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bstract

The mass transport of asymmetric membranes for the separation of carbon dioxide/methane mixtures is determined by competitive sorption and
lasticization. With increasing feed pressure in mixed gas experiments, the selectivity decreases due to both effects. Distinction whether one or
he other mechanism is responsible for the selectivity loss is important since competitive sorption is related to intrinsic material properties and
annot be tailored, whereas plasticization can be suppressed by various chemical means. This paper describes the systematic analysis for five
ifferent asymmetric membranes with respect to the balance between competitive sorption and plasticization. Four asymmetric membranes where

repared for this study, one membrane was based on a commercial precursor. Of these membranes, three are based on the polyimide Matrimid:
ure Matrimid, and blends of Matrimid with polyethersulfone as well as Matrimid with a polyimide P84. These membranes are compared with
wo other ones: cellulose acetate and polyphenyleneoxide PPO. The blend of Matrimid with P84 shows the highest mixed gas selectivity and is
ery resistant against plasticization without any further chemical modification.

2007 Elsevier B.V. All rights reserved.
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. Introduction

There exists a huge amount of experimental data focusing
n the understanding of mass transport in glassy polymers.
any of the journal papers report values of sorption, diffu-

ion and permeation of gases in films. Prime motivation of
hese research activities has been to understand the underlying
hysics of transport through polymers as well as to establish a
tructure–property relationship: how does the chemistry of the
aterial influence the polymer structure and the transport prop-

rties [1]. A second motivation is the quest for a material that
asses the so-called upper bound [2,3]. All these experiments
ere carried out for single gasses and thick films. Even though

n uncountable number of polymers have been synthesized, only
ight are currently commercially used [4].
Much less experimental work was carried out with gas mix-
ures. Also, most experiments were carried out with thick films
here the thickness is larger than 10 �m. Such measurements

∗ Corresponding author. Tel.: +31 53 489 2950; fax: +31 53 489 4611.
E-mail address: m.wessling@tnw.utwente.nl (M. Wessling).
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Competitive sorption

ere normally carried out at low feed gas pressures. Very lit-
le experimental evidence exists on the mass transport in thin
lassy films where the film thickness is significantly smaller
han 5 �m. Hardly any mixed gas experiments are carried out for
uch thin films. Although industrial reality, glassy polymer based
symmetric membranes are seldom subject to extensive mass
ransport characterization. Such membranes have frequently a
kin thickness of less than 1 �m, its morphology is very difficult
o elucidate and a structure–property relationship is difficult to
stablish at all.

We feel that the industrial progress of asymmetric gas sep-
ration membranes needs to be accompanied by a fundamental
nderstanding of the transport properties of such membranes
nder real process conditions—as opposed to the significantly
ifferent transport behavior in thick films. Recently, we have
ystematically investigated the mass transport behavior of asym-
etric hollow fiber membranes based on a blend of Matrimid

nd polyethersulfone [5]. These membranes show compara-

le transport performance as industrial membranes [6]. We
escribed the observation of a subtle balance between plasticiza-
ion and competitive sorption both determining the permeability
nd selectivity for CO2/CH4 mixtures. The next important step

mailto:m.wessling@tnw.utwente.nl
dx.doi.org/10.1016/j.memsci.2007.07.048
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owards a better understanding is to investigate whether or not
he same balance can be observed as well for asymmetric mem-
ranes based on other polymers.

. Background

In natural gas sweeting, i.e. the removal of sour gasses such
s CO2 and H2S, glassy polymer gas separation membranes
re often preferred over rubbery polymer membranes due to
heir higher CO2/CH4-selectivity. However, glassy polymers
enerally show a decreasing selectivity with increasing feed
ressure due to gas induced plasticization of the polymer matrix
nd competitive sorption [5,7]. With respect to plasticization,
orption of CO2 into the polymer causes an enhanced polymer
hain segmental mobility, resulting in enhanced mass trans-
ort of all components to separate, but in particular the less
ermeating methane [8]. Staudt-Bickel and Koros [9] reported
n almost complete loss of selectivity in the separation of a
0/50 vol.% CO2/CH4-mixture with dense films of a typical
FDA-polyimide. This dramatic loss has stimulated the sugges-
ion that polyethyleneoxide based rubbery polymers might be
iable materials for high pressure natural gas separation: even
hough PEO based polymer show a low intrinsic selectivity of
O2/CH4, however, they show very little selectivity loss with

ncreasing feed pressure [10].
Generally, plasticization phenomena observed in glassy

olymer gas separation membranes are complex due to the
on-equilibrium state of the polymer glass. The extent of plas-
icization may vary depending on factors like the membrane

aterial, the membrane morphology (integrally skinned asym-
etric or dense membranes), the thickness of the membrane

