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Abstract

Understanding of the properties over long time excat a key requirement for the successful
application of novel polymers as membrane materialghis light, the physical aging of dense
PIM-1 films with different previous histories wasomtored for more than 4 years via parallel gas
sorption and permeability measurements. The effieaging on the individual transport parameters,
permeability, solubility and diffusivity, was st@di on alcohol treated membranes with high excess
free volume. Thermal conditioning of these membsded to accelerated aging and a reduction of
the initial gas permeability and diffusivity of thmembranes. A long-term GQorption analysis
showed aging affected the sorption kinetics muchertivan the total equilibrium sorption. This was
confirmed by permeation studies with six differagases, showing that the reduction of the
permeability coefficient of the samples as a fuorcof time is almost entirely due to a reduction of
the diffusion coefficient. A renewed alcohol treatmh of the aged membrane led to significant

rejuvenation of the membrane. To the best of ouwkedge, this is the first systematic long term
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aging study on PIM-1 via simultaneous analysis @pgon and permeation kinetics. Mixed gas
permeation measurements with af8tH, mixture and an MO,/CO, mixture confirm the excellent

permselective properties of the PIM-1 membranes afer long aging.
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Introduction

Gas separation is involved in many chemical praeessid engineering applications. Compared to
conventional energy-intensive techniques, like gwes swing absorption and cryogenic distillation,
membrane gas separation combines small footpritit high energy efficiency, large separation
capability and ease of scale-up [1]. The introductof efficient membrane separation systems
could represent a solution for environmental clmgéss such as GCcapture to reduce global
warming [2]. The reduction of global greenhouse gasssions involves large gas volumes, and
membrane processes based on high free volume paywith a high permeability may offer a
solution [3]. However, such polymers may be subjeatrong aging phenomena, and in the case of
membranes this is especially relevant if the seledayers are thin [4]. Therefore, a detailed gtud
of their aging properties in relation to their gaparation performance on a time scale that i€clos
enough to the normal life time of a membrane isialdor their successful application.

Among high free-volume polymers, polymers of ingrey microporosity (PIMs) possess good
thermal and chemical stability. But the most ativacfeature of this new class of polymers is their
good combination of permeability coefficients anekmselectivity. So, the data points of these
polymers are located at or even above the Uppen@oof the Robeson diagrams [5] for several
important gas pairse(g, O./N,, CO,/CHy) [6]. The archetypal polymer PIM-1 (Scheme 1) has
rigid ladder polymer backbone with a spiro-cenite sf contortion that produces sharp bends in
the chain, resulting in a randomly contorted sttt These structural features prevent an efficient
packing of the polymer in the solid state, leadimgs great free volume and microporosity [7,8]. |
is an organophilic, glassy polymer with no evidenta glass transition temperature until the onset
of thermal decomposition. An interesting featurePdf1-1 is that it has gas solubility coefficients
higher than any other studied polymers, both glassubbery [9]. Owing to the contorted structure,
high molecular weight non-network PIMs are solublecommon organic solvents and can be
solution-processed into free-standing membranedynf@os that trap a large amount of
interconnected free volume in the glassy state \mehamany respects like microporous materials

and potentially find application in membrane sepans and heterogeneous catalysis [10]. A
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feature of PIMs is their strong dependence of @ germeation properties on the protocol of film

formation and sample conditioning [9]. Residualsals trapped inside PIM membranes are partly
responsible for this behaviour [11], while the pti@na of swelling in non-solvents like alcohols

can also play an important role as it happens ipgoetylenes [12].

JOReew
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Schemel. Molecular structure of PIM-1.

Glassy polymers are non-equilibrium materials: otrare, they lose excess free volume. This
process, referred to as ‘physical aging’, resulta reduced gas permeability coupled often with an
increased selectivity. Long-term aging can havégaificant influence on the transport properties
and represents a potential problem in the apptinadf glassy polymer membranes. This can be
particularly evident in the thin dense selectiwelaof composite or asymmetric membranes for gas
separation [13,14]. Indeed, the ultra-high freeuntd polymer poly[1-(trimethylsilyl)-1-propyne]
(PTMSP) did not find practical application as a gaparation membrane material because of its
aging tendency and its sensitivity towards hydrboas [1].

Du et al reported that PIM-1 membranes undergo a sigmfickecline in permeability when
exposed to condensable gases during the first @& @f testing [15]. For example, the
permeability declined to about 60% for €énd 40% for Chl respectively. Thereafter, the aging
rate slowed down and the permeabilities only vabiekd% in the following 350 days. Staigsral
studied the aging of PIM-1 films and showed thatroa period of 140 hours, the permeability of
individual gases declined between 20% (He) and 40@%) before the film failed [16]. Recently,
Pilnaceket al. studied the aging of PIM-1 and PIM-EA-TB membrarssl showed that the
permeability of methanol decreased significantlyiry 650 hours and that this decline is more
significant for continuous measurements, wherergagrangement of polymer chains is enhanced
by the penetrant itself [17]. Long term aging sésdion PIMs are rare in the literature. In a
comprehensive study among different polymers afnsic microporosity, Swaidan et al. focused
only on the effect of aging and plasticization @rrpeability.[18] They conclude that intra-chain
rigidity is an important factor to determine whetlzepolymer has high permeability, but various
factors determine its tendency towards aging. PAlgasurements attributed the origin of the aging
of PIM-1 to a collapse of the larger free volumeneénts. It has often been discussed that the gas
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transport properties of glassy polymers dependchenamount and distribution of free volume and
on chain mobility [19]. The rigid and contorted mcllar structure of PIMs, which frustrates
packing and creates free volume, is coupled witkengbal functionality giving strong
intermolecular interactions. This results in verighh gas solubility and in relatively higher
permeability coefficients than in many other polym&mbranes. To investigate the origin of the
high permeability, there has been a number of studi PIM-1 by positron annihilation lifetime
spectroscopy (PALS) [9,16,20-22]. This probing mdttshowed a bimodal size distribution for
PIM-1, like other highly permeable polymeesg.PTMSP or amorphous Teflons [23].

