respectively, and are given in Table I. The fraction
of bonded urethane carbonyls of the membranes
studied is in a range from 0.20 to 0.26, increasing
with increase of the TEPA moiety and decreasing
with increase of the PEG length. As obtained above,
the urethane or urea NH groups almost entirely in-
volve hydrogen bonds. According to Tanaka et al.?®
and Seymour et al.,?® the hydrogen bonds may form
in polyether-based PU between the urethane NH
groups as the proton donor and the urethane car-
bonyl and/or poly(ether oxygen) as the proton ac-
ceptor; the relative proportions depend on the com-
position and sample preparation. Therefore, for the
PU membranes studied, the urethane NH groups
(ca. 75%) essentially associate with the ether oxygen
linkage, which makes the identity of hard-segment
domains not quite obvious. The fact of the shift of
the stretching vibration of C— O —C (Ref. 27) from
1113 to 1109.2-1108.8 cm™! may be considered as
other evidence. For PUU and SPU membranes,
about 20-23% of urethane carbonyl groups are

bonded to the urethane NH groups, similarly to the
PU membranes; however, most urea carbonyl groups
associate with hydrogen bonds with the urea NH
groups in hard-segment domains, because one can-
not find the peak at 1695 cm ™' due to the stretching
vibration of free urea carbonyls instead of finding
the peak at 1645 cm* due to the stretching vibration
of bounded urea carbonyls. Thus, the steric hin-
drance of the bulky CHj; groups in the hard segments
that reduces the effectiveness of the hydrogen bond-
ing within the NH and carbonyl of urethane groups
may be taken less into account the fewer character-
istics of hard-segment domains there are in the PU
membranes.

Dynamic Mechanical Properties

As shown in Figures 2 and 3, the plots of the storage
modulus (G') and the loss tan é vs. temperature (T
of the polymer membranes are topically amorphous.
The PU membranes exhibit a single dumping peak;
on the other hand, the PUU and SPU show a dump-
ing peak with a shoulder. For the latter two, the
main dumping peak is attributed to the backbone
motion of PEG-rich soft segments that accompany
its glass transition, while the shoulder peak is related
to the glass transition of the hard segments. The
glass transition temperatures of the polymer mem-
branes obtained are summarized in Table I. The
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Figure 2 The plot of the storage modulus (G') vs. tem-

perature for the urethane and urea-urethane polymer
membranes.

larger the PEG, the lower the T,. The PEG-600-
containing PUU and SPU membranes show the T,
of the PEG-rich soft-segment domains at around
—3°C and the T}, of the hard-segment domains at
around 25°C. Also, those PEG-400-containing ones
exhibit the T, at around 25°C and the T}, at around
50°C. As compared with the T, of PEG, which is ca.
—40°C,* the relatively high T, obtained reveals a
significant fraction of the component of the hard
segment being dissolved in the PEG-rich soft-seg-
ment domains. The observations are consistent with
those obtained by the IR studied. Note that in the
glassy region the PU membranes have a larger G’
than those of the other two membranes, and the
latter two nearly have the same G’; in contrast, in
the rubbery region, the G’ of PU membranes is
smaller than those of the other two membranes and
the G’ of PUU is larger. The former may be attrib-
uted to the relatively flexible hard-segment domains
involved in the PUU and SPU membranes, because
the hard segments of them are composed of a rela-
tively long chain length of TEPA chemically linked
with two units of MDI. The latter may take into
account the character of the hard-segment domains
of PUU or SPU still retained in the matrix at the
rubbery state.

Permeation Properties

Figures 4 and 5 show the plots of the downstream
pressure of CO, (py) vs. time (t) for the three series
of polymer membranes at 35°C and the upstream
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Figure 3 The plot of the loss tan é vs. temperature for
the urethane and urea-urethane polymer membranes.

pressure of 10 atm obtained by Barrer’s high-vacuum
technique.?? Using eq. (1), one estimates the slope
of the p, vs. ¢ plot at the steady state and then ob-
tains the steady-state permeability coefficient (P).
According to the time-lag method,? one determines
the intercept of the slope of the p; vs. t curve at the
steady state with the abscissa and then substitutes
in eq. (2) to obtain the diffusion coefficient (D). The
test temperature is above the T, of these membranes
but below the Ty, of the SPU-400 and PUU-400
membranes. Table II summarizes the values of P
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Figure 4 Time lag plot for permeation of CO, through
PEG-400-containing membranes at 35°C and 10 atm.
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Figure 5 Time lag plot for permeation of CO, through
PEG-600-containing membranes at 35°C and 10 atm.

