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Abstract — Carbon dioxide and methane transport in a commercial polyimide, Matrimid 5218Ò, has
been characterized in order to evaluate the effect of membrane thermal treatment and physical aging
on its potentialities for CO2/CH4 separation. In particular, CO2 and CH4 permeabilities and diffusion coefficients were measured at three different temperatures (35, 45 and 55°C) in films pretreated
at 50, 100, 150 and 200°C, respectively. The performances of each sample were examined for a period of more than 3 000 hours. Permeability and diffusivity values for both penetrants showed a
marked decrease with increasing the pretreatment temperature up to 150°C and remained, then, substantially unchanged for specimens pretreated at the highest temperature. Interestingly, the samples
characterized by the higher flux after film formation also showed a faster aging phenomenon, leading
to a 25% decrease of CO2 permeability in the period inspected. Conversely, the samples pretreated at
temperatures of 150°C, or higher, displayed very stable transport properties for the entire duration of
the monitoring campaign. At the end of the aging period considered, the differences among samples
were definitely reduced, suggesting that the initial behaviors are related to different polymer structures
induced by pretreatment, which slowly evolve in time towards more similar and more stable configurations. Such aging rearrangements affect both CO2 and CH4 permeability in a similar way, so that no
significant changes were observed for selectivity, which showed only a slight increment by increasing
the temperature of the thermal treatment or the duration of the aging period.
Résumé — Les effets du traitement thermique et du vieillissement physique sur les caractéristiques
du transport au gaz dans le MatrimidÒ — Le transport du dioxyde de carbone et du méthane dans
un polyimide commercial, Matrimid 5218, a été analysé pour évaluer les effets du traitement
thermique de la membrane et du vieillissement physique sur sa capacité à séparer CO2/CH4.
En particulier, la perméabilité au CO2 et au CH4 et les coefficients de diffusion ont été mesurés
à trois températures différentes (35, 45 et 55 °C) dans des films prétraités respectivement à 50,
100, 150 et 200 °C. Les performances de chaque échantillon ont été examinées sur une période
de plus de 3 000 heures. Les valeurs de la perméabilité et de la diffusion pour les deux gaz ont
fortement diminué lorsque la température du prétraitement a augmenté jusqu’à 150 °C. Les
valeurs sont restées presque constantes au-delà de cette température. Il est intéressant de noter
que les échantillons qui ont montré le plus grand flux, après le dépôt, ont subi simultanément
un phénomène de vieillissement plus rapide, ce qui a conduit à une diminution de 25 % de la
perméabilité au CO2 sur la période étudiée. Inversement, les échantillons prétraités au-delà de
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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150 °C ont affiché des propriétés de transport très stables pendant toute la durée des mesures. Par
conséquent, à la fin de l’étude, les différences entre les échantillons ont été nettement réduites, ce
qui suggère que la structure initiale pourrait être due à des structures polymériques différentes,
induites par un prétraitement, qui évoluent lentement avec le temps vers des configurations
plus semblables et plus stables. Il est important de remarquer qu’un tel réarrangement a affecté
de la même manière la perméabilité au CO2 et celle au CH4. Nous n’observons donc pas de
changements significatifs en ce qui concerne la sélectivité qui a montré seulement une légère
hausse lorsque l’on augmente la température du traitement thermique ou le temps de
vieillissement.

LIST OF NOTATION
d
P
D
S
pd
pu
J
EP
P0
R
a
y
x
DCM
Vd
A
hL

Thickness
Permeability coefficient
Diffusivity coefficient
Solubility coefficient
Downstream pressure
Upstream pressure
Flow across the membrane per unit area
Activation energy of permeation
Pre-exponential factor
Gas constant
Selectivity
Downstream mole fraction
Upstream mole fraction
Dicholoromethane (CH2Cl2)
Downstream volume
Filtration area
Time lag

INTRODUCTION
In recent years, the increasing demand of energy production has been more and more associated to the requirements of sustainable development, in view of the
globalization process and the more severe environmental
legislation. As a consequence, the request of high efficiency and cost reducing technologies has significantly
risen following the so-called “process intensification”
strategy, which aims at improving manufacture and process operations, minimizing equipment size, energy consumption, waste production and environmental impact
[1, 2]. Membrane technology is perfectly suited for that
strategy, especially in the field of energy production,
where membranes showed the potential to replace,
partially or even completely, the conventional processes
[3, 4]. Indeed, membrane units are generally smaller and