Commercial membranes for gas separation processesusaally in the form of composite
membranes that consist of a porous substructur@ &émad pore-free, dense polymer film. Such thin
films may have significantly different behaviouoifn thick films for various polymers [24,25] and
a greatly accelerated aging is observed in filmghva thickness below 1 micron [4,26,27].
Accelerated aging is also found in thin film comipes of PIMs [28]. Harm®t al confirmed the
much faster aging in thin PIM-1 films compared tock films via PALS studies with depth
profiling [21]. They showed that even in relativétyn films of few microns the aging process may
continue for several months, in which a slow migratof the FV elements towards the surface
takes place. Small and wide angle x-ray diffracstudies underscore the unique structural features
and the fundamental difference in the organizawdrfree volume in these highly permeable
polymers with respect to more conventional polynie®&. This study hypothesizes a dual aging
mechanism of PIMs, with two regimes of aging, ipteted as diffusion of pores to the surface of
the membrane, and shrinkage of pores in time. is work also heating of the samples will be
shown to accelerate the aging process.

The effects of aging in PIM-1 films may be reverdgdsoaking the membrane in methanol, as
already observed for PTMSP [30]. Methanol treatrmemntoves residual casting solvent and permits
relaxation of the PIM-1 chains and increases tke frolume [9,12,31]. Weakly bonded alcohols
with a small molecular size can be desorbed mosdyeat room temperature than the original
casting solvent, leaving larger voids than in taeast membrane. In contrast, water clusters requir
heating above 100 °C to desorb and above 160°@éarcomplete removal [32].

It is well known that the transport of gases thitopglymeric dense films can be described by the
solution-diffusion mechanism [33]. The gas permigbiP, includes a thermodynamic component,
the solubility coefficientS,and a kinetic component, the diffusion coefficjdt
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The gas solubility strongly depends on the freeunv@ distribution and on the intramolecular
interactions between penetrant and the polymer.dithgsivity of a penetrant molecule is mostly
related to the mobility and the packing densitytlo¢ polymer chains, as well as to its own
dimensions. A large amount of free volume favounshbthe solubility and the diffusivity in a
polymer. The time lag permeation technique has gmovo be an effective method for
characterisation of dense membranes, allowingexdéestimation of the permeability and diffusion
coefficients via Eq. 1 [34,35]. This technique addlows an indirect determination of the solubility
but independent sorption measurements give moiabkel results, especially in the case of
anomalous transport behaviour.

So far, most aging studies focused on the time rigece of structural parameters such as free
volume or the permeability. Very few studies demilih the individual contributions of solubility
and diffusivity to permeability, but none of thestedies used a direct comparison of the transport
parameters measured independently via permeatobs@ption analysis. Therefore, the aim of the
present work was to study the physical aging ofsdeRIM-1 membranes through a detailed
analysis of gas permeation and sorption kinetiosceSalcohol soaking and thermal treatment is
often reported to enhance the permeability of Plwbkile membranes will always be thin film

composites with traces of residual solvent, badltestare compared in this work.

Experimental

Materials

Chloroform, dichloromethane, n-hexane and ethgnaichased from Carlo Erba Reagenti (Italy),
were reagent grade and were used without furthefigation.

The gases for the permeation experiments (nitrogeygen, methane, helium, hydrogen and
carbon dioxide, all with a purity 99.999+%) wergglied by Pirossigeno, Italy.

Carbon dioxide for sorption experiments (99.99+%¥wupplied by SIAD Czech.

Certified gas mixtures were supplied by Sapio apuity of +0.01% from the certified
concentration (C@CH,mixture with 47.89 mol.% ClHand N/CO,/O, mixture with 10.10 mol.%
CO, and 10.02 mol.% §), or the mixtures were prepared from the pure gidsein-line mixing
with calibrated mass flow controllers (Bronkhorst).

Methods
Polymer preparation and characterization
PIM-1, batch LMAOQOG6, was prepared by the low tempaemethod as described previously [37].

For determination of the BET surface area, low-terajure (77 K) N adsorption/desorption
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measurements of powders were carried out usingcaoklieritics ASAP2020 instrument. Samples
were degassed for 16 h at 120 °C under high vacthen,further degassed on the analysis port for
12 h at 120 °C.

Dense membrane preparation and post-treatment

Dense isotropic PIM-1 membranes were prepared bgisbevaporation. The polymer used (batch
LMAO6) has a weight-average molar masé,, of 144,000 g mot from multi-detector gel
permeation chromatography (Viscotek VE2001 GPCesulfgample module with two GMHHRM
columns and a Viscotek TDA302 triple-detector arehforoform as solvent at a flow rate of 1%cm
min™). A 5 wt.% PIM-1 solution was prepared in chlomwfoby magnetic stirring for at least 48
hours until a clear homogeneous solution was obthifhe solution was then filtered through a 40
um metallic wire net. The films of PIM-1 were casirh the polymeric solution onto glass plates in
metal casting rings. The solvent was gradually evaed at room temperature, slowing down the
evaporation by partially covering the casting rilbe membranes detached spontaneously from the
glass support and were dried at room temperatude aambient pressure for several days. The
thickness of the films was in the range of 80-140, a range where the intrinsic properties are
thickness-independent. The isotropic dense membravere bright yellow transparent films,
sufficiently flexible and robust to be handled waiti difficulties.

As a post-treatment step, the membranes were inech@nsethanol overnight and dried for one day
at ambient conditions. This treatment resets thepsa history and removes traces of residual
casting solvent. An as-cast sample was testedrageeence without any specific treatment. The
ethanol-soaked membranes were conditioned for 4shander vacuum at 25°C, 75°C and 125°C,
respectively, to study the effect of the thermatdmy and to remove traces of the alcohol itself.

The samples used for the aging studies were stordte air between the measurements, without
any special conditions. The aged sample used fredngas permeation tests was treated as above
and conditioned at 100°C, after which it was stofed over 5 years without intermediate

permeation measurements.

