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Abstract

The effect of crosslinking by UV irradiation on the gas permeation properties of thin films (thickeessum) made from two
benzophenone-based polyarylates were examined. In addition to the permeation response to UV crosslinking in these two polymers, the
effects of crosslinking on the rate of physical aging was also explored. The sequence of physical aging and crosslinking, as well as reversal of
the aging process was studied in order to separate the similar effects of aging and crosslinking. The results show that crosslinking very thin
films can greatly improve the long-term performance of membranes when compared to noncrosslinked films of similar tlickogSs.
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1. Introduction crosslinking on separation performance of thin films must
consider the issue of physical aging. A side benefit of

High permeability and high selectivity are fundamental crosslinking might be to ameliorate to some extent the

characteristics required of polymeric membranes for permeability loss due to physical aging.

improved gas separation processes [1-10]; maintaining In this article, the time-dependent gas transport properties

this performance over the life of the membrane is essential. of thin polyarylate films crosslinked by UV irradiation are

Membrane performance can be improved by the synthesis ofexamined. The effect of the sequence of aging and UV

new polymers, by modification of existing polymers, or by a exposure was studied to separate and further understand

combination of the two. There are some indications from the the effects of both physical aging and crosslinking. Reversal

literature that crosslinking of polymeric membranes with of the physical aging process in crosslinked films by heating

high performance gas separation properties may be a usefubbove the glass transition temperature was also demon-

way to change the balance between intrinsic permeability strated.

and selectivity in a beneficial manner [11-14]. This paper

explores this issue using a UV crosslinking strategy. To

achieve high fluxes in practical applications, it is necessary 2. Background

to make the membrane as thin as possible; thicknesses on

the order of 100 nm are typical. Owing to the high absor- 2.1. Strategy

bance of UV irradiation, it turns out that membranes of ) ) ) o

thicknesses comparable to those used in practice must be 'NiS article examines the effect of crosslinking and

employed to obtain uniform crosslinking throughout the Physical aging on the permeation properties of two poly-

thickness. Recent studies have shown that such thin, glassy?'Y/ates based on benzophenone dicarboxylic acid, desig-

polymer films undergo an accelerated physical aging Nated by the acronyms TMBPA-BnzDCA and TMHFBP-

process, relative to macroscopic specimens of glassy poly-BnZDCA. The structures and physical properties of these

mers, manifested as a significant decline in permeability or POlymers are shown in Table 1. The benzophenone dicar-

gas flux [15-23]. Thus, an assessment of the effects of boxylic acid (BnzDCA) structural unit was chosen because
it contains a chromophore (carbonyl between aromatic

*Corresponding author. Tel.-+ 1-512-471-5392; fax: + 1-512-471-  '1NgS) which is useful for UV crosslinking of these homo-
0542. polyarylates. A benzophenone bisphenol was used to cross-
E-mail addresspaul@che.utexas.edu (D.R. Paul) link polyarylates in a previous study by Wright and Paul

0032-3861/99/$ - see front matt€r 1999 Elsevier Science Ltd. All rights reserved.
Pll: S0032-3861(99)00125-1



7210 M.S. McCaig, D.R. Paul / Polymer 40 (1999) 7209-7225

Table 1 _ _ compared selectivity versus permeability for an extensive
Polymer structure and physical properties database of different homogeneous polymers and has
Structuré  Polymer abbreviation T, (°C) Density (g/cn) FFVp” pro_posed an “upper bound” trade-off reIatlonsh!p above
R, which no polymers are currently known to exist. The
thickness levels required to assure UV crosslinking that
—C(CH),— TMBPA-BnzDCA 237 1.148 0.164 is essentially uniform throughout the film is in the range
—-C(CR),~ TMHFBP-BnzDCA 247  1.263 0.199 y 9 9

where high rates of physical aging are observed; i.e. rela-

2The general polymer structure is as follows: tively large changes in permeability are observed with

HsC cH; O time [18,25]. Thus, it is necessary to factor physical
I aging time into the study of changes in gas permeability

_O~©#R‘_ —o%C @ @ c- caused by UV crosslinking of thin films.
H3C CH3

2.2. Prior work on crosslinking
® FFV calculated by Bondi method.

One of the first indications that UV crosslinking could

[14], but the extent of crosslinking was not high enough to improve the performance of gas separation membranes
cause a significant gain in selectivity. The bisphenol mono- came from claims in the patent literature [26]. Since then
mers tetramethyl bisphenol-A (TMBPA) and tetramethyl- other studies have appeared in the scientific literature
hexaflouro bisphenol (TMHFBP) were chosen because concerning the effect of UV crosslinking on the gas permea-
they are a source of benzylic hydrogens which are necessartion properties of polyimide films [11,12,27]. Kita et al. [11]
for this type of UV crosslinking. Additionally, TMBPA and  demonstrated significant gains in selectivity caused by UV
TMHFBP lead to a higher free volume and, hence, gas irradiation of thick polyimide films, especially for #CH,
permeability than use of monomers like unsubstituted separation. However, it is not possible to compare these
bisphenol-A. results with the intrinsic properties of homogeneous poly-