less energy demanding than traditional separation plants
of corresponding capacity, although a deeper and quantitative understanding of the mechanisms affecting the
separation processes is required for a complete exploitation [5].
In the gas separation field, glassy polymeric membranes play a key role for cheap and environmental
friendly solutions for energy production, especially concerning methane and hydrogen purification. Several
works have been presented, implementing the membrane
technology competitiveness, and the main efforts were
often devoted to the study and the improvement of
transport properties, with a fine tuning of gas and vapor
permeability and selectivity [6-8]. However, other issues
are also crucial in order to develop materials able to fulfill reliability and durability criteria required for an
industrial scale up of the technology [9].
Glassy polymers, due to their nature, present a rigid
non equilibrium structure which makes them very
appealing for gas separation applications. Different
gases can travel with different speed inside the matrix,
on the basis of their different dimension and interaction
with the membrane materials, reaching selectivity values
usually not accessible to rubbers. In particular, according to the solution-diffusion mechanism, the separation
performance of different penetrants in glassy membranes
is mainly driven by the diffusion coefficient, for their
molecular sieving effect, differently from the rubbery
polymers, where the solubility is the main factor affecting the permeabilities of different species through the
matrix [10].
The most common framework employed to address
these effects is the “free volume” theory, according to
which the diffusivity of low molecular weight species in
a polymer phase depends on the available free volume
in the membrane matrix [11-13]. Diffusivity of small size
penetrants in a membrane depends on the free volume
available in the polymer matrix (and its distribution),
so that the larger is the void concentration, the higher
is the diffusivity coefficient [14]. In rubbers, free volume
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can easily redistribute in the matrix to allow molecular
transport, while glassy materials are characterized by
an excess of free volume kinetically hindered and thus
practically blocked in the virtually unrelaxed structure.
That excess free volume present in the glassy polymer
matrix, due to its pseudo-equilibrium condition, cannot
rapidly adjust to facilitate molecule transport, so that
great difference exists between diffusivities of small molecules, which can more freely pass through these holes in
the matrix, and that of penetrant whose dimensions are
greater than the average free volume dimensions.
Unfortunately, due to its intrinsic nature, the glassy
polymer structure tends to evolve over time, towards
the fully relaxed configuration of true thermodynamic
equilibrium [15]. Therefore, the physical and chemical
properties of glassy polymers are particularly influenced
by thermal history [16-25] and physical aging [26-32],
which can substantially change the material response
to the external stresses and, what is of particular importance in the present discussion, can definitely affect its
permeation properties.
From this point of view, physical aging, which usually
describes the slow evolution of the polymer structure
over time towards its equilibrium configuration, results
in a reduction of the void sizes and concentration and,
according to some authors, also in a decrease of polymer
chain flexibility [13, 33, 34]. Consequently, these phenomena are usually accompanied by a decrease of gas
permeability in the membrane and therefore by a reduction of its potential productivity in separation applications. Similar effects are also affected by the different
thermal history of the material since high temperature
can promote aging phenomena, accelerating structural
rearrangements of the macromolecules, so that permeability reductions can be detected within much shorter
periods of time [34, 35].
Despite the negative effect on the membrane productivity, i.e. the decrease in gas permeabilities, physical
aging often causes also an increase of the separation efficiency of the polymer [35, 36]. Indeed, the decrease of the
void dimensions usually affects more significantly the
penetrant with the lower permeability (or the one with
larger kinetic diameter), thus enhancing membrane
selectivity. In addition, the aging phenomenon has been
demonstrated to be thickness-dependent, especially if
ranges of film thicknesses of 1 lm or lower are explored.
To maximize the membrane productivity, thin selective
layers (thickness < 1 lm) must be coated on porous supports, but thinner films undergo a faster aging rate,
which can be up to an order of magnitude more rapid
than in the thicker layers [26-30].
In the past, many studies have been presented on the
effect of physical aging on polymeric membranes [26-32]
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and in parallel some models have also been proposed for
its description [15, 28, 34, 35]. On the other hand, the
influence of thermal treatment on transport properties
requires a careful analysis in order to consider the different features that can be involved, as for instance, rearrangements of the macromolecules and their possible
stiffening or softening, as well as the changes in polymer
density. According to Struik [37], relaxation phenomena
of the polymer macromolecules occur whenever the system is quenched from above to below Tg, and the extent
of volumetric rearrangements depends on the quenching
conditions [13]. The relaxation process leads to a variation in the free volume of the polymer, and consequently
in its transport properties. Other works outline that different thermal treatments of the polymer matrix can
influence significantly the transport rate of small size
gases: the higher is the temperature of the pretreatment
the lower is the final permeability, independently of the
penetrant nature. The explanation proposed for this
behavior is the reduction of the free volume available
for the penetrant diffusion in the polymer matrix
[17, 19-21].
Heterocyclic aromatic polyimides are high Tg polymers with good mechanical and chemical resistance,
which are promising materials for CO2/CH4 separation,
combining a good selectivity with a relatively high permeability [38-40]. The selectivity of these polymers is
associated to their rigid molecular chains, related to
strong intermolecular bonds between carbonyl group
and the nitrogen atom, which impose major constraints
to rotation and mobility of the polymeric structure.
MatrimidÒ is one of the most common commercial
polyimides currently available on the market due to its
mechanical resistance and thermal stability, as well as
to its solubility in different solvents after polymerization
that makes it easy to process. The mass transport properties of Matrimid polyimide have been widely investigated [20, 28, 29, 42, 43] showing interesting values
both of permeability and selectivity, which make it
potentially suitable for CO2/CH4 separation even if its
tendency to plasticize in the presence of CO2 [41] could
inhibit its use in high pressure applications.
In the present paper, the influence of thermal pretreatments and physical aging on transport properties of
Matrimid 5218Ò polyimide have been studied. The effect
of the pretreatment temperature has been investigated,
measuring the permeability and the diffusivity of CO2
and CH4 at different temperatures. The performance
of each single specimen was then monitored over a period of 6 months, evaluating the effect of physical aging
on permeability and diffusivity.
The penetrant choice is dictated not only by the interesting performance of polyimides in biogas and natural
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gas sweetening [42], but also by the different transport
behaviors observed for CH4 and CO2, where CH4 permeability is mainly driven by diffusivity, while for the
permeability of CO2 a significant contribution of solubility is also present [43, 44].
1 THEORETICAL BACKGROUND
The steady state permeability of gas i through a membrane of thickness d is defined as the molar flux of permeating gas J scaled on the overall driving force of the
process, given by the average pressure gradient across
the membrane:
P¼