Single gas permeability measurements

Permeation measurements were carried out withesigages at 25 °C and at a feed pressure of one
bar. A fixed volume pressure increase setup, atewk as time lag setup, was used. It is equipped

with PC controlled pneumatic valves that allow msge times of less than 0.5 s [38]. Before each

experiment, each membrane sample was carefullyuated with a rotary pump (fOmbar) to

remove any dissolved species, including moistuoenfthe air. The pump was equipped with an
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activated alumina trap to avoid oil contaminatidntlee membrane. The gases were tested in the
following order: He, H, N, O,, CH,;, and CQ.

The measurements were carried out in the time ladenf39], which allows for the determination
of the diffusion coefficient of each gas througk thembrane. The pressure in the fixed permeate
volume was monitored by a pressure transducetirgfdrom the first exposure of the membrane to
the feed gas. The following equation describegithe-pressure curve:

p = p0+(dp/dt)0 0+ T/TE/AH Op DE{ DD—%— 2 i C1y exp{—wjj Eq. 2
1

P m

wherep is the permeate pressure at titrendpo is the starting pressure, typically less than 0.05
mbar. The baseline slope p{dt), is normally negligible if the membrane is defeeadrand
sufficiently degassedR is the universal gas constaiitthe absolute temperatur®,the exposed
membrane ared,the membrane thicknesg; the permeate volum&/;,, the molar volume of a gas
at standard temperature and pressure (0 °C anah)l @tthe feed pressur& the solubility andD

the diffusion coefficient.

The permeability coefficienB, is calculated from the slope of the curve in dyestate condition:

p = +(dp/ dl)ODt+V v T Eq. 3

P m

RTDAEPf_EP( o f J

The last term corrects for the gas permeation taged, which depends on the specific penetrant

and on the membrane thickness

| 2

6D

The determination of® allows for the calculation of the diffusion coeféant of the penetrant,

while the solubility of the gas in the polymer niais determined indirectly, via the equation:

P
S=— Eq.5
D q
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The ideal selectivity between two gases, obtainsdthee ratio of the individual single gas
permeabilities, can be decoupled into solubilitiesvity and diffusivity-selectivity:

P
App=—>2=

/B_FB Eg. 6

v
ot

The exposed membrane area was 2.14. cthe thickness of the isotropic dense films was

determined before each measurement, using a digitabmeter (Mitutoyo).

Mixed gas permeability measurements

Mixed gas permeation experiments were carried ot oustom made constant pressure / variable
volume instrument, equipped with a modified Millipopermeation cell (diameter 47 mm). The
experiments were carried out at a feed flow raté@f-200 cr min® and a feed pressure of 0-5
bar(g), using EL-FLOW electronic Mass Flow Contodl (Bronkhorst) in the feed line and an EL-
PRESS electronic back pressure controller (Brorgtham the retentate line. Argon (30 Tmin™)

was used as the sweeping gas at ambient pressoeeadtual temperature and pressure were
recorded to convert the measured flow rates tadst@ntemperature and pressure conditions (STP,
1 atm at 0°C).

The permeate composition was determined with a Mgssctrometric device equipped with a
guadrupole mass filter (Hiden Analytical, HPR-200@Benchtop residual gas analysis system, max.
200 AMU) and a sampling capillary with a typicab rate of ca. 10-20 chmin® at ambient
pressure, depending on the gas sampled. The eleécm@ation energy was 70 eV and the gases
were detected with the SEM ion detector. Nitroges detected at 14 AMU to avoid overlap of N
with the CO fragments from GCat 28 AMU in CGQ/N, mixtures; methane was detected at 15
AMU (as CH) to avoid overlap of the molecular Glgeak with the O fragment from G@t 16
AMU in the case of C@CH, mixtures. All sensitivity ratios were previouslglibrated against the
weaker®®Ar isotope at 36 AMU (ca. 0.3% abundancy). Durihg permeation experiments, this
signal was used as the internal standard for cionl of the gas concentrations in the
sweep/permeate. In all experiments, the stage astbslow 1%.

The test specimen was a 1@t thick EtOH soaked PIM-1 sample, treated for 41@Q2°C and
then aged untouched for 5.8 years. Before eaclysisathe membrane was flushed for at least 1
hour at both sides with two independent argon stseantil the MS signal was sufficiently stable.
Subsequently, two experiments were carried outhénfirst experiment, the argon flux at the feed
side was replaced by the pure gas or gas mixtuaraispheric pressure (absolute pressure 1 bar(a))

20/10/2016 21.19.11 PIM-1 Aging_Polymer_Rev_finatx p. 8/36



to determine the time needed to reach steady géateeation. In the second experiment, the feed
pressure was stepwise changed from 0-5 bar(g) aok, bvith sufficiently long time intervals to
reach steady state permeation in each step. THeyfoamd signals were determined just before
switching from argon to the gas mixture at the feghk, and were subtracted from the measured
signal during data processing.

All measured data were recorded with the MASsoftwsare package supplied with the mass
spectrometer and with the FlowPlot software supphigh the pressure and mass flow controllers.
The measured data were processed by a self-welidoration program.

The mixed gas selectivitypj; was evaluated as the ratio of the individuallycokdted gas

permeances/{) in the mixture:

/7CO
aCOZ/Nz = I 2 Eq. 7
P
_ M,
CO,/CH, — /7 Eq 8

where the individual gas permeand®, of thei™ species in the mixture is obtained as the ratio of

its volumetric permeate fluxQ™®™*™® to the partial pressure difference between ttesl fand

permeate sideg|P;:

Permeate Permeate
/7i = Feed XII.:eed QPermeat Permee Eq' 9
X P X P
in which x is the mole fraction of th&" speciesP™? andP"*™*are the total feed and permeate

pressures, respectively. The permeate flux isltve fate per unit area, defined as:

Permeate
J

Permeate - Eq . 10
Q A

The volumetric permeate flow rat&®™* is calculated from the known Argon sweep flowerat

and from the measured composition of the permee¢efs mixture.
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Sorption analysis