and D as well as the solubility coefficient (S) ob-
tained. The latter is obtained using eq. (3), i.e., P
= D X 8. The performances of the membranes for
permeation are comparable to those of the other
polyurethane membranes.!>'¢® Especially, the solu-
bility of CO; is much more even. Obviously, the in-
troduction of secondary and/or tertiary amine moi-
eties improved the permeation properties of the
polymer membranes. The PEG-400-containing
membranes give a P value ranging from 1.01 to 1.12
barrer, a D value from 1.04 to 1.61 X 1078 cm?/s,
and an S value from 0.529 to 0.738 cm®*(STP)/cm?®
polymer-atm, whereas for the PEG-600-containing
ones, the P obtained is from 11.9 to 12.9 barrer, the
D from 2.64 to 4.04 X 1078 cm?/s, and the S from

2.43 to 3.43 cm®*(STP)/cm® polymer-atm. Both P
and D decrease with increase of the TEPA content;
in contrast, the S increases with increase of the
TEPA content. The latter may be owing to the in-
teraction of free amine groups with CO,, which has
been shown by Figure 1(a), while the decrease of D
with increasing TEPA content is probably due to
the larger density of the TEPA membranes, i.e., the
less free volume in the polymer matrix. Noteworthy
is that the PEG-600-containing membranes show
averaged P, D, and S values of about 11.5-, 2.5-, and
4.5-fold of the PEG400 ones, respectively. The in-
crease of PEG content is the result of the improved
permeation performance being more significant than
the increase of NH groups in the hard segments.
Thus, it indicates that most penetrant CO, mainly
pass through the soft-segment domains.

Temperature Dependence

The temperature dependencies of P, D, and S vs.
the reciprocal of absolute temperature (1/7T) for CO,
in the SPU polymer membranes at 1.2 atm are
shown in Figure 6. The semilog plots of P and D vs.
1/T follow the Arrhenius relationship, while the
semilog plots of S vs. 1/T obey the van’t Hoff re-
lationship. For SPU-400, every plot has a break at
about 24°C, which is fairly close to the T, of the
polymer membrane. It may be ascribed to the for-
mation of Langmuir domains at the glassy state.l’
However, unlike the former, for SPU-600, those
plots show a discontinuity at the temperature be-
tween 20° and 30°C. McBride et al.’® also observed
a discontinuity in the Arrhenius plots of In D vs. 1/
T for polyether-type PU in the glass transition re-
gion of the hard domain. Examining Figure 2, one
finds that at the test temperatures of 10-20°C the

Table II Transport Coefficient and Dual-mode Sorption Parameters for CO; in the Urethane and

Urea—Urethane Polymer Membranes

Transport Coeflicients®

Dual-mode Sorption Parameters®

Sample Designation Peo, Dco, Sco, kp b Ch
PU-400 1.12 1.61 0.529 0.747 0.410 4.29
SPU-400 1.07 1.29 0.630 (0.637)¢ 0.990 0.831 3.17
PUU-400 1.01 1.04 0.738 1.21 1.14 2.39
PU-600 12.9 4.04 2.43 — — —
SPU-600 12.3 3.20 2.92 (2.95) — — —
PUU-600 11.9 2.64 3.43 — — —

® Measured at 35°C and 10 atm. P: Barrer [107° ¢cn®*(STP) cm/cm? s emHg]; D: 1078 em?/s; S: ecm*(STP)/cm® polymer atm.
b Measured at 10°C. kp: ¢cm?(STP)/cm® polymer atm; b: atm™; C’y: cm®(STP)/cm®

¢ Obtained from isotherm sorption experiments at 35°C.
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Figure 6 Upstream pressure dependence of permeabil-
ity for CO, in SPU membranes at various temperatures:
(solid lines) SPU-400; (dashed lines) SPU-600.

molecular chains of SPU-600 do not situate in the
glassy state but, rather, in the real glassy transition
between both the T, and T,,, while those at 30-
45°C completely fall in the rubbery plaateau region.