J d
pu  pd

ð1Þ

where pu and pd are the upstream and downstream pressures, respectively. The permeation process in dense
membranes can be represented by the solution-diffusion
mechanism, according to which the gas molecule is
absorbed into the polymer matrix, then diffuses through
it, from the higher to the lower chemical potential side.
Permeability can thus be described as the product of
two intrinsic material properties of a penetrant in
the polymeric matrix, diffusivity D and solubility
coefficient, S:
P ¼DS

ð2Þ

Solubility data in glassy polymer can be conveniently
correlated through the dual-mode model [45]. Thermodynamically based, more accurate and even predictive
models have also been developed to calculate solubility
in glassy polymers by applying the Non Equilibrium
Thermodynamics of Glassy Polymers (NETGP), thus
obtaining e.g. the well tested and widely applied Non
Equilibrium Lattice Fluid model (NELF) [46]. The solubility coefficient varies with temperature and pressure,
and is significantly affected by penetrant properties as
condensability, molecular size and energy interactions
with the polymer matrix.
Diffusivity depends on temperature, molecular size
and shape of the probes, and on the availability of
microvoids within the polymer matrix suitable for
penetrant diffusion. The diffusion of small molecular
weight species in a polymer phase is often described with
the free volume theory [11, 12]. In this framework, the
diffusive motion through the membrane is described as
a succession of several jumps of the molecules from an
available site to another, and thus it depends on the
Fractional Free Volume (FFV) of the polymer, as well
as on the availability of the required energy to overcome

the polymer-polymer and the penetrant-polymer interaction barriers. Different explicit expressions have been
derived to represent gas permeability as function of
polymer material properties, which can be applied
over a variety of glassy polymers and penetrant species
[11, 47, 48].
The operative temperature plays a key role, affecting
the membrane performance both in term of productivity
and separation. The permeation of low molecular weight
penetrants can be viewed as a temperature activated process, involving local motions of chains segments, which
temporarily permit the opening of narrow constriction
separating free volume elements. As temperature is far
below or well above Tg, the behavior is usually represented through the Arrhenius equation [49]:


EP
P ¼ P0  exp 
RT

ð3Þ

where EP is the activation energy of permeation, properly obtained as the sum of the enthalpy of solution
and of the activation energy for the diffusion of the
gas molecule; P0 is a pre-exponential factor, which can
be related to the entropy of the permeation and to the
jump length [11-14]: R is the ideal gas constant and T
is absolute temperature.
Finally, a useful quantity to evaluate the membrane
performance is the selectivity aij between penetrants i
and j, generally defined as the ratio between the mole
fraction in the downstream, yi/yj, divided by the ratio
of the two mole fractions upstream, xi/xj. Assuming a
negligible pressure in the downstream side, with respect
to the upstream value, one has [50]:
aij ¼

yi =yj
Pi
¼ lim
xi =xj Pd !0 Pj

ð4Þ

where Pi and Pj represent the permeability of compound
i and j, respectively, obtained from mixed gas permeation experiments at the prevailing pressure and composition. However, for the sake of simplicity, many of the
experimental works have been just devoted to the study
of pure gas permeability, based on which the value of the
so-called ideal selectivity is obtained, providing an estimate of the real aij value, by neglecting the mixed gas
effects due to the simultaneous interaction among different gases and membrane.