The use of very thin polymer films is necessary to mers because the films were undoubtedly not uniformly
achieve uniform crosslinking throughout the membranes crosslinked for the following reason. The extent of cross-
thickness; the latter is essential for making meaningful linking at any point in the film is dependent on the intensity
intrinsic property comparisons with uncrosslinked poly- of the UV irradiation at that point and the duration of the
mers and with widely accepted performance standards,exposure. The intensity of UV light decreases with depth
such as the Robeson [24] trade-off curves. Robeson hashrough the film due to absorption; the intensity profile can
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Fig. 1. The proposed UV crosslinking scheme for a BnzDCA-based polyarylate where X is the connector grou;, C(CH), or fluorene.
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Table 2
Monomer sources and purification

Monomer Source Purification Melting poirfiQ)
Tetramethylbisphenol-A (TMBPA) Aldrich None 165-167
H3C fHa CH3
HO— —C— —OH
> L

H3C CH3 'CHj3

Tetramethylhexaflourobisphenol (TMHFBP) Polysciences Inc. Sublimation 218-219
H3C $F3 CHj3

HO— —C— —OH

/ N
H3C CF3  'CH3

Benzophenone dicarboxylic acid (BnzDCA) Nihon Nohyaku None 2
(@]
[ [ I
HO-C- -C- -C-OH

2 Decomposes at 260 before melting.

be described by the Beer—Lambert law hydrogen abstraction from benzylic hydrogen donor groups
| — | % 10-ECD o by triplet benzophenone and subsequent radical coupling
0 [11,12,14,31,32]. This mechanism of crosslinking polyary-

wherel is the intensity at any point in the filng is the lates is outlined in Fig. 1, where a general polyarylate struc-
incident intensity,E is the extinction coefficientC is the ture is shown with X representing possible connector
concentration of the photoactive species @i the path  groups: C(CH),, C(CFy), or fluorene. The polyarylate is
length in the film. Thus, thick films are expected to have a exposed to UV light and the benzophenone carbonyl bond
gradient of crosslinking, and their permeation properties is cleaved yielding an oxygen radical and a carbon radical.
cannot be directly compared with homogeneous materials. The oxygen radical abstracts a benzylic hydrogen from a
Based on the expected values FbandC and the thickness  nearby source, thereby creating another carbon radical. The
of the films (€ =~ 15 um) used by Kita et al., the UV irra-  carbon radicals can then couple causing crosslinks between
diated membranes would have a crosslinking gradient in the polymer chains. The most likely scenario for crosslink-
spite of the fact that they exposed the films on both sides. ing is the coupling of radical pendant groups (product A),
However, they showed that UV crosslinking can produce but this has not been proven. Steric interactions as revealed
significant improvement in selectivity with only a modest by CPK models of the crosslinked polymers probably limit
loss in permeability. the formation of crosslinked product B. The positiartho

Wright and Paul [14] explored UV crosslinking of to the ester linkage on the bisphenol segment are occupied
polyarylate films, but the results were complicated by a with methyl groups which effectively block photo-Fries
photo-Fries rearrangement [28] that competed with the rearrangement as demonstrated by Lo et al. [28]. The
crosslinking reaction; the reaction occurred because theirprogress of the reaction can be tracked by Fourier transform
material had unsubstituted sitestho to the ester group infrared (FTIR) spectroscopy as the benzophenone carbonyl
on the bisphenol linkage. This limited the extent of cross- peak (1678 cm') [33] decreases due to increased UV
linking, and, thereby reduced the effect of UV irradiation on exposure.

the gas transport properties of the polyarylate used in that
study. 2.4. Physical aging of thin glassy polymer films

2.3. Crosslinking mechanism Physical aging, or volume relaxation, is a well-known
phenomenon in glassy polymers which would be expected
The crosslinking reactions initiated by UV irradiation of to lead to a decrease in gas permeability as a result of the
polymers containing a benzophenone unit have been studiedoss in free volume [15-18,20-22,25]. For macroscopic
extensively. Hydrogen abstraction via an excited benzophe-specimens of glassy polymers, the rate of volume relaxation,
none unit is a classic reaction in organic photochemistry and hence the expected change in gas permeability, is
[29—-31]. The accepted mechanism for crosslinking involves extremely slow except just below the glass transition
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Fig. 2. FTIR analysis of the benzophenone peak decay resulting from increased UV irradiation for TMBPA-BnzDCA.

temperature. However, there is strong evidence that physi-TMBPA-BnzDCA thinner than 0.aam and of TMHFBP-
cal aging occurs much more rapidly for very thin films of BnzDCA thinner than 1.Jum were found to transmit 90%
glassy polymers. Pfromm and Koros [15] and Rezac et al. or more of incident UV irradiation.
[16,17] reported that thin polyimide films showed substan-  Such thin films were solution cast from methylene chlor-
tial reduction in gas permeation rates with time that were ide onto silicon wafers inside metal casting rings, and their
attributed to physical aging. McCaig and Paul [18] docu- thicknesses determined using procedures described in a
mented similar changes in gas permeability for a polyarylate previous paper [18]. Solution concentration was adjusted
membrane over a wide range of thicknesses; this studyto obtain film thicknesses ranging from 0.25 to [33.
utilized two methods for accurately determining the thick- The thick films € > 2.5 .um) were removed from the
ness of thin films so that absolute permeability coefficients wafer and vacuum dried at room temperature for 24 h and
could be reported. then at 156C for five days according to the standard proce-
dures established in this laboratory for film preparation prior
to permeation testing. Thermogravimetric analysis (TGA)
3. Materials and methods using a Perkin—Elmer TGA-7 was used to confirm the
complete removal of solvent. The thin filmé & 2.5 um)