11], the feed composition, pressure and temperature [12] and
he types of penetrants permeating. Recent gravimetric sorp-
ion studies suggest that there exists a critical volume dilation
hreshold above which relaxational sorption occurs indicating,
hat is frequently coined, the phenomenon of plasticization

13]. Most recent research focuses on gaining more insights
oncerning the complex transport behavior in the presence of
trong plasticizing components. Strong plasticizing penetrants
re for example present in the separation of natural gas with high
O2-concentrations and traces of higher hydrocarbons [14] or

he separation of higher hydrocarbons itself (e.g. C3H6/C3H8).
specially in these areas a large market potential is predicted for
olymer gas separation membranes [4].

Next to plasticization, there exists a second phenomenon
omplicating the understanding of transport: competitive sorp-
ion due to the glassy state of the polymer matrix. The presence
f a second component typically causes the permeability of
he first component to reduce in glassy polymer membranes
15]. This may be explained in terms a simple dual mode
orption model: penetrants compete for sorption sites which
re associated with the non-equilibrium free volume in glassy
olymers [15]. Chern et al. [16] showed that by adding small

mounts of water vapor the CO2-permeance in Kapton poly-
mide was significantly suppressed due to competitive sorption.
urthermore, Sada et al. [17], Lee et al. [18] and Donohue
t al. [19] demonstrated that the addition of CH4 to the feed

(
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uppressed the CO2-permeability in cellulose acetate mem-
ranes.

Competitive sorption effects cause the permeability of
enetrants to decrease with increasing feed pressure, while plas-
icization effects cause a permeability increase with increasing
eed pressure. An increasing permeability reduction is obtained
ith increasing CH4-feed concentration (more competition,

ess plasticization), while a larger permeability increase can be
bserved with increasing CO2-feed concentration (less compe-
ition, more plasticization). It is important to point out that the
ecrease in the separation factor due to these effects is diffi-
ult to attribute to one of these effects only because in most
ases both plasticization and competitive sorption reduce the
eparation factor. Cellulose acetate is a good example: it is
nown that asymmetric cellulose acetate membranes are very
usceptible to CO2-plasticization resulting in strongly decreas-
ng CO2/CH4-selectivities with increasing CO2-feed content.

ore importantly, with increasing CO2 partial pressure the
ethane permeability increases to a larger extent than CO2

18].
However, the presence of CO2-plasticization does not always

esult in lower separation performances [5]. PES/Matrimid
symmetric hollow fiber membranes show higher CO2/CH4-
electivities with increasing CO2-feed concentrations due to the
ffect of competitive sorption. These two examples indicate
he complexity arising from the superposition of competi-
ive sorption and plasticization effects. For this reason it is
esirable to investigate the balance between competitive sorp-
ion and plasticization effects in other membrane materials in

ore detail and to identify which effect is the most dominat-
ng.

This paper reports the transport properties of five different
symmetric membranes and their characterization using three
ifferent CO2/CH4-feed compositions over large range of feed
ressures. Four of the membranes (Matrimid, P84/Matrimid,
ES/Matrimid and CA) were specifically developed for this pur-
ose, the PPO hollow fiber is a commercial fiber from Parker
as (Etten-Leur, The Netherlands).

. Experimental

.1. Materials

The polyimides, Matrimid 5218 (BTDA-AAPTMI) and P84
BTDA-TDI/MDI), were purchased from Vantico AG (Switzer-
and) and HP Polymer GmbH (Austria), respectively, while
ES (Sumikaexcel) was purchased from Sumitomo (Belgium).
lending of Matrimid with PES, or with the co-polyimide P84
an be an effective way to suppress CO2-induced plasticiza-
ion effects in dense thick films for CO2/CH4-separation [20].
esides, P84/Matrimid membranes intrinsically have a much
igher CO2/CH4-selectivity and may therefore be more inter-
sting for these kinds of separations. Therefore, P84/Matrimid

50/50) hollow fiber membranes were produced to make a
omparison with hollow fiber membranes consisting of a
ES/Matrimid (20/80) blend and pure Matrimid. A mixture
f 50/50 wt.% was chosen for P84/Matrimid to have the ben-
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Table 1
Dope and bore liquid compositions used in spinning process

P84/Matrimid Matrimid

Polymer (wt.%) 30 25
Solvent (NMP, wt.%) 60 45
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CO2/CH4-compositions (20/80, 50/50, 80/20 and 98/2 vol.%
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fit of the high selectivity of P84 and the high permeability of
atrimid. The ratio 20/80 wt.% was chosen for PES/Matrimid

ecause our previous work on this polymer blend. For both
lends, variations of the blend composition will strongly affect
he transport behavior.