2 MATERIALS AND METHODS
In the present work, a commercial polyimide Matrimid
5218Ò (3,3’,4,4’-benzophenone tetracarboxylic dianhydride
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and diaminophenylindane) supplied by Hunstman
Advance Materials was considered. The polymer,
received in powder form, presents a Tg of about 320°C
[51], an average molecular weight of 80 000 g/mol [51]
and a polydispersity index of 4.5 [52].
Self standing Matrimid films have been obtained
through a solvent casting technique, starting from a
1 wt% solution of polymer in high purity dichloromethane (DCM), provided by Sigma-Aldrich (anhydrous,
purity  99.8%) [43]. A measured amount of solution
was poured in a Petri dish, which was covered and left
at room temperature for 24 hours in a clean hood in
order to allow slow solvent evaporation. The film was
then detached from the Petri dish and the sample was
dried in an oven under vacuum conditions for 24 hours,
in order to ensure the complete removal of the solvent;
four different temperatures were used in that stage,
namely 50, 100, 150 and 200°C, to investigate the effect
of such a pretreatment on the membrane properties.
Hereafter the samples dried at the four different temperatures will be indicated as Ma50, Ma100, Ma150 and
Ma200, respectively. Fourier Transform InfraRed –
Attenuated Total Reflectance (FTIR-ATR) spectroscopy
experiments conducted through a Nicolet Avatar spectrometer (32 scan per spectrum with a resolution of
4 cm1) were carried out after drying procedure, to ensure
that no detectable residual solvent remained in the sample
before the permeation tests. It has in fact been demonstrated that the residual solvent can strongly affect the
membrane performance [38, 53-55]. The thickness of the
specimens was measured with a digital micrometer (Mitutoyo) with a resolution of ±1 lm; it varies between 29 and
56 lm, with a standard deviation between 2 and 5 lm.
The mass transport properties of Matrimid have been
investigated inspecting CO2 and CH4 diffusivity and permeability in pure gas experiments. To that aim, a transient permeation system for pure gases was used,
consisting in a barometric apparatus in which diffusivity
and permeability are evaluated by monitoring the pressure variations in a calibrated downstream volume Vd
[56]. A layout of the apparatus is reported in Figure 1.
The sample holder (Millipore high pressure filter holder,
diameter 25 mm, filtration area A = 2.2 cm2) divides the
system in two parts: the upstream high pressure side and
the downstream low pressure side, whose volume is
known from a previous calibration. The whole system
is placed inside an incubator which allowed temperature
control in a range from 25 up to 80°C with an accuracy
of ±0.1°C.
During the experiments, a certain pressure of
penetrant, pu, is applied to the upstream side of the membrane, whereas the variation of the pressure in the downstream volume, initially under vacuum, is monitored.

Thermostatic chamber
PI
V01
V02

Penetrant
reservoir

V06

V03

V05

V07

Sample
holder

V04

PI

Downstream
volume

To the vacuum pump
Figure 1
Schematic of the permeation apparatus used for tests.

When steady state conditions are reached, the permeability is calculated from Equation (1), in which the
molar flux is given by the variation of the downstream
pressure, pd, through the ideal gas law; one thus has:
 
dpd
Vd
d


P¼
dt t!1 R  T  A ðpu  pd Þ

ð5Þ

Equation (5) was applied since gas leakage in the system
was completely negligible over the entire duration of the
experiments. With the present experimental set up, it is
also possible to analyze the permeation kinetics,
obtaining the average diffusion coefficient through the
so-called time-lag method [57]:
D¼

d2
6  hL

ð6Þ

where hL is the time-lag, defined as the intercept with the
time axis of the asymptotic line reached by the permeated mass of gas versus time.
Matrimid samples pretreated at different temperatures were tested shortly after film preparation, as well
as after several different periods of time, during which
the specimens were stored under nitrogen atmosphere
at 30°C, in order to avoid the possible influence on the
polymer properties of atmospheric moisture, or of other
species as well. In particular, tests were performed after
48, 1 000, 2 000 and 3 000 hours from deposition, to evaluate the combined effects of thermal treatment and
physical aging on the transport properties of the polymer. Three different temperatures have been investigated
(35, 45, 55°C) and the upstream pressure for all the
experiments was approximately 2 bar, far below the
CO2 plasticization pressure for Matrimid [41].
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3 RESULTS
3.1 Thermal Treatment
The permeabilities of pure CO2 and CH4 in as prepared
(un-aged) Matrimid films, obtained after different thermal treatments (at 50, 100, 150 and 200°C) are reported
in Figure 2, at three test temperatures (35, 45 and 55°C).
As one can see, the results show that the pretreatment is
clearly affecting the polymer transport properties: at
35°C, the CO2 permeability drops from 17.9 Barrer
(1 Barrer = 3.364 1016 mol/(s.m.Pa)) observed in
Ma50, to 11.8, 9.7 and 9.5 Barrer measured in Ma100,
Ma150 and Ma200, respectively (Tab. 1). Hence, permeability is constantly reduced by increasing the pretreatment temperature up to 150°C, with about a 50%
decrease (Fig. 2a). Sample Ma200, on the other hand,