The monomers used to synthesize the two polyarylateswere floated off the casting surface with water and then
studied here are described in Table 2. Both polymers werelifted onto porous ceramic supports. To ensure solvent
synthesized by an interfacial polymerization method removal, the procedures established by Pfromm [15] were
described by Morgan [34]. The tetramethylbisphenol A used: the thin films were allowed to air dry overnight, then
(TMBPA) was used as received from Aldrich Chemical dried at 100C for 24 h and finally heated at 20 above
while the tetramethylhexafluoro-bisphenol (TMHFBP) their respective glass transition temperatures. In addition to
was purified by vacuum sublimation. The benzophenone ensuring the removal of solvent, heating the polymers above
dicarboxylic acid (BnzDCA), graciously donated by their T, and quenching them according to a procedure
Nihon Nohyaku, was refluxed with excess thionyl chloride described in a previous article [18] establishes the beginning
and purified by vacuum distillation to yield the diacid chlor- of the aging process & 0).
ide [6]. The polymer structures and physical characteristics  Film thickness was measured by a micrometer for thick
are listed in Table 1. The polymers were reprecipitated films while a scanning electron microscope (SEM) proce-
twice from chloroform into ethanol and then vacuum dure was used for films thinner than 2u51. Following
dried to remove residual solvent. completion of the permeation measurements, the composite

To approach uniformity of crosslinking throughout the membranes were cooled in liquid nitrogen and fractured to
film thickness, a practical but arbitrary criteria of at least yield a polymer/ceramic cross-section; photomicrographs
90% transmittance of light at 365 nm was adopted. A using a JEOL JSM-35c SEM microscope were then taken
Hewlett Packard UV—-vis 8452 A Diode Array Spectrophot- of an edge view of the polymer/ceramic composite
ometer was used to measure the transmission of light as anembrane. The SEM technique compares a secondary elec-
function of film thickness for both polymers. Films of tronimage to a backscattered electron image during a single
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Fig. 3. FTIR analysis of the benzophenone peak decay resulting from increased UV irradiation for TMHFBP-BnzDCA.

scan; the former shows both the polymer and ceramic, while polymer was measured at®in a density gradient column

in the latter only the ceramic support is visible due to its

higher atomic mass. It is important to obtain an accurate

measurement of the film thicknes, so that the absolute
permeability coefficientF) can be calculated rather than
simply reporting the observed permeanBg/, as is done
in most studies of such thin films.

based on aqueous calcium nitrate solutions.

The FTIR spectra of the virgin and crosslinked polymers
were obtained using a Nicolet 550 Magna®IRspectro-
meter with a nitrogen purge. Thin polymer films were
spun on NaCl disks for FTIR analysis.

Pure gas permeability coefficients were evaluated &€ 35

Crosslinking was performed by irradiating the samples at for O,, N,, H, and CH, using a standard pressure-rise type
a distance of 2.5 cm from the UV lamp for various exposure permeation cell following standard procedures employed in

times with a 100 W high pressure mercury arc lamp
(BLAK-RAY ® Longwave Ultraviolet Lamp Model B-100

A) equipped with a 365 nm filter. A nitrogen purge was used
to minimize the possibility of peroxide formation during the
crosslinking reaction; Wright and Paul [14] and Lin et al.
[31] showed that UV irradiation in nitrogen of polymers

this laboratory [6]. The gas permeability coefficients were
measured at an upstream driving pressure of 2 atm for O
N,, and H. The permeability coefficients for CHare
normally reported at 10 atm, but the crosslinked membranes
were quite brittle so the upstream driving pressure was
never raised above 5 atm. Liquid nitrogen traps were used

containing benzophenone groups had a slightly positive on all permeation equipment and vacuum ovens to eliminate

effect on the extent of crosslinking. The intensity of the
lamp was monitored with a JBA Model 100B UV meter
and the bulbs were changed frequently.

The glass transition temperatufig, of each polymer was

measured using a Perkin—Elmer DSC-7 differential scan-

ning calorimeter at a heating rate of’@dmin. The polymer
samples were heated twice, and Tyavas evaluated as the

onset of the transition during the second scan. Both poly-

possible contamination of the samples by pump oil.