Carbon dioxide sorption experiments were perforrasthg a self-developed sorption apparatus
equipped with a calibrated McBain quartz spiralabak with automatic detection of the sample-
target-point position, using a CCD camera (Sony)].[&he apparatus was located in an air box
thermostated to (25.0+£0.1¢ (Julabo F-250). The PIM-1 sample was appendd¢teaend of the
spiral balance in the glass measuring chamber,hmiers evacuated before the measurement to a
pressure lower than Fambar by a rotary oil pump (Trivac D4B, Oerlikonybeld). A Leybold oil
mist filter prevented contamination of the measyirmamber by oil vapours from the pump with
99.99% efficiency. After exposure of the samplaghe pre-thermostated gas at a known pressure,
an automatic optical system (Neovision) monitorkd elongation of the quartz spiral, until an
equilibrium state was reached. The experimentatqaore for gas sorption was described in detail
elsewhere [40,41]. Sorption experiments were coreduwith all three membranes separately in
sequences taking ca. 1 day, comprising firstly b@nsecutive experiments at 1 bar, each followed
by desorption step under vacuum until time-invariamass of the sample was reached. Then, one
run with a gradual increase of pressure from vactauihbar with steps of ca. 1 bar was performed
without desorption between the incremental steps.

The experimental results were parameterized withdhal mode sorption model [42,43] which
describes the equilibrium concentration of sorbasl ig glassy polymers as a function of pressure.
This model distinguishes between penetrant molsalilesolved in the polymer matrix by ordinary
dissolution process with a local concentrat©s according to the Henry's law, and molecules
trapped in the unrelaxed volume of a polymer matgiow the glass transition temperature with a
concentratiorCy as given by the Langmuir equation (monolayer). idial sorbate concentration,

C, consists of two distinct terms, accounting fa Benry and Langmuir sorption, respectively:

C, bp
C=C,+C, =k Opt—H-—+ Eq. 11
G+G =k p+1+b[p q

wherekp is the Henry law constan’y the Langmuir sorption capacity constamthe Langmuir
affinity constant angb the sorbate pressure. The dual mode sorption deasnwere calculated by
a nonlinear least squares fit of the sorption date CQ solubility (sorption) coefficien& was
calculated from the sample masay, and the equilibrium gas mass uptakg, at the given
equilibrium pressurgeq Which was set as close as possible 1 bar:
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5= Eq. 12
mM Dpeq

Otherwise, when the entire sorption isotherm waslale, the solubility coefficient was calculated
at exactly 1 bar using the fitted dual mode sorpparameters.

The diffusion coefficientD, was calculated from the sorption kinetics dating a previously
reported model (Eq. 13 [44]) with a correction floe gradual increase of the relative pressute,

during filling of the measurement chamber (Eq.ifidyhich & is a fitting parameter).

Q- exp(—¢ ) - & @ Dex{—¢ )

Q.
8 & 1 ,
-=N | —— (A@xpl-d 20 Ct- A Dexf-¢é 1
772;{(2[%4)2( xp( 1 +]))+( A Dexg-¢& )) Eq. 13
with
_ &
& -2 20+1) +d? (20 +1)°
T A
AT TP
d= ”TZED
P = 1-exd-&[t)-&tlexd-&(t) Eq. 14

Results and discussion

For reliable results of the aging studies, it wapartant to guarantee a well-defined initial siaite
the polymer samples because it is known that, duke non-equilibrium state of glassy polymers,
their properties depend strongly on the thermo-raeckal history. Typically, the history of
polymer films can be normalized by heating themvabibe glass transition temperatdig13,42],
followed by controlled cooling. Since PIM-1 doestftave aTy below its onset of thermal
degradation, owing to its extremely rigid laddéeelistructure, an alternative procedure has to be
considered. Soaking of polymers in a suitable sudlwehich is able to swell but not dissolve them,
also allows them to rearrange into a more relaxate.sThis procedure was already reported for

PIM membranes and was shown to have as a side aftramatic increase in the permeability [9].
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Gas transport parameters

Since the gas transport properties of membranesndepn many factors, including sometimes the
measurement technique itself, comparative studregeru different conditions and by different
methods are very important. It is also importarittodocus only on permeability, but to distinguish
the contribution of diffusion and of solubility ithe transport. Therefore, the present work uses
independent permeability and sorption measurententetermine the three fundamental transport
parameters: permeability, diffusivity and solulyilifThe transport parameters from permeability
measurements were obtained via the typical timeatzysis [39] (Figure 1A). The permeability
coefficient was determined from the pseudo ste&alg pressure increase rate of the fixed volume
permeate via Eqg. 3, while the diffusion coefficiamd the solubility were determined from Eq. 4
and Eqg. 5, respectively. In comparison, the solyh# determined also from independent sorption
analysis (Eg. 12), while an alternative diffusiarefficient is calculated from the sorption kinetics

curve via Eq. 13 (Figure 1B).

A B

141 1.1

124

] 0.9
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Permeate pressure (mbar)

—Muodel

Normalised sorbed amount (-)

0 200 400 600
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Figure 1. Typical experimental curves for the determinatainthe CQ transport parameters
from the permeability measurements, using the tiage method [39] (A) and from sorption
kinetics measurements, using a diffusion model wdyimamic pressure correction [44] (B).
Analysis temperature 25°C, feed pressure 1 bar)

The permeability shows a strong increase upon alcadaking, followed by a gradual decrease in
time. The transport parameters of the PIM-1 menitagated at 25 °C before and after ethanol
soaking are summarized in Table 1. The diffusiceffotent decreases in the order: He >3 O,

> CO, = N, => CH,, according to their crescent kinetic diametergs Thtypical size sieving and is

characteristic for diffusion of weakly interactisgecies in a stiff glassy polymer matrix. This orde
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remains the same after soaking in EtOH and afteigagf the sample. Carbon dioxide is by far the
most permeable species. This is rather unusuaifersieving glassy polymer membranes, but it is
a typical characteristic of the polymers of intrmsiicroporosity [9], known for their exceptionally
high CQ solubility.