24
Operative
temperature:
35°C
45°C
55°C

CO2 permeability (Barrer)

22
20
18
16
14
12
10
8

50

a)

100
150
Pretreatment temperature (°C)

200

CH4 permeability (Barrer)

0.9
Operative
temperature:
35°C
45°C
55°C

0.8
0.7
0.6
0.5
0.4
0.3
0.2
50

b)

100
150
Pretreatment temperature (°C)

200

Figure 2
Permeability coefficients of a) CO2 and b) CH4 in Matrimid
samples pretreated at different temperatures. (Upstream
pressure 2 bar).

showed no significant variations, with respect to
Ma150, suggesting that a sort of plateau of CO2 permeability was already reached at that pretreatment temperature. As expected, by increasing the test temperature
(45 and 55°C), permeability values increase for each pretreatment temperature considered. Clearly, similar
trends were obtained at the three operative conditions
as a function of pretreatment temperature.
Analogous behavior was also observed for CH4 permeability: at 35°C, the permeability of Ma50 sample was
0.46 Barrer, and decreased to 0.30 Barrer for Ma100
and to 0.24 Barrer for Ma150. Similarly to what observed
for CO2, also for methane no significant changes were visible between Ma150 and Ma200, at 35°C as well as at
other test temperatures. Both CO2 and CH4 permeability
of Ma150 and Ma200 samples are in good agreement with
literature data, for those cases in which similar thermal
pretreatment of the samples were carried out [41, 44, 58,
59], considering also that the use of DCM as casting solvent produces polyimide films with higher permeability
with respect to those obtained by using other solvents such
as DiMethylFormamide (DMF), DiMethylAcetamide
(DMAc), TetraHydroFuran (THF) [40]. Indeed, due to
its rather low boiling point, evaporation rate is faster
for DCM than for the other solvents, resulting probably
in a more open molecular structure of the matrix, compatible with faster penetrant diffusion.
The diffusivity values obtained from time lag measurements are shown in Table 1. All values are in the
order of 109 cm2/s and are in good agreement with data
usually observed in glassy polymers and in particular
with those already available for carbon dioxide and
methane in Matrimid [44]. As expected, the penetrant
with the larger kinetic diameter (CH4) showed lower
values of diffusivity with relative differences even higher
than those observed for permeability, confirming that
the change in permeability due to thermal pretreatment
or aging is mainly driven by the evolution of diffusivity
rather than solubility coefficient.
The relative variation of diffusivity and permeability
due to thermal pretreatment is reported in Figure 3 for
the different sample inspected. The behaviors shown
by diffusivity and permeability are very similar, with a
large drop from Ma50 to Ma100 samples and a reduced
variation for the samples treated at higher temperatures.
The experimental data are particularly interesting
because they show substantial differences in the polymer
properties even though the pretreatment was always carried out below the polymer glass transition temperature,
where the relaxation phenomena are usually considered
very slow. However, differences are definitely evident,
showing a well defined evolution of polymer structure
with the pretreatment conditions. Other possible
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TABLE 1
Permeability and diffusivity coefficients of CO2 and CH4 for Matrimid samples pretreated at different T at different aging times
(un-aged correspond to 48 hours after casting)
Diffusivity (cm2/s) 9 109

Permeability (Barrer)
Aging (h)