4. Characterization of UV irradiated films

The extent of crosslinking is usually documented by
measurement of the extent of swelling and the amount of
polymer extracted, or conversely the gel fraction, after

mers appear to be amorphous due to their clarity and theexposure to a good solvent. As the current films were extre-
absence of a crystalline melting point. The density of each mely thin (<1 wm), it was difficult to make quantitative

Table 3
Permeability and selectivity for #N, and H/CH, separation based on
thick film (bulk) data

Polymer R, (Barrers) ao/N; Py, (Barrers) ap/CH,

47.0
35.2

TMBPA-BnzDCA 4.85
TMHFBP-BNzDCA 12.9

53
4.5

41.9
78.7

measurements of this kind. The shortest UV exposure
time (1 min) resulted in no visible polymer swelling in
chloroform; this suggests that the degree of crosslinking is
very high and that likely there is no extractable material.
The progress of the crosslinking reaction (see Fig. 1) can
be tracked by observing the reduction in the benzophenone
carbonyl infrared peak (1678 ¢ [33] as a function of
UV exposure time. Figs. 2 and 3 show the FTIR spectra
for TMBPA-BnzDCA and TMHFBP-BnzDCA as a
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Fig. 4. Effect of UV exposure on the aging response of (a) oxygen permeability and (bythes€lectivity coefficients for TMBPA-BnzDCA for the exposure
times: ©) 0 min, (J) 1 min, ) 3 min, (A) 5 min, (V) 7 min, (@) 15 min.

function of UV exposure times over the range correspond- radical coupling or screening effects of bulky structural
ing to those used in the gas transport study to be discussedyroups.
subsequently. The benzophenone peak effectively disap-
pears after 15 min of UV exposure for TMBPA-BnzDCA.
The UV dose required to yield the same effect for 5. UV irradiation prior to long-term aging
TMHFBP-BnzDCA is larger, as the benzophenone peak is
still visible at 30 min. The permeation properties measured atC3for thick

UV irradiation significantly alters both the physical films (“bulk” values) are shown in Table 3 and on the figures
and chemical properties of BnzDCA-based polymers; as a dashed horizontal line for the two new polymers,
for both polymers the results indicate that the crosslink- TMBPA-BnzDCA and TMHFBP-BnzDCA, synthesized
ing reaction proceeds rapidly. The disappearance of thehere. “Bulk” values are defined here as gas transport coeffi-
benzophenone peak after short irradiation times is cients measured on very thick filmd€ > 25 pum) according
consistent with the proposed crosslinking mechanism. to standard procedures established in this laboratory [18].
The differences in rates for the two polymers could The gas transport properties were measured at 2 atm,for O
be due to steric inhibition of mobility needed for N,andH and5 atm for Clil For consistency, time zero for
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Fig. 5. Effect of UV exposure on the aging response of (a) hydrogen permeability and (b)@td, ldelectivity coefficients for TMBPA-BnzDCA for the
exposure times:@) 0 min, (@) 1 min, () 3 min, (A) 5 min, (V) 7 min, (@) 15 min.

physical aging was defined as when the membranes weréWith this in mind, simple comparisons of permeability and
removed from the vacuum oven where they were heatedselectivity versus aging time were deemed more informa-
aboveT,. Permeability reduction due to physical aging in tive.

thin glassy films has been shown to have a strong thickness

dependence [15-18,25]. Ideally, the films in this study 51 TMBPA-BnzDCA

should all have the same thickness, but this was not possible

due to the nature of the casting process and the difficulty in  Fig. 4 shows the effect of the duration of the UV irradia-
obtaining defect-free films. However, for the range of thick- tion exposure and the subsequent effect of the time for
nesses used here (0.38—0,886) for TMBPA-BnzDCA and physical aging on the oxygen permeability coefficients and
(0.48-1.04um) for TMHFBP-BnzDCA, no attempt is  O,/N, selectivity values for TMBPA-BnzDCA. The first
made to normalize the aging time for any thickness depen- data point for each sample corresponds to thp&meabil-
dence, e.g/f2 as suggested previously [18,25], because the ity coefficient observed after about 1 h of physical aging but
effect of crosslinking was such that any differences in the prior to UV exposure. The dotted lines connect these points
rate of physical aging due to thickness were relatively insig- to curves that represent the gas permeability or selectivity
nificant when compared to the effects due to UV irradiation. after UV crosslinking and the subsequent physical aging
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Fig. 6. Effect of crosslinking and long aging times (1000—1500 h) on (a) oxygen permeability and oxygen/nitrogen selectivity at 2 aft@ and &)
hydrogen permeability and hydrogen/methane selectivity at 5 atm &@f86TMBPA-BnzDCA for the exposure timesOf 0 min, (@) 1 min, () 3 min,
(V) 7 min, (@) 15 min. The solid line on both plots is the “upper bound” proposed by Robeson [24].