To obtain a more comprehensive overview, the mixed gas
ermeation behavior of cellulose acetate (CA) and poly(2,6-
imethyl-1,4-phenylene oxide) (PPO) asymmetric membranes
as investigated as well. PPO is known for its extremely
igh permeability at fairly low selectivity [21,22], while cel-
ulose acetate is the most commonly used material in natural
as membrane separations [4]. The flat sheet cellulose acetate
symmetric membranes were prepared in house to guarantee
onsistency of the permeation experiments. Cellulose acetate,
CA-398-3) with a molecular weight Mw of 100,000 g/mol
nd an acetyl content of 39.8%, was purchased from East-
an Company (the Netherlands). Integrally skinned asymmetric

oly(2,6-dimethyl-1,4-phenylene oxide) (PPO) hollow fibers
ere kindly provided by Parker Gas Separation (the Nether-

ands).
All solvents N-methylpyrrolidon (NMP), acetone, ethanol,

ethanol and n-hexane, analytical grade) were purchased from
cros (the Netherlands) and were used as received. Pure gases

purity > 99.5%) and pre-calibrated gas mixtures were obtained
rom Praxair (the Netherlands) and used without further purifi-
ation.

.2. Membrane preparation

.2.1. Preparation of asymmetric flat sheet membranes
Integrally skinned asymmetric cellulose acetate flat sheet

embranes were prepared by dry/wet phase inversion following
recipe using acetone and methanol as the solvent and non-

olvent [23]. After filtration of the polymer solution (0.15 �m
etal filter), wet films were cast on glass plates at room temper-

ture using 0.3 and 0.5 mm casting knifes. After an evaporation
tep of 20 s, the membranes were immersed into a methanol
oagulation bath. After coagulation the membranes were rinsed
or 24 h with fresh methanol. Subsequently the membranes were
olvent exchanged in n-hexane for at least 4 h and slowly dried
n air (in a nearly closed container). Finally the membranes
ere dried in a 100 ◦C vacuum oven for at least for 24 h to

emove residual solvent. Critical in the reproducible prepara-
ion of asymmetric CA membranes appeared to be the drying
rocedure, as too fast drying resulted in excessive shrinkage
nd poor mechanical stability.

.2.2. Preparation of asymmetric hollow fiber membranes
Integrally skinned asymmetric hollow fibers were prepared

y dry/wet spinning following recipes described in literature
24,25]. Table 1 shows the compositions of the polymer dopes
nd bore liquids used in the spinning process. Acetone was added
o the spinning dope to enhance the formation of a defect-free

op layer [24]. In both cases, the spinning process was carried
ut a temperature of 50 ◦C and a tube-in-orifice spinneret with
n outer diameter of 0.5 mm and an inner diameter of 0.2 mm
as used.

C
g
m
d

dditive (acetone, wt.%) 10 30
ore liquid (NMP/H2O, wt.%) 80/20 70/30

.3. Membrane structure analysis

The geometry and morphology of the prepared membranes
ere determined using scanning electron microscopy (SEM,

eol JSM-T220). Samples were prepared by freeze fracturing
ieces of film and fiber using liquid nitrogen and subsequently
overed with a thin layer of gold using a Balzer Union SCD 040
puttering device.

.4. Pure gas permeation characteristics

All permeation characteristics were determined by using the
ariable pressure method as described by Kapantaidakis and
oops [6]. In the case of hollow fiber membranes, five fibers
f 20 cm long were potted into 3/8 × 2.54 cm (3/8 in.) stainless
teel holders, while sealing the other side with an epoxy resin.
he hollow fiber membrane modules were pressurized from the
hell side. In the case of flat sheet membranes, films were cut
n circles (surface area of 11.95 cm2) and pressurized from the
ense (skin) side.

Single gas permeance values of N2 and O2 were determined
t a pressure of 4 × 105 Pa (4 bar) and a temperature of 35 ◦C
nd were calculated from the steady-state pressure increase in
ime in a calibrated volume at the permeate side. The thickness
f the asymmetric skin was calculated from the of intrinsic per-
eability coefficient for a certain gas and its permeance for the

symmetric membrane. The ideal separation factor (the ratio of
he pure gas permeances) was used to determine whether the
repared membranes were defect-free. If needed, defects and
inholes were plugged by dip coating the membranes with a
wt.% PDMS-solution in n-hexane [26].

Besides the ideal O2/N2-separation performance, the pure
as CO2-permeance was measured as a function of pressure to
bserve the difference in strength of CO2-plasticization for the
sed materials. Permeance values were always recorded after
h of measuring.

.5. Mixed gas separation performance

Mixed gas