Table 1. Pure gas permeabilityP] and diffusion coefficient [§) with the correspondin

selectivities of a representative dense PIM-1 mambrat 25°C as determined by time |

analysis’
P (Barrer) © D (10%cn¥ sh)
Gas der (R)®  State A B C A B C
N, 3.04 280 857 125 83 178 26.7
H, 2.14 1740 4500 2440 >2680 >5060 >3080
He 1.78 758 1706 1140 >4350 >7050 >5280
0, 2.89 742 2200 600 202 526 116
CH, 3.18 410 1150 159 29 67.3 8.7
CO, 3.02 4970 13300 2840 81 198 43.8
""""""""""""""""""""""""""""" PP () DDwn()
Gas der (R)®  State A B [ A B C
N, 3.04 - - - - - -
H, 2.14 6.21 5.25 19.4 32.4 28.5 115
He 1.78 2.71 1.99 9.10 52.6 39.7 198
0, 2.89 2.65 2.57 4.79 2.44 2.96 4.34
CH, 3.18 1.47 1.34 1.27 0.35 1.34 0.33
co, 3.02 17.8 15.52 22.7 0.98 1.11 1.64

3 P|M-1 Batch LMA06. Temperature = 25 °C, Feed pressul bar.

®) Effective diameter defined by Teplyakeval.[45]

91 Barrer = 13° cn? (STP) cm cnf cmHg* s*

9 A = Fresh, as cast sample (ca80), B = Ethanol treated sample at 25 °C (ca. it), C = Ethanol treated
sample, aged for 1200 days.

One hypothesis often mentioned for the increast@fpermeability upon alcohol treatment is the
removal of traces of residual solvent, which magtanlct [38] or otherwise influence [11] the gas
transport in the as-cast membrane. In the presenk,va significant increase in the membrane
thickness and a simultaneous lateral contractiors whserved after alcohol treatment and
subsequent drying (Figure S 6.). After the initradrease of the thickness, there is no clear furthe
change as a function of aging time. This indicabes the membrane assumes a more relaxed state
upon swelling, apparently by plasticization of thghly rigid PIM chains. A similar effect was also

observed by Emmlest al. after a methanol treatment [31], where the asymmexpansion of the
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PIM-1 films was also attributed to chain relaxatiop methanol. Apparently, the solution casting
procedure induces anisotropy in the polymer filmcts an effect was previously observed for
membranes based on the perfluoropolymer Hyflon AB].[ McDermottet al. observed distinct
differences in the X-ray diffraction pattern of RIMafter methanol soaking, in the small distance
range, and they tentatively attributed this to desnin the pore size [47]. Interestingly, their
WAXS pattern does not only show the typical amorghbalo, but also a smooth shoulder which is
not present in nonporous polymers. In addition, s@mall peaks at distances of 0.89, 1.25 and
1.63 A, superimposed on this shoulder, must bebated to intersegmental distances of the
monomeric units in the highly rigid polymer chain.

The effect of aging on permeability is better sgeRigure 2. This figure shows the permeability of
the as cast and the ethanol treated sample astiofuief time for almost 4 years. In addition te th
results of the regularly treated sample, the figals shows the permeability of two samples,
heated for 4 hours under vacuum at 75°C and 1268Cafter the ethanol treatment. All samples
show a gradual decrease of permeability as a famctf time. This behaviour makes permeability
measurements by far the most valuable techniqpectoe the physical aging in PIM-1, much more
sensitive than PALS and specific volume or denaitglysis. The stepwise increase of the 75°C
sample and the 125°C sample around 200 days shewdjuvenation’ of the film by renewed
EtOH soaking. Remarkably, the ‘as cast’ membrarmsveld an increasing permeability for helium
and hydrogen over time. Most likely this is becatlde sample still contains some residual solvent,
that is gradually removed in the repeated vacuuaesyduring testing. Upon solvent removal from
the as-cast sample, two effects occur simultangotis$ loss of solvent leads to an increase of free
volume, but the simultaneous rearrangement leads)tmcrease in selectivity and a decrease in
permeability. The net effect is different for smaiid large molecules, and apparently only for the
small molecules is the effect on the permeabilibgifive, because smaller channels need to be
created for them to be able to diffuse. Thereftine, permeability for small molecules increases,
while for large molecules the reduction of the fredume over time dominates and causes a net
reduction of their permeability.

This is different from what happens in the casalobhol treatment and subsequent aging. In that
case, three different effects take place. Thera general increase of the excess free volume by
swelling of the polymer matrix and a simultaneaberation of free volume by removal of traces of
residual solvent, both leading to a major increagbe permeability of all gases. The third effisct
the lattice contraction and rearrangement of tlee fvolume upon aging, leading to a gradual
decrease in permeability and an increase in seigctiThe latter is much more evident in the

alcohol treated samples after the creation of gelaxcess free volume. Indeed, PALS analysis
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revealed that the observed decrease in gas peiliheabPIM-1 as the result of physical aging is
primarily due to the collapse of the larger por#6][ enhancing the size sieving behaviour. The
increase in helium and hydrogen permeability arel dbcrease of the permeability of the other
gases, leads to a significant increase in, foaimst, the HCH, and H/N, selectivities in the ‘as
cast’ sample upon aging.