that occurs. One film was allowed to age without UV expo- expected from physical aging for the same time interval.
sure to show the effect of physical aging in the absence of The longer the UV exposure, the greater the reduction in
crosslinking on membrane performance. This uncrosslinked oxygen permeability. Significant increases i/l selec-
film shows a gradual decay in permeability over time and its tivity are caused by crosslinking these polymer films as
absolute oxygen permeability approaches the rangeshown in Fig. 4(b). Although the selectivity for the control
observed for the crosslinked films; the oxygen permeability increases slightly due to physical aging, the increases in
coefficient for this control film is reduced by a factor of 3.5 selectivity resulting from exposure to UV irradiation are
after 1500 h of aging from its initial value obtained at 1 h of much greater. The film crosslinked for 15 min is an excep-
aging time. It is interesting to note that the absolute perme- tion; irradiation appears to cause a reduction in selectivity in
ability coefficients for these thin films begin above the this case. Similar trends are shown in Fig. 5 for théCH,
“bulk” value observed for a thick film of this material (see gas pair; for the unirradiated film, the hydrogen permeabil-
Table 3) while the selectivity values of the thin films begin ity coefficient following 1500 h of aging is reduced by a
below the bulk selectivity value; this issue has been factor of 2.3 from its initial value obtained at 2 h of aging
discussed in detail by McCaig and Paul [18]. The loss in time. For H/CH,, the selectivity gain following 7 min of
permeability due to UV exposure is much greater than that UV exposure is even more pronounced than faiNQ
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TMBPA-BnzDCA crosslinked throughout their thickness, it is appropriate to
9 1 ' — compare them to other homogeneous materials. Fig. 6(a)
@ and (b) show plots of selectivity versus permeability for
81 Unpor Beund ] the Q/N, and H/CH, gas pairs; the position of the cross-
) linked and uncrosslinked TMBPA-BnzDCA films can be
7T "50‘1’20\% 7 min. UV l compared to the Robeson “upper bound” lines. The values
25 for films with no UV exposure after approximately 1 h of
aging appear at the lower right corner for both figures and
o Omin.LV are shown to serve as a reference for the combined effects of
1,500 1(%?\,\ physical aging and crosslinking. The remaining data are for
5 Q 1 thin films exposed to UV irradiation for different periods of
Aging Time (hrs) 1 time and then aged for 1000 to 1500 h; this range of aging
times was selected since this provides a good indication of
how crosslinking affects long term membrane performance.
Physical aging without crosslinking in the thin control film
! Oxygen Permeability (Barrers) 10 causes an increase in selectivity and a decrease in perme-
ability such that the performance parallels the Robeson
upper bound curves forfN, and for H/CH,. UV exposure
times from 1 to 7 min move the long term performance
closer to the @N, “upper bound” compared to the unirra-
diated control; they have higher levels of selectivity and
only slightly lower permeability values. The film exposed
for 7 min exhibits the best performance. Fifteen minutes of
UV exposure causes a significant decrease in both perme-
ability and selectivity; clearly this level of exposure is detri-
100 F mental to performance as noted earlier. Fig. 6(b) shows
r 1 similar results for the HICH, gas pair. UV exposures for
o 1 and 3 min lead to higher hydrogen permeability coeffi-
1,5N 0 min. UV | cients and higher MICH, selectivity values. Seven minutes
o of exposure causes a further increase in selectivity but a
100 205\ 1 significant loss in permeability compared to the uncros-
L o ] slinked film. Again, 15 min of UV exposure is not benefi-
Aging Time (hrs) 1 v cial.
30 . . . . To better understand the separate effects of physical aging
10 20 30 40 50 and crosslinking, results for the film irradiated for 7 min and
the control film are shown in Fig. 7(a) and (b) after 1, 25,
100 and 1500 h of aging. As aging time increases, the
Fig. 7. Effect of crosslinking and aging time (1, 25, 100 and 1500 h) on (a) uncrosslinked film moves away from the Robeson upper
oxygen permeability and oxygen/nitrogen selectivity at 2 atm afi@ a&d bound curve; the permeability loss due to physical aging
(b) hydrogen permeability and hydrogen/me_thane selec_tivity at 5 _atm and is not matched by a large enough selectivity gain to move
35°C for TMBPA-BnzDCA for the exposure timesD§ 0 min, (V) 7 min. . .
The solid line on both plots depicts the “upper bound” proposed by parallel to or towards the. Upper_ bOUhd for elthe.r gas parr.
Robeson. Conversely, 7 min of UV irradiation significantly increases
the selectivity and decreases the permeability so that the
As seen in Figs. 4(a) and 5(a), the slopes of the curves of performance approaches the upper bound curves for both
permeability versus aging time decrease as the duration ofgas pairs and, if anything, aging subsequent to the cross-
UV exposure increases. The rate of permeability loss due tolinking slightly improves the performance when compared
physical aging is significant for the film irradiated for only to the uncrosslinked film.
1 min, but for the films irradiated for 7 and 15 min, the
curves are nearly flat. Conversely, the modest rate of 5 5 TMHEBP-BnzDCA
increase in selectivity following crosslinking due to physi-
cal aging (Figs. 4(b) and 5(b)) does not seem to be a function Owing to the presence of fluorine substituents on the
of UV exposure time. The increase in selectivity due to isopropylidene connector group, TMHFBP-BnzDCA has a
crosslinking is dependent on the UV exposure time, but higher free volume than TMBPA-BnzDCA, FF¥ 0.199
the increase due to aging is not. These trends are evidenvs. 0.164 in the “bulk” glassy state. Comparison of these
for both gas pairs. two polymers should provide some insights about the role of
As the thin films used in this study are uniformly chain packing and stiffness on the effects of crosslinking and
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Fig. 8. Effect of UV exposure on the aging response of (a) oxygen permeability and (b)/tiesBlectivity coefficients for TMHFBP-BnzDCA for the
exposure times:@) 0 min, (@) 1 min, () 3 min, (A) 7 min, (V) 15 min, @) 30 min.