Table III Activation Energies of Permeation and Diffusion, Heat of Sorption

This reveals that the mechanism of permeation of
CO, through the polymer membrane at the glass
transition state between the T, and T}, is completely
different from that through the membrane at the
rubbery state. While the temperature is raised to
near the Ty, of the hard domains, the hard domains
begin to participate to some extent in the diffusion
process. Because at T' > T}, the intermolecular in-
teraction force of hard-segment domains reduces
significantly, and then the diffusion resistance of
the hard-segment domains becomes less, the hard-
segment domains therefore participate to a signifi-
cant extent in the diffusion process.

From the slope of the lines in Figure 6, the en-
thalpy change of solution (AH,) of the van’t Hoff
equation and the activation energy of diffusion (E,)
and permeation (E, = E; + AH,) of the Arrhenius
equation as well as preexponential factors were ob-
tained (Table III), respectively. The fact that AH,
< 0 indicates that the heat of condensation is larger
than the heat of mixing during the solution process
of the COy; the results of E, > 0 and E; > 0 while
AH, < 0 reveal that the activation energy barrier of
diffusion is a dominant resistance for permeation of
CO,. Table I1I also indicates that the glassy state of
the BPU-400 membrane shows a more exothermic
solution and a smaller activation energy of diffusion

a

and Preexponential Factor® for CO, in SPU Polymer Membranes

SPU-400 SPU-600

T < T, E, 6.69 —

E, 16.7 —

H, -10.0 —

P, 2.78 X 107¢ —

D, 6.56 X 10° —

S, 3.22 X 1078 —
Te<T < Ta E, 15.5 5.75

E, 18.0 8.86

H, —2.5 (—2.43)° —3.11 (—3.26)

P, 9.15 2.15 X 107

D, 6.59 X 10* 1.06 X 107!

So 1.06 X 1072 1.54 X 1072
T> Ty E, — 6.58

E, — 12.0

H, — —5.42 (—5.49)

P, — 5.00 X 107°

D, — 8.62

So — 4.41 X 1074

® kcal/mol.

b Po: em?(STP) em/cm? s emHg; Dy ecm?/s; Sg: cm®(STP)/cm?® polymer atm.

¢ Obtained from isotherm sorption experiments.
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Figure 7 Temperature dependence of permeability at
infinite dilution (P,) and pressure sensitivity of perme-
ability (m) for CO, in SPU polymer membranes: (closed
symbols) SPU-400; (open symbols) SPU-600.

and permeation than those of the rubbery state and
that the PEG-400-containing membrane exhibits
a larger E; and AH, than that of the PEG-600-
containing one.

Pressure Dependence

Figure 7 illustrates the semilog plot of P vs. upstream
pressure (p,) for SPU-400 and SPU-600 in the tem-
perature range 10-45°C. As the test temperature is
above the T,,, SPU-400 shows a P value of about
0.8 to 2 barrer, increasing with p,. However, when
the test temperature is below the T, P becomes
about }-;-fold that above the T, and the perme-
ability first decreases with increasing p, and then
increases with increasing p,. The p, occurring as a
minimum permeability is denoted as p. and de-
creases with increase of the test temperature. The
permeation behavior before p, is similar to that of
glassy polymer membranes; however, as p, > p,, it
becomes like that of rubbery-state membranes.
Therefore, a plasticization effect of CO, occurs as
DPu > Do, such that the plasticization of the polymer
increases chain mobility substantially; thereby, the
diffusivity of CO, increases with the sorbed concen-
tration much more rapidly than the solubility de-
creases and then the permeability increases with the
pressure. For SPU-600, all the temperatures studied
are above the T,,,; the semilog plot of P vs. p, is also

found to increase linearly with increase of p,. Ac-
cordingly,* % such a linear relationship of the semi-
log plot of P vs. p, above the T, obtained indicates
that the permeation of the membranes might be de-
scribed by the modified free-volume model.