For the aging of the three alcohol treated samfihestrend in permeability is more or less linear o
a log-log scale, similar to what was already disedsby Zhotet al. for fluoropolyimide films [48].
Thus, the influence of physical aging on the peltmigga can be approximated by the following

equation:

P=PO* or logP=logR -4, Cogt Eq. 15

WherePy is the initial permeability at=1 and/ has the physical meaning of a permeability aging
rate constant. Although this equation becomes madltieally meaningless tE0, in real situations
this will never occur because a finite time is alevaeeded to bring the sample into a representative
starting condition for the aging studies. The peahildy decreases mostly during the first several
days and then gradually slows down. This ‘selfnditey’ feature of the physical aging was
previously described for other glassy polymers2439]. Lattice contraction was identified as the
dominant mechanism for relatively thick PIM-1 filnfss 1 um) by Harmset al. via depth-resolved
PALS analysis, while simultaneous hole diffusion swauggested for thinner films [21].
SAXS/WAXS studies by McDermott al. also suggested two distinct aging mechanisms, lyame
free volume contraction and free volume diffusioaspectively, and in their case the latter
mechanism was visible at thicknesses below ca. @i0[29]. The present samples were all
sufficiently thick for free volume contraction t@ Ibhe dominant mechanism. As already seen for a
single sample in Table 1, an identical time depeongeof permeability is seen for the diffusion
coefficient, whereas the solubility as determinexhf the time lag experiments is constant within
the experimental error (Figure S 3 and Figure STAus, the trend in the diffusion coefficient can

be described by an analogous equation:

D=D,@" or logD = logD, - 3, Cogt Eq. 16

WhereDy is the initial diffusion coefficient d@t= 1 andf has the physical meaning of a diffusivity

aging rate constant.
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Figure 2. Permeability change at 25°C over time for PIMehske films with different histories.
Three samples were ethanol soaked and then thgromadtlitioned at 254), 75 (@) and 125 °C
(e), respectively. An additional untreated sample Wdlswed during time {). The dotted lines

represent the fitting of the experimental data \i&th 15.
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Whereas in the present caBq. 15 describes the aging process particularly well, ot al.
described the permeability of PSf membranes byctiramonly used Struik model for physical
aging [50] and found log-linear behaviour over @&ebroad time range [51] after a slower initial
decrease of permeability for thicker films. Only thin films and very long times, the permeability
decrease deviated from the log-linear behaviouis Was also confirmed by Miller et al. [52], via
predictions with the Struik model to very long tenéeading to a similar trend as observed by us for
PIM-1. This confirms that the time scales for pkgsiaging of PIM-1 are clearly much faster than
for common low FFV polymers.

Figure 3 shows a plot of the permeability agingerabnstants as a function of the effective
diameters of the six gases, obtained by fittinghaf experimental permeability data with Eq. 15.
The aging rate constant increases exponentially thié square of the effective diameter of the
gases, which indicates that the aging affects langkecules much stronger than small molecules.
This figure demonstrates quantitatively the lowging rate for the samples that were treated at

higher temperatures after the ethanol soaking.

1 ]
A&7
s .‘,,
— 01 - /‘/ H g .-
< | 2s0c % . .
75°C * o
0.01 + A
1 125°C”
0001 —r"—m—m—F—————t+————
0.00 0.04 0.08 0.12
deffz(nmz)

Figure 3. Correlation of the permeability aging rate consas obtained by fitting of
the experimental permeability data with Eq. 15,hwibhe square of the permeant
effective diameter [45] for the PIM-1 samples havihfferent histories. Three samples
were ethanol soaked and then thermally conditiate2b @), 75 @) and 125 C°q),
respectively. The dashed lines represent a leastss fit with an exponential curve.
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Independent gravimetric sorption measurements Wi confirm that there is no significant
change in the gas solubility as a function of tigen@ time and there is also no clear difference
among the samples conditioned at higher temperafteethe ethanol soaking (Figure 4). The only
difference in sorption behaviour among all samgeke relatively low C@solubility in the as cast
membrane, where part of the free volume is stitupied by the residual solvent. Combining Eq. 5,

Eq. 15 and Eq. 16 gives for the solubility aginggreonstant/s,:

Bs = Be=Bo Eq. 17

The constant solubility as a function of time (FgwA) means that the solubility aging rate
constant (Eq. 17) is equal to zero. This indeedvshbat and, must be equal, and thus that the
decrease in permeability upon aging is entirelytwied by the decrease in diffusivity, as

discussed above.
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Figure 4. A) Equilibrium CQ sorption coefficientsS, at 1 bar and 25°@s a function of th
aging time. The dashed line represents the averfpe solubility. B) CQ sorptionisotherms i
the as cast and the ethanol- and heat-treated Pihdrhbranes, calculated by tBeial Mode
sorption model (Eq. 11). The curves of the alcdhedted sampleare calculated from the Dt
Mode parameters averaged over the entire aging ititeeval while that of the as cast sam

represents a single measurement.
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The sorption kinetics data confirm the dramati@etffof aging on the diffusion coefficient (Figure
5). The thermally treated samples exhibited sultisifnslower kinetics due to the much lower
diffusion coefficients of the samples heated toZ7%hd 125°C. This is a result of the enhanced
aging during the thermal treatment. The diffusioeftcient further decreases as a function of time,
as discussed on the basis of the diffusion datirdd from the permeability experiments. The,CO
diffusion coefficient obtained from sorption kineti measurements move in an almost parallel
fashion on a log-log scale for the three sampleatéd at different temperatures after ethanol
soaking (Figure 5B). This trend is remarkably difg from that of the COpermeability, which
becomes nearly similar for all samples after logma (Figure 2). This is because of fundamental
differences in the conditions of the sorption aedpeation experiments. In the latter, the permeate
side of the membrane is always at very low presgai® mbar), at which the material is not
affected by the presence of the gas. In contrassorption experiments, the entire membrane is
exposed to the higher GQressure, and dilation induced by the ;Cforption itself limits the
collapse of the free volume to some extent. Theadris remarkably similar to that of the helium

and hydrogen permeability (Figure 2), for whichwais already shown that the permeability aging

rate constant is much lower (Figure 3).
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Figure 5. (A) Comparison of C@sorption kinetics at 1 bar and 25°C in PIM-1 sagsfiteated at
different temperatures after alcohol soaking. (Bffusion coefficient, calculated from the
sorption kinetics curves (Eg. 13) as a functiomgihg time. The dotted lines represent the fitting

of the experimental data with Eq. 16.
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Whereas the permeability for most gases becomessalimdependent of the previous history after
long aging times, the permeability of helium anddimgen remains significantly different,
depending on the thermal treatment. This sugghatsthe interconnection of the free volume for
these small molecules changes much less than éotatiger ones, and that this interconnection
depends much more on the thermal treatment thaheosubsequent aging. This is compatible with
the results of the modelling studies, which demmst that simulated swelling results in an
increase of the free volume element size, whereashanges occur in closely packed associated
chains upon swelling [53]. The thermal treatmerfécs the degree of association of the closely
packed chains and this does not change substgnhalater stages as a function of time or after
exposure to the gases.