physical aging. As seen in Fig. 8(a), the absolute oxygen are higher than that of the unirradiated control. Significant
permeability values for the thin TMHFBP-BnzDCA films gains in Q/N, selectivity due to UV crosslinking are shown
begin above the bulk value and decay dramatically due to in Fig. 8(b); these gains are similar to those observed for
physical aging. The oxygen permeability coefficient after TMBPA-BnzDCA in Fig. 5(b). There is a modest increase
1400 h of aging is reduced by a factor of 6.8 from the initial in selectivity due to physical aging, but UV exposure causes
value obtained at 1 h of aging; this reduction is almost twice even greater increases in selectivity. ThgND selectivity

the value of 3.5 observed for the uncrosslinked TMBPA- levels at 15 and 30 min of UV exposure were the highest and
BnzDCA control film. The Q@ permeability values after 1  nearly identical. Similar trends for hydrogen permeability
and 3 min of UV exposure are nearly identical and exhibit and H/CH, selectivity are seen in Fig. 9(a) and (b). For an
considerable permeability losses due to physical aging. Forunirradiated film, the hydrogen permeability coefficient is
longer UV exposure times (7, 15 and 30 min), the perme- lower by a factor of 4.4 after almost 1500 h of aging than the
ability values are all correspondingly lower and the slopes initial value obtained after 2 h of aging; once again the
of the aging curves decrease as exposure time is increasededuction factor is almost twice the value of 2.3 observed
At the end of the aging period studied here, the oxygen for the uncrosslinked TMBPA-BnzDCA control film. For
permeability values for all of the UV irradiated specimens H,/CH, separation, 15 min of UV exposure leads to the
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Fig. 9. Effect of UV exposure on the aging response of (a) hydrogen permeability and (by@té, ldelectivity coefficients for TMHFBP-BnzDCA for the
exposure times:@) 0 min, (@) 1 min, () 3 min, (A) 7 min, (V) 15 min, @) 30 min.

highest level of selectivity and the second highest value of performance of the film crosslinked for 15 min is very near
hydrogen permeability at the end of the aging period the “upper bound” curve.
examined here. Fig. 11(a) and (b) show in more detail the effect of aging
Crosslinking of a TMHFBP-BnzDCA film moves the time onthe membrane performance for films exposed to UV
balance of selectivity versus permeability closer to the irradiation for various times. As seen before, the changes in
Robeson “upper bound” curves (after long term aging on the gas permeation performance of the crosslinked films are
the order of 1200 to 1500 h) than that of the noncrosslinked much smaller than those of the aged but uncrosslinked film
film at similar aging times as seen in Fig. 10. The improve- at comparable aging times for both gas pairs.
ment in performance due to crosslinking is such that all the  Physical aging in the absence of irradiation, as tracked by
irradiated specimens have higher permeability values andoxygen and hydrogen permeability loss, is significant in the
higher levels of selectivity at this long aging time compared thin films tested for both polymers and results in large
to the aged but unirradiated control. Physical aging of a film permeability losses and modest selectivity gains. Of the
that was not exposed to UV irradiation film causes it to two polymers studied, the aging rate is greater for the
move away from the @N, and H/CH, “upper bound” polymer with the higher level of free volume (TMHFBP-
(see Fig. 11). After long-term aging (1500 h), the/@€H, BnzDCA) as evidenced by larger losses in relative
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permeability over similar time scales. Physical aging of uncrosslinked film at comparable aging times. The similar-

these thin glassy membranes causes their gas transpority in slope of the selectivity versus aging time curves for all

performance values to move away from the Robeson the films (crosslinked and uncrosslinked) indicates that

“upper bound” tradeoff curves. some physical aging continues after substantial crosslinking
Crosslinking slows the rate of physical aging (decrease in has taken place.

slope of permeability versus aging time) as seen in Figs.

4(a), 5(a), 8(a) and 9(a) compared to the uncrosslinked

control film. The crosslinked films also exhibit much higher 6. UV irradiation after long-term physical aging

selectivity values for both &N, and H/CH, separations.

The combination of slower aging rates and higher selectivity  Both physical aging and UV crosslinking cause signifi-

values, both due to crosslinking, lead to greatly improved cant permeability losses. The mechanistic details of the

gas transport performance as seen in Figs. 6, 7, 10 and 11. Irpermeability reduction are too complicated to be addressed

some cases, the improvement is such that both the permefully, but physical aging has been shown to lead to a

ability and selectivity values are higher than those of the decrease in free volume and crosslinking may do the
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Fig. 11. Effect of crosslinking and aging time (1, 10, 50, 200 and 1500 h) on
(a) oxygen permeability and oxygen/nitrogen selectivity at 2 atm af@ 35  Fig. 12. Effect of sequence of UV exposure and aging on (a) oxygen
and (b) hydrogen permeability and hydrogen/methane selectivity at 5 atm Permeability and (b) @N, selectivity coefficients for two TMBPA-
and 35C for TMHFBP-BnzDCA for the exposure timesd) 0 min, (A) BnzDCA films: open symbolsX) and (V) are for films prior to irradiation
7 min, (V) 15 min. The solid line on both plots depicts the “upper bound” and closed symbols®) and (¥) are for the films following 7 min of UV

proposed by Robeson. irradiation.