CO2

CH4

CO2

CH4

Test temperatures

Test temperatures

Test temperatures

Test temperatures

35°C

45°C

55°C

35°C

45°C

55°C

35°C

45°C

55°C

35°C

45°C

55°C

Thermal pretreatment at 50°C
Un-aged

17.9

19.7

21.6

0.46

0.63

0.85

10.3

14.8

20.2

1.91

2.82

4.51

360

17.1

-

-

0.45

-

-

10.0

-

-

1.56

-

-

1 008

15.6

17.1

18.9

0.39

0.54

0.70

9.05

11.2

16.7

1.29

2.26

3.15

2 232

14. 9

16.3

17.9

0.34

0.47

0.62

7.57

11.5

15.7

1.12

1.82

3.44

2 904

13.2

14.5

15.7

0.30

0.40

0.53

4.99

7.13

8.88

0.61

0.89

1.58

Thermal pretreatment at 100°C
Un-aged

11.8

13.2

14.3

0.30

0.40

0.50

5.99

8.00

10.8

0.88

1.26

1.90

1 032

11.0

12.3

13.6

0.27

0.36

0.46

5.61

7.71

10.9

0.74

1.14

2.11

2 208

11.0

12.1

13.1

0.27

0.36

0.46

4.95

6.61

9.17

0.68

1.01

1.68

Thermal pretreatment at 150°C
Un-aged

9.76

10.8

11.8

0.24

0.31

0.40

4.68

6.62

8.86

0.67

1.00

1.61

1 008

9.88

10.6

12.0

0.23

0.31

0.41

5.02

7.40

9.72

0.70

1.10

1.75

2 232

9.51

10.5

11.6

0.24

0.29

0.37

4.44

6.00

8.46

0.86

1.13

2.03

3 456

9.53

10.5

11.7

0.23

0.29

0.39

5.08

7.28

10.0

0.68

1.16

1.83

Thermal pretreatment at 200°C
Un-aged

9.50

10.5

11.5

0.24

0.31

0.40

5.66

7.93

10.6

0.85

1.30

1.84

1 032

9.71

10.8

11.9

0.23

0.30

0.40

5.81

7.98

11.2

0.82

1.27

2.01

2 232

9.92

11.0

12.2

0.23

0.29

0.40

5.47

7.74

10.6

0.94

1.34

2.18

3 120

9.48

10.6

11.5

0.24

0.30

0.40

5.96

6.99

9.88

0.94

1.86

1.74

alternative explanations for the observed behavior, such
as the presence of residual solvent in the samples treated
at lower temperature (the solvent would increase molecular mobility and thus diffusivity and/or permeability)
are rather unlikely due to the low boiling point of
DCM and, what is more important, due to the negligible
amount of residual solvent in the polymer matrix already
after 24 h drying at room temperature, detected by
FTIR-ATR tests. The decrease of permeability with
increasing the thermal treatment conditions thus represents one clear effect of the relaxation phenomena occurring in the system.

The high flux observed in samples treated at the lower
temperature seems to be related to a different structure
or to a larger fractional free volume available, which
decreases when higher pretreatment temperatures are
considered. In this concern, it is interesting to notice that
Comer et al. [60] identified a secondary relaxation for
Matrimid at 80°C, which can be responsible of the
observed variation of transport properties with thermal
treatment. Samples treated at high temperature therefore
have additional motional freedom, which allows them to
reach a structure closer to the true thermodynamic equilibrium and thus endowed with higher packing density of
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D/DMa50 - CH4
D/DMa50 - CO2

P/PMa50 - CH4
P/PMa50 - CO2
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Pretreatment temperature (°C)
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Figure 3
Relative diffusivity and permeability as function of the pretreatment temperature as measured at 35°C.

the polymer chains; the fact that the maximum changes
in transport properties are observed between Ma50
and Ma100 samples is fully consistent with that interpretation.
As one can see in Figure 3, the decrease of the diffusion coefficients of both CO2 and CH4 is larger than
the parallel decrease in the permeability values, so that
an increase of the solubility coefficient is also associated
to the thermal treatments. The observed effects on diffusivity and solubility as well as the differences between
CO2 and CH4 are not simple to rationalize and to relate
univocally to well-identified structural variations. Many
authors [19, 31, 35] reported for different polymers that
the variation of the permeability value due to a reduction
of fractional free volume is related to a decrease of both
diffusivity and solubility coefficients. Depending on the
condensability of the penetrant, the solubility decrease
can be more or less pronounced, but still monotonic with
reducing the available free volume inside the polymer
matrix. However, also the opposite behavior has been
observed, when the decrease of free volume was associated to a more complex relaxation phenomena: Laot
et al. [18] for example, presented a decrease of diffusion
coefficient and a simultaneous increase of the solubility
coefficient in polycarbonate samples subject to different
cooling rates, attributing the behavior to a change of the
molecular chains mobility. On the other hand, Vaughn
et al. [23], studying the annealing effect on a polyamideimide membrane, suggested the occurrence of a thermally activated planarization process of polymer chains.
In particular, they reported the overcoming of the

500
Bound 2008
α CO2/CH4

1.0

rotation energy barrier for the bond between a phenyl
group and the imide group, which happens to be present
also in the chemical structure of Matrimid. The different
configuration leads to a re-distribution of the fractional
free volume inside the polymer matrix, affecting the
transport properties of the material in a way that is similar to the one here reported. It is therefore possible that
in the present work the structural relaxation suggested
by the data is not just related only to a decrease of free
volume but also to its rearrangement and to a stiffening
of the polymeric chains.
Comparing the behavior of the two gases, they shows
very similar qualitative trends, but the different pretreatments always induce higher variations for methane than
for CO2, i.e. a larger decrease in permeability and diffusivity. As a consequence, the ideal selectivity of CO2 vs
CH4 is slightly enhanced at higher pretreatment temperature, as it can be seen in Figure 4, in which selectivity is
reported in the Roberson plot for all samples and test
temperatures investigated. The samples pretreated at
the lower temperature are closer to the upper bound
curves and thus exhibit the best performance for the
CO2/CH4 separation; the increase in selectivity at higher
pretreatment temperature, indeed, is not high enough to
counterbalance the permeability drop observed for those
samples [61-64].
From Figure 4, it is also possible to notice that CO2/
CH4 ideal selectivity is not favored by an increase of the
operative temperature, similarly to what reported for
other polymers and polyimides [65]. At high temperature, the diffusion of methane, endowed with the larger
kinetic diameter, is enhanced with respect to that of
CO2, while the solubility of the latter, definitely higher

Ma50
Ma100
Ma150
Ma200

Bound 1991
100
50

Operative
temperature
10

5

10

CO2 permeability (Barrer)
Figure 4
Robeson plot for CO2/CH4 separation.