A similar study on the aging of PTMSP claimed ttied decrease in the permeability coefficient
was dependent on the decrease in the hole satui@imstant of Langmuir adsorptio@'() [30],
which is related to the volume of the microvoidg][Sin contrast, the present study showed that
neither the thermal treatment nor the aging duttiregstudied period induced evident changes in the
Langmuir C’y) or Henry kp) parameters (Figure S 5). This suggests that dnewer micropore
size distributions of PIM-1 compared to PTMSP [85]y undergoes some rearrangement upon
aging and not a strong overall reduction of thedveolume. The Langmuir parameters mostly
reflect the nearly constant internal surface aveale the strong decrease in diffusion reflects a
reduction of the overall void volume and especitily reduction of the microvoid interconnectivity.
It can be assumed that connectivity of free volwtements in PIM-1 is less than in PTMSP, as
confirmed by a comparison of visualization of fredume models in these two polymers [56]. No
experimental methods exist, which can accuratetgrdene the pore interconnectivity and only
such molecular modelling approaches can provideitifibormation.

The conditioning at higher temperature partialljmalates the effect of the alcohol treatment,
reducing the initial permeability, as well as th¢erof the subsequent aging (Figure 2). At the same
time, the thermal treatment increases the selectvithe films. Thus, thermal treatment induces an
accelerated aging, which stabilizes the samplenie.tindeed, heating below the glass transition
increases the density of glassy polymers [57-5Bj¢chvis the process that takes place during aging.
The samples treated at 75 °C and 125 °C were saaketthanol again after ca. 200 days and this
resulted in a significant permeability recoverygiiie 2). The new permeability was slightly lower
than the original value of the ethanol-treated dampnterestingly, after the second soaking the
aging rate was much lower and the permeability neethfar above the value of the as cast

membrane over long times.

20/10/2016 21.19.11 PIM-1 Aging_Polymer_Rev_finatx p. 20/36



Overall membrane performance
The Robeson diagrams in Figure 6 show the effeatlodnol soaking and physical aging on the

selectivity of the PIM-1 membranes for four relewvgas pairs: C&@CH,, O,/N,, CO/N, and H/No.

The ethanol treatment increases the gas permegadnildt decreases the ideal selectivity very much

according to the typical trade-off behaviour [5].
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Figure 6. Robeson diagrams for a number of relevant gas pajrsCircles: samples after the
treatment (time 0); triangles: samples aged fod88.days. Three samples were ethanol soaked and
then thermally conditioned at 2A(, 75 @) and 125 °C ¢), respectively. An additional sample
not treated was followed during tim&>§. The red and black lines represent the 1991 &8 2

Robeson upper bounds, respectively [5].
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Aging changes the gas permeability and selectivitthe opposite directions for the @8, and
CO,/CH, gas pairs, which move almost parallel to the RobeZ008 upper bound. For the/N,
and H/N, gas pairs, the decrease in permeability is accaorageby a relatively large increase in
selectivity, lifting the aged samples above the&0@per bound. In contrast to what is usually
observed, the increase in hydrogen permeabilitythef as cast sample upon aging is also
accompanied by a simultaneous increase in selgctiVherefore, the HMN, gas pair shows the
most remarkable increase in performance upon agioging perpendicularly to the Robeson upper
bound. Recently, Lau et al. suggested a heat tegdaton mixed matrix membranes, with as the
main effect an increase of the selectivity and wélatively little change in permeability [60]. The
underlying phenomenon is probably the same, angttegence of highly porous fillers guarantees
an even higher permeability in their case.

The present work shows that all different treatnmaethods push the samples on different time

scales to end conditions with very similar propsti

Mixed gas permeation properties

Preliminary gas separation tests were carried d@iittwo gas mixtures, consisting obf,/CO; in

the ratio 79.88/10.02/10.10 mol%, and £fCH, in the ratio of 52.1/47.9 mol%. The sample used
was ethanol-soaked like the other samples anddhed at 100°C for 4 h and aged for >5 years.
Therefore its behaviour should lie between thatefsamples treated at 75°C and 125°C and then
aged. In a single measurement run, the pressurestepwiise increased from 0 to 5 bar(g) with
integer pressure values, and then stepwise dedr@atiehalf integer values. The results are given
in Figure 7 which shows that for both gas mixtures, the paitiity of each gas is nearly constant
over the pressure range used. There is only a sleatease in CQOpermeability as a function of
pressure due to the dual mode behaviour.

The selectivity of these samples (£CH, ~ 20 and C@N; = 30 ) at a C@ permeability near
3000 Barrer is completely in line with or even blig better than the ideal selectivity (SI Table S1
and Table S2). This means that in the given pressamge the PIM-1 samples maintain their
permselective properties excellently. Upon a clos&k at the permeation data, one can observe a
weak hysteresis effect, with slightly lower permiébs for the pressure increase run (integer
pressures values) and slightly higher permealslitiethe subsequent pressure decrease run (half
integer values). This is an indication of weak titdla of the sample, induced by the dissolved gases,
which does not fully relax the original state ahdg leads to a slightly higher permeability and
consequently lower selectivity in the pressure eaee run. At low pressures this effect is small and

does not affect the membrane performance subdtgntia
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Figure 7. Mixed gas permeability (A) and selectivity (B) ab°Z for two gas feed streams,
consisting of (top) a mixture of AD,/CO; in the ratio 79.88/10.02/10.10 mol%, and (bottan)
mixture of CQ/CH, in the ratio of 52.1/47.9 mol%. Test sample: Et€@bdked PIM-1 sample,
treated for 4 h at 100°C and then aged untouche8.&years, thickness 125u4n. Filled symbols

at integer pressure values and open symbols atriteffer values for the pressure increase and the

pressure decrease run, respectively.