same; additionally crosslinking produces a structural gas pair. Figs. 14 and 15 show similar results for TMHFBP-
modification that causes a significant increase in selectivity. BnzDCA using a 15-min UV exposure time. After long-
The effect of the sequence of crosslinking and aging was term physical aging, the oxygen and hydrogen permeability
explored by comparing the permeability reduction in two coefficients for the unirradiated TMHFBP-BnzDCA film are
films; one film was aged and then crosslinked, while the lower than those of the crosslinked film; thus, irradiating the
other was crosslinked and then aged. This comparison foraged film did not have a large effect on its permeability to
TMBPA-BnzDCA is shown for @ permeability and @N, gases. However, the M, and H/CH, selectivities are very
selectivity in Fig. 12; both films were irradiated for 7 min similar for films that were crosslinked then aged as found for
and the open symbols represent the data before irradiationthe reverse protocol.

and the closed symbols represent the data after irradiation. The sequence of physical aging and crosslinking does not
The final permeability and selectivity are nearly identical have much of an effect on selectivity, but since crosslinking
regardless of the sequence of physical aging and UV expo-seems to inhibit the rate of permeability loss, the sequence
sure. The same trends are evident in Fig. 13 for th€H, can have a significant effect on the permeability values at
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Fig. 13. Effect of sequence of UV exposure and aging on (a) hydrogen Fig. 14. Effect of sequence of UV exposure and aging on (a) oxygen
permeability and (b) HICH, selectivity coefficients for two TMBPA- permeability and (b) &N, selectivity coefficients for two TMHFBP-
BnzDCA films: open symbolsX) and (V) are for films prior to irradiation BnzDCA films: open symbolsX) and (V) are for films prior to irradiation
and closed symbol$) and (¥) are for the films following 7 min of UV and closed symbol#) and (¥) are for the films following 15 min of UV
irradiation. irradiation.

long aging times. If a film is allowed to age before it is effects of physical aging on the gas permeation properties of
crosslinked, then the benefit of slowing the rate of perme- a glassy polymer similar to those described here, McCaig
ability loss by crosslinking is not realized. These results and Paul [18] showed that the permeability of an aged
indicate that the separation performance can be enhancedample could be restored to its initial value by heating
by crosslinking the films before extensive aging takes place. aboveT, for short times. This was attempted here for the
TMBPA-BnzDCA and TMHFBP-BnzDCA films that had

been irradiated for 1 min and aged for over 1500 h. The
results of these experiments for the/l, and H/CH, gas
pairs are shown in Figs. 16—19. The shape and magnitude of
the permeability and selectivity curves for the second aging
Reversing the effects of physical aging by heating above cycle are all similar to those of the original films. The selec-
the glass transition temperature has been demonstrated itivity values during the second aging cycle all seem to be
many studies [18,25,35—40]. In a recent study detailing the slightly lower than the original values. This ability to

7. Reversal of the effects of physical aging for crosslinked
polymers
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BnzDCA films: open symbolsX) and (V) are for films prior to irradiation again. The first aging cycle following 1 min of UV irradiatioM and the
and closed symbol®) and (¥) are for the films following 15 min of UV second aging cycle().
irradiation.

studied here. Additionally, the aging response of crosslinked
reverse only the effects of the aging part of the permeability films was investigated to gain insight into the mechanisms
loss by heating abové&, shows that the changes due to responsible for permeability loss due to physical aging and
crosslinking are irreversible and further validates the crosslinking. The importance of the sequence of physical
conclusion of the previous studies [18,25] that physical aging and crosslinking on gas transport properties was
aging in thin films causes a reversible loss of free volume also studied, and the reversal of the permeability loss due

and, therefore, permeability. to aging in crosslinked films by heating abovg was
demonstrated.
To fully explore the effects of UV irradiation on the gas
8. Summary and conclusions transport properties of polyarylates, uniform crosslinking

throughout the membrane thickness is required; this neces-
The effect of UV crosslinking on the gas permeation sitated the use of very thin films due to the high absorbance
performance of two thin glassy polyarylate films was of UV irradiation by the polymers studied here. Glassy
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polymer films with thicknesses on the order of those used
here have been shown to exhibit significant permeability compared to noncrosslinked thin films. Crosslinking a high
losses as a function of time; therefore, any study of the free volume polymer such as TMHFBP-BnzDCA may lead
effects of UV irradiation on thin films must also include to membrane performance that approaches the upper bound
an analysis of the effects of physical aging on the gas for hydrogen/methane separation. This is due to the ability to
transport properties. optimize the extent of crosslinking by varying the UV expo-
Both crosslinking and physical aging cause a significantloss sure time to increase the size selective nature of the crosslinked
in gas permeability, but only crosslinking leads to a substantial matrix. The sequence of aging and crosslinking is important
gain in selectivity. Crosslinking slowed the rate of physical in maintaining gas transport performance. Crosslinking
aging significantly but did not completely stop the aging immediately after quenching will lead to the highest pos-
process. The combination of higher levels of selectivity and sible permeability values and comparable selectivity
a decreased rate of physical aging resulting from crosslinking values when compared to films crosslinked after a significant
yields greatly improved membrane performance when aging time.



M.S. McCaig, D.R. Paul / Polymer 40 (1999) 7209-7225 7225

TMHFBP-BnzDCA about the physical aging and crosslinking, to Dr. C. Grant

80 = I T I Willson and Dr. Steven E. Webber for sharing their

" 1min.Uv @ expertise on photochemistry and crosslinking, to Kelly

70F . Haskins for her work on the FTIR analysis, and to Andreau
Andrio for help with the permeation measurements.