50

100
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analysis of free volume changes in the different
samples would be required in order to clearly verify such
hypothesis.
3.2 Physical Aging
The effect of aging on the gas transport properties of
Matrimid was monitored for more than 3 000 hours
repeating the permeation experiments about every
1 000 h from the sample deposition. The variation of
CO2 and methane permeability at 35°C is shown in
Figure 6 as function of aging time, for the four different
pretreatments; the complete set of data obtained during
the experimental campaign is reported in Table 1. The
Ma50 sample exhibits a faster aging rate compared to
the other specimens, with an overall permeability
decrease of 25% during the period investigated.

20
CO2 permeability (Barrer)

than that of methane, substantially decreases with T. As
a consequence of the two simultaneous effects, a temperature increase results in a reduction of the membrane
separation performance since the increase in permeability is not enough to offset the loss in selectivity of the
membrane.
The permeability values obtained at the three operative temperatures follow a clear Arrhenius-type behavior
(Eq. 3) for each thermal treatment, with a coefficient of
determination of the linear regression always larger than
0.99. Figure 5 reports the activation energies and the
Arrhenius pre-exponential factors, for CO2 and CH4 as
a function of the different pretreatment temperatures
of the samples. As expected, the penetrant with the larger
kinetic diameter shows the higher activation energy values. The activation energy of CO2 permeation is not significantly affected by the thermal treatment, with an
average value of 7.9 kJ/mol, while a slight activation
energy decrease is observed for methane with increasing
pretreatment temperature. For the latter penetrant, EP
varies from about 26 kJ/mol for Ma50 sample to
21 kJ/mol for the specimen treated at the higher temperature. The pre-exponential factor, on the other hand,
shows a more pronounced decrease for both penetrants;
for CO2, in particular, a decrease of 41% is observed
between the samples pretreated at 50 and at 200°C,
whereas for CH4 the change is even more significant,
almost one order of magnitude. According to the free
volume theory, the decrease in P0 is associated to a free
volume decrease, which affects to a larger extent the penetrants with higher kinetic diameter. Therefore, it seems
that a reduction of FFV is a possible, and very likely,
explanation for the observed behavior, even if direct
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Ma150
Ma200
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8
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a)
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Ea - CH4
Ea - CO2

26

P0 - CH4
P0 - CO2
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Figure 5
Activation energy of permeation and Arrhenius pre-exponential factor as function of the pretreatment temperature
for CO2 and CH4.

a) CO2 and b) CH4 permeability coefficient of samples pretreated at different T as function of aging time (temperature 35°C, upstream pressure 2 bar). Dashed lines have
been inserted to guide the eye.
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Also the behavior of diffusion coefficient undergoes
significant decrease during aging, similarly to what
observed for permeability; some non monotonic behavior, which is visible in Table 1 especially for Ma150
and Ma200 samples, is indeed likely related to the higher
experimental error which affect diffusivity rather than
permeability and do not change the fact that, on the
average, diffusion coefficient is even more affected by
aging time than permeability. In case of CO2, D
decreases by up to 52% after 3 120 hours aging, whereas
for CH4 an even more significant decrement is observed,
with reductions up to 68% of the initial value. Therefore,
also for gas diffusivity the effects of physical aging are
similar to those induced in the polymer matrix by the
thermal treatment. The similar relative decrease
observed for both permeability and diffusivity suggests
that thermal treatment and aging time have an analogous effect on the structural properties of the polymer,
related to the reduction of the fractional free volume.
Also in the case of aged samples, the temperature
dependence of gas permeability follows rather closely
an Arrhenius-type behavior, with a coefficient of determination always higher than 0.988, allowing a reliable
evaluation of activation energy and pre-exponential factor of permeability. The time evolution during the aging
period of activation energy and pre-exponential factor in
Ma50 sample are shown in Figure 7. As for the case of
different pretreatments, the value of EP is not significantly influenced by the aging phenomenon, since no
change was observed during the whole time period investigated for CO2 while only slight decrease, from
26 kJ/mol to 23 kJ/mol after 2 904 hours aging, was
shown by CH4 which is well inside the experimental
uncertainty usually related to this kind of data.

30
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10

28
26
24
22
20
10
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10

8
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Ea - CO2

6
4
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500

P0 - CH4
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10
2 500 3 000

2

Figure 7
Activation energy of permeation and Arrhenius pre-exponential factor as function of aging for 50°C pretreated
sample.