Conclusions
For the first time, independent long-term sorptemmd permeation studies of PIM-1 membranes

revealed the nature of the decreasing permealbiliifng aging. The measurements revealed that
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the decrease of permeability during aging dependmlyn on the reduction of the diffusion
coefficient, while it is hardly affected by the sgbility of the gas in the polymer matrix. Thanks to
their very short response times and high precidio®,quartz spring sorption balance and time lag
permeation instrument, used in the present workevadle to follow the very quick kinetics of
sorption and permeation in the PIM-1 samples.

Ethanol treatment partially cancels the previowsdny of PIM-1 membranes by removing residual
solvent and relaxing stresses accumulated duriegfitm formation. This results in a higher
permeability for permanent gases, due to a stroagease in the diffusion coefficient and a small
increase in the solubility. The aging-induced clenigp the transport properties can be limited by a
thermal treatment. The conditioning of ethanolt#edasamples under vacuum at high temperature
accelerates the aging and stabilizes the sampbragieeing a much lower further reduction of
permeability in time.

In most cases, the alcohol treated samples follmvypical Robeson trade-off behaviour, but for
the QJ/N, and H/N, gas pairs the physical aging leads to an increlee membrane performance
above the Robeson upper bound. This is becausedtexules with the larger kinetic diameter are
affected more by the physical aging than the smatielecules, which is quantitatively expressed
by a higher physical aging rate constant for petrmealn as cast membranes, the permeability of
helium and hydrogen increases as a function of tioeeto the removal of residual solvent.
Renewed soaking of an aged membrane ‘rejuvendtessample and restores most of its original
permeability. A beneficial side-effect is that tuet aging after this step is slower than in the
original sample. This may be an approach to coantahe effect of aging in thin films, where the
phenomenon is normally much faster.

As a general conclusion, the present work demamestridnat aging of PIM-1 membranes mainly
affects the diffusion coefficient of permanent gasand hardly their solubility. At different but
sufficiently long time scales, all treatment meth@aish the samples towards similar end conditions
where the permselective properties hardly dependhenprevious sample history. In addition,
sorption of CQ at high pressure partially counteracts the eftégihysical aging, which could be
beneficial for practical application of these mean®s. Mixed gas permeation experiments on an
aged sample (>5 years) confirm that the good s@parperformance of this polymer is maintained
over time for important separations operating atlenate pressures, such as,@émoval from flue
gas or from biogas.
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Supplementary information

BET Surface area

A typical feature of microporous materials suchRiMs is their high surface area. Nitrogen
sorption isotherms of a fresh 100 mg PIM-1 powdemgle (batch LMAO6) and two samples
soaked in alcohol overnight are given in Figure. §He corresponding apparent BET surface area
of the fresh sample was calculated as 685gth This value was found to be highly sensitive to
alcohol treatment, increasing to 753 gt and 788 mg* after ethanol and methanol treatment,

respectively.
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Figure S 1. N, sorption isotherms at 77 K for a PIM-1 powder skamgs
obtained from the synthesis and workup procedurewithout alcohol

treatment) and after alcohol treatment.

The apparent BET surface area of a 12-week old Pis&mple shows a marked decrease when
compared to the fresh PIM-1 powder (Figure S 2JeAMeOH treatment, the BET surface area
returns to an even higher value. The initial vatdighe original powder is lower than that of the
freshly methanol-treated sample, probably becausdtso previous history during polymer
preparation, isolation and storage. The increadgEm surface area from the fresh sample to the
alcohol treated sample reflects the opening of gdinat were previously unavailable t@ probe
molecules. Swelling of the polymer by the alcohalges a volume expansion of the material,
which does not collapse entirely upon quick dryiRgrthermore, additional voids may be opened
due to the removal of material that has been adslobly the polymer during storage. Similarly, it
was reported that methanol-treated PIM-1 samples lea higher free volume, because upon
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methanol swelling the chain structure is relaxeanfifilm forming stress and also because residual
solvent and/or sorbed vapours are removed [1].
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Figure S 2. Nitrogen sorption isotherms at 77 K comparingtirggprepared PIM-1 to an aged
sample of the same polymer (left) and sorptionhisohs of the same before and after renewed
MeOH treatment (right).
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Figure S 3 shows the diffusion coefficiebt, as a function of the aging time for three ethanol

soaked samples and an as cast membrane as oligitiete lag measurements.
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Figure S 3. Diffusivity change at 25°C over time for PIM-1ré films with different histories as
obtained by time lag experiments. Three samplese wathanol soaked and then thermally
conditioned at 254), 75 @) and 125 °C «), respectively. An additional sample not treatebw
followed during time {).
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Figure S 4 shows the solubility coefficieBf,determined indirectly from the equatiSn= P / D as
a function of the aging time for three ethanol smhkamples and an as cast membrane as obtained

by time lag measurements.
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Figure S 4 Solubility change at 25°C over time for PIM-1 derfilms with different histories
as obtained by time lag experiments. Three sampe ethanol soaked and then thermally
conditioned at 254), 75 (@) and 125 °C«), respectively. An additional untreated sample was

followed during time too<).
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Sorption

Figure S 5 shows the time dependency of the DMSetnuarameterskp, C'y andb for the sample

after EtOH soaking and thermal treatment at 25°C.
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Figure S 6 shows the change in thickness upon ettr@atment and subsequent aging for the three

films treated at different temperatures after sogkn ethanol.
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Figure S6. Effect of the alcohol treatment and the aginglanthickness
of PIM-1 films treated at different temperatureteatthanol soaking.
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Effect of physical aging on the gastransport and sorption in PIM-1 membranes
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Highlights

The first systematic long-term aging study of PIMrEmbranes by independent sorption and

permeation measurements.

 Time lag analysis and gravimetric sorption studieth reveal that aging mainly affects the

diffusion coefficient and not the solubility.
* Athermal treatment partially stabilizes the sanmggainst further aging.
* At sufficiently long time scales, the sample prajgsr become almost independent on the

previous history.

* Mixed gas permeation experiments confirm exceld@paration performance of an aged sample.
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