60 - First aging
cycle

50 |- Second aging - References

cycle

[1] McHattie JS, Koros WJ, Paul DR. Polymer 1991;32:840.
[2] McHattie JS, Koros WJ, Paul DR. Polymer 1991;32:2618.
[3] McHattie JS, Koros WJ, Paul DR. Polymer 1992;33:1701.
. [4] Aitken CL, Koros WJ, Paul DR. Macromolecules 1992;25:3425.
[5] Aitken CL, Koros WJ, Paul DR. Macromolecules 1992;25:3651.
20 | | | [6] Pixton M. PhD Dissertation, University of Texas, 1995.
[7] Pixton MR, Paul DR. J Polym Sci: Part B: Polym Phys 1995;33:1353.
1 10 100 1,000 10,000 [8] Pixton MR, Paul DR. J Polym Sci: Part B: Polym Phys 1995:33:1135.
. ) [9] Pixton MR, Paul DR. Macromolecules 1995;28:8277.
Aging Time (hrs) [10] Kim TH, Koros WJ, Paul DR. J Memb Sci 1988;37:45.
[11] Kita H, Inada T, Tanaka K, Okamoto K-i. J Memb Sci 1994;87:139.
[12] Liu Y, Deng M, Xu J. J Appl Polym Sci 1995;59:485.
[13] Sartori G, Ho WSW, Noone RE. USA Patent No. 5,012,036, 1995
(Exxon Research and Engineering Company).
[14] Wright CT, Paul DR. J Memb Sci 1997;124:161.
a (O [15] Pfromm PH, Koros WJ. Polymer 1995;36:2379.
[16] Rezac ME, Pfromm PH, Costello LM, Koros WJ. Ind Chem Eng Res
1993;32:1921.
[17] Rezac ME. Ind Chem Eng Res 1995;34:3170.
[18] McCaig MS, Paul DR. Submitted to Polymer, 1998.
] [19] Morisato A, He Z, Pinnau I. Polym Prepr, Am Chem Soc, Div Polym
) Chem 1997;38:254.
SeC"c';g,gg'“g [20] Nagai K, Nakagawa T. J Memb Sci 1995;105:261.
40 O , = [21] Nagai K, Freeman BD, Watanabe T, Nakagawa T. Polym Prepr, Am
, Chem Soc, Div Polym Chem 1997;38:253.
/1 min. UV [22] Nakagawa T, Watanabe T, Mori M, Nagai K. Polym Prepr, Am Chem
30 — Soc, Div Polym Chem 1997;38:249.
[23] Pinnau |, Casillas CG, Morisato A, Freeman BD. J Polym Sci: Part B:
Polym Phys 1997;35:1483.
20 1 ] ] [24] Robeson LM. J Memb Sci 1991;62:165.
1 10 100 1,000 10,000 [25] McCaig MS, Paul DR. Submitted to Polymer, 1998.
[26] Hayes RA. USA Patent No. 4,717,393, 1988, (E.I. DuPont).
Aging Time (hrs) [27] Marek M, Brynda E, Pientka Z, Schauer J. Eur Polym J 1997;33:1717.
[28] Lo J, Lee SN, Pearce EM. J Appl Polym Sci 1984;29:35.

Fig. 19. Reversal of the aging response of (a) hydrogen permeability and (b) [29] Turro NJ. Modern molecular photochemistry. Menlo Park, CA:
H,/CH, selectivity coefficients for TMHFBP-BnzDCA by heating above Benjamin-Cummings, 1978.

the Ty again. The first aging cycle following 1 min of UV irradiatioM) (30] S_uppan P, Portgr G. Trans Faraday SOC, 1965;61:1664.
and the second aging cyclgl). [31] Lin AA, Sastri VR, Tesoro G, Reiser A. Macromolecules

1988;21:1165.

[32] Scaiano JC, Netto-Ferreira JC, Becknell AF, Small RD. Polym Eng
Sci 1989;29:942.

[33] Nakanishi K, Solomon PH. Infrared absorption spectroscopy. 2nd ed.
San Francisco: Holden-Day, 1977.

This research was supported by the Department of [34] Morgan PW. Macromolecules 1970;3:536.
Energy, Basic Sciences Program, under Grant DE-FGO03-[35] Bartos J, Muller J, Wendorff JH. Polymer 1990;31:1678.
95ER 14538 and the Separations Research Program at thé36] Chan AH, Paul DR. J Appl Polym Sci 1980;25:971.

. . . . [37] Chan AH, Paul DR. Polym Engng Sci 1980;20:87.
University of Texas at Austin. Special thanks are extended [38] Chow TS, Macromolecules 1984:17:2336.

to Nihon Nohyaku Co. for supplying the benzophenone (3] reiner R, Schwarzl FR. Rheol Acta 1984;23:378.
dicarboxylic acid, to Dr. William J. Koros for his insights  [40] McHerron DC, Wilkes GL. Polymer 1993;34:915.

40

H, Permeability (Barrers)

30 |-

70 I I I

60 -
First aging
cycle

50 |-

4

2

H_/CH, Selectivity

Acknowledgements