Pre-exponential factor (Barrer)

Conversely, a different behavior is observed for the samples treated at higher temperature: a limited decrease in
permeability was obtained for Ma100 specimen, whereas
no significant variation of the transport properties was
detected for Ma150 and Ma200 membranes for the
entire duration of the aging period. Similar trends were
also obtained for the other two test temperatures of 45
and 55°C, not explicitly reported for the sake of
brevity.
These results are in agreement with the general interpretation considered above for the behavior of permeability and diffusivity of unaged samples. The samples
with the larger departure from equilibrium conditions
are subject to the faster aging; their time evolution leads
to permeability values and likely to configurations progressively closer to those initially obtained by higher
temperature pretreatments, which in turn result more
stable in time. Indeed, after almost 3 000 hours the
CO2 permeability of the Ma50 sample ends up close to
the value observed for the unaged Ma100 sample (tested
within the 48 hours after their thermal treatment) which,
on the other hand, shows much more stable transport
properties. The permeability measured in Ma150 and
Ma200 samples appears as the long time asymptotic
value for aged Matrimid.
In parallel, the aging protocol seemed also to affect
materials mechanical properties, beyond permeability
and diffusivity. More precisely, the different samples
became progressively more fragile and some of them
even broke before the end of the study. In particular
Ma100 samples could be studied only until 2208 hours,
since all of the specimens fractured after the second
and third set of tests (1 000 and 2 000 h) and no samples
were left to proceed with further tests at longer times.
Such a behavior is not surprising as a consequence of
physical aging on mechanical properties of glassy polymers; indeed, it is often reported that both sub-Tg
annealing and aging time can contribute to a material
embrittlement, as a result of molecular rearrangement
[66-67].
By comparing the behavior of different gases, it can be
noticed that also with aging time the variation of CH4
permeability is more marked than that of CO2, for the
samples treated at the lower temperature, which shows
a 34% decrease for methane but just a 25% decrease
for CO2. Consequently, a slight increase of the CO2/
CH4 ideal selectivity is observed for the aged sample
treated at 50°C. Therefore, the structural evolution
induced by aging time and the changes induced by the
different pretreatment temperatures follow a parallel
path in the polymer structures, which causes in both
cases a decrease in permeability and a slight increase in
selectivity.

Activation energy (kJ/mol)
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Results in line with what observed in the case of the
effect of thermal treatment were also obtained in case
of the pre-exponential factor for permeability, P0, of
Ma50 samples which decreased significantly over time.
In particular, similarly to what already observed for
different thermal treatments, the effect on transport
properties are more relevant for CH4 than for CO2.
A reduction of P0 of about 75% of the initial value (from
9 900 to 2 500 Barrer) is detected for methane permeability, while for CO2 the decrease is limited to a less than
35%, from 370 to 250 Barrer. Again, the marked
decrease of the pre-exponential factor is usually related
to a reduction of the fractional free volume inside the
polymer matrix, which seems to be the main consequence of the polymer chains rearrangement upon aging.

CONCLUSIONS
The effects of different thermal treatments and aging
time have been investigated monitoring the variation
of permeability and diffusivity of two different penetrants, CO2 and CH4, in commercial Matrimid 5218Ò.
It has been shown that the thermal treatment can significantly affect the transport properties of the polymer: in
particular, by increasing the treatment temperature the
permeability appreciably decreases. The overall variations obtained by changing the thermal pretreatment
temperature from 50 to 200°C are close to 50%. The
behavior observed suggests the existence of structural
differences in the samples treated at different temperatures. The energy supplied with the thermal treatment
at the lowest temperature seems not sufficient to overcome the energy barriers encountered by the relaxation
phenomena, thus leading to non equilibrium structures
characterized by higher permeability and diffusivity.
By increasing the temperature of the thermal treatment,
relaxation takes place in the membrane matrix even
below Tg, thus leading to densification, and possibly to
a more complex structural rearrangement of the macromolecules, which cause a decrease in the observed permeability and diffusivity. Data analysis shows in
particular a decrease of pre-exponential factor of permeability in the Arrhenius equation, which thus suggests a
decrease of fractional free volume in the polymeric lattice at increasing pretreatment temperature.
The aging tests, carried out by monitoring the samples
permeability and diffusivity over a period of 3 000 hours,
lead to similar results since samples pretreated at 50°C
showed pronounced decrease of permeation with time
while the other specimens pretreated at higher temperatures are much more stable with time. The results can be
naturally interpreted considering a different structure,
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for the different membranes: the more open configuration of the unaged samples or of the samples pretreated
at the lower temperature, shows the higher permeability
and is characterized by the larger departure from the
thermodynamic equilibrium, being thus more affected
by the aging over time.
Thermal pretreatments at increasing temperatures,
still below Tg, as well as physical aging over time, both
exhibit similar effects on the permeation process of
CO2 and CH4 in Matrimid, suggesting that the same type
of structural rearrangement of the glassy polymer are
produced in either case.
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