From Figure 7, one obtains, respectively, the in-
tercepts (P,) and the slopes (m) of the semilog plot
of P vs. p, for the runs above T,. Physically, the P,
and m are the permeability at infinite dilution and
the pressure sensitivity of P, respectively. Figure 8
indicates that the temperature dependence of P,
obeys the Arrhenius relation. The activation energy
barriers of permeation at infinite dilution are 6.15
kcal/mol for SPU-600 and 15.8 kcal/mol for SPU-
400, which are close to the E, obtained at p, = 1.2
atm (Table III). On the other hand, the m changes
linearly and inversely with temperature. The ten-
dencies for the temperature dependencies of Py and
m are similar to that reported by Sada et al.3%%

Sorption Isotherm Below T,

Figure 9 shows the sorption isotherms at 10°C
as functions of CQO, pressure for the PEG-400-
containing membranes below the T,. Obviously,
these isotherms exhibit a typical dual-mode sorption
model,* 8 i.e.:
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Figure 8 Temperature dependencies of permeability,
diffusivity, and solubility of CO, in SPU polymer mem-
branes: (closed symbols) SPU-400; (open symbols) SPU-
600.
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Figure 9 Sorption isotherms at 10°C as function of CO,
pressure for PEG400-contained membranes.

Crbp
C=Cp+Cy= +
D q = kpp 1+ bp 5)
As bp > 1, eq. (5) becomes

Also, the Langmuir sorption term (Cy) can be rear-
ranged to be

1 p

p
Cy Cyxb Cjy "
where the nomenclature used above is the same as
reported elsewhere.? By using egs. (6) and (7) along
with the data of Figure 9, the characteristic con-
stants of the dual-mode sorption model, &p, b, and
C'y, are obtained (Table II). In this work, we recal-
culated the sorption isotherms, which are shown as
the broken line, using the characteristic constants
obtained from eq. (5). Obviously, the predicted
sorption isotherms are in good agreement with the
experimental values.

The Henry’s constants kp obtained are in the
range 0.747-1.21 cm®(STP)/cm® polymer-atm. Note
that the secondary amine group-containing polymer
membranes show a larger kp than do the tertiary

amine group-containing one. Also, the larger the
TEPA content, the larger the kp. It is attributed to
a specific interaction of free secondary amines of
TEPA with CO, as shown in Figure 1(a). The Lang-
muir mode affinity constant, b, is 1.14 atm™ for
PUU-400, 0.831 atm ™ for SPU-400, and 0.410 atm ™!
for PU-400. The trend is the same as that of the
Henry’s constant just mentioned. Following the
work of Muruganandam et al.,® one makes the plot
of Cy against (T, — T), where T denotes the test
temperatures for various high T, polymers reported
elsewhere®'%3+%% (Fig. 10). Obviously, the C}’s of
these glassy polymers approximately lie on the linear
line of C'y = 0.159 (T, — T) with a standard deviation
of 2.44. The CY%’s of PU-400, SPU-400, and PUU-
400 obtained fall on the low bound of the line.

The temperature dependencies of the kp and b of
the SPU-400 membrane are found to obey the van’t
Hoff equation. The enthalpy change of the penetrant
in the gas phase to the sorbed state in the Henry’s
law environment, AH), is obtained as —3.88 kcal/
mol. Also, the enthalpy changes of the penetrant in
the gas phase to the Langmuir sorbed state, AH,, is
obtained as —11.6 kcal/mol. The AH,, being a third
of the AHp, indicates that the solution of CO, in the
polymer matrix is less exothermic than is the ad-
sorption of CO, on the surface of the microcavity.
This is in agreement with the suggestion of Michaels

35
30 -
PPO
[
PEI
25 .
PA
— [
&
220 of PC ]
~ ®
7 PMMA
m" 15 — L ] —
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. |PEMj,  Jcop
PET
s [pu-ago® ]
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Figure 10 The plot of C% vs. (T, — T) for various poly-
mers. PET: poly(ethylene terephthalate)!’; PEMA:
poly(ethyl methacrylate); PMMA: poly(methyl methac-
rylate); PPO: poly(phenyl oxide)®; COP: copolyester®; PH:
polyhydroxyether; PC: polycarbonate; PA: polyarylate;
PEI polyetherimide®®; (®) PC/COP blends.*
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et al.* They showed that for the Langmuir case,

since microcavities supposedly already exist, no ex-
tra energy is required to separate chains enough to
insert the sorbate molecule. The temperature de-
pendence of CY% is also satisfactorily described by
the van’t Hoff relation. The apparent enthalpy
characterizing the temperature dependence of the
Langmuir hole capacity®” is obtained as —28.2
kcal/mol.

It is of interest to see that the T}, of the membrane
predicted by linear extrapolation to C% = 0 is 24.2°C,
which is likely to correspond very roughly to the T,
obtained by the dynamic mechanical analysis. It is
consistent with the tendency of the Cy to decrease
with increasing temperature and to disappear near
the glass transition temperature of the polymer.*®

Sorption Isotherm Above T,

Figure 11 shows the CO,-sorption isotherms of the
SPU polymer membranes as functions of pressure.
The test temperatures are above the T, All the
sorptions obviously obey the Henry’s law. In the
temperature range studied, SPU-400 shows the kp’s
in a range from 0.575 to 0.713 cm®(STP)/cm?® poly-
mer-atm, decreasing with increase of temperature.
However, the kp of SPU-600 is about fivefold that
of SPU-400. Therefore, the increase of PEG content
is favorable for the solubility of CO,. The kp values
at 35°C obtained here are the same as those obtained
by the permeation study mentioned above. From the
semilog plot of kp against 1/T, the enthalpy change
of the CO, solution (AH,) is —2.43 kcal/mol. Similar
to the results of the permeation study, the van’t Hoff
plot shows a discontinuity at the temperature zone
between 20 and 30°C. The AH, are obtained as —3.26
keal/mol in the temperature range of 10-20°C and
-5.49 kcal/mol in the range 30-45°C. They are close
to those obtained by the permeation study. Also, the
sorption of CO, in the SPU-600 membrane is more
exothermic than that of SPU-400.

CONCLUSION

In this work, the tertiary amine of MDEA and the
secondary amine of TEPA and PEG-400 or PEG-
600 were introduced into urethane and urea-ure-
thane polymers as well as into segmented urea—ure-
thane copolymers. The polymers thus obtained con-
tain a nearly equal weight composition of hard and
soft segments. The polymer membranes containing
secondary amine exhibit a higher density, glass
transition temperature, and thermal stability com-

60 T T T T T T T

s 10°C

s 15°C
- 30°C

20
35%

» 45°C

[ cm3(STP)/cm 3]

© 20 ) .

30 °g .
359
45 %

16

8
p {aun)

Figure 11 Sorption isotherms as function of CO, pres-
sure for SPU polymer membranes above the glass tran-
sition temperature: (closed symbols) SPU-400; (open
symbols) SPU-600.

pared with those tertiary amine-containing ones. For
the MDEA-containing polymer membranes, the
bulky CHj; groups of MDEA retards the formation
of hydrogen bonds of the hard segments, leading to
reducing the identity of hard-segment domains,
whereas for the urea—urethane membranes, the sec-
ondary amine moieties retain the hard- and soft-
segment domains as usual urethane polymers. The
TEPA-containing membranes show a lower per-
meability and diffusivity but a higher solubility of
CO, than do the MDEA-containing ones do. Note-
worthy is that the improvement of the performances
of permeation and sorption by increasing the PEG
content is more obvious than that by the modifi-
cation of the ingredients of the hard segment. Con-
clusively, the permeation of the penetrant CO,
mainly passes through the PEG-rich soft domain.
For SPU membranes, the permeation process above
T,s or T,, shows the pressure dependencies of the
permeability following the modified free-volume
model. On the other hand, below T, the plastici-
zation effect of CO, strongly influences the perme-
ation behavior that exhibits a minimum permeabil-
ity at a certain upstream pressure. Although the
SPU-600 membrane exhibits a rubberylike perme-
ation and sorption above the T, or T, the Ar-
rhenius and van’t Hoff plots show a discontinuity
at temperatures between 20 and 30°C, but, rather,
not a break in the SPU-400 membrane. This reveals
that the permeation mechanism of CO, through the
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SPU-600 membrane situated at the glassy transition
between T, and T, is dissimilar to that at the rub-
bery state. The sorption isotherms of CO, for the
PEG-400-containing membranes obey the dual-
mode sorption model below T,. Also, the SPU poly-
mer membranes obey the Henry’s law above T, as
well as T;,.

The authors are grateful to the National Science Council
of the Republic of China for its support in this work
(NSC83-0405-E-006-146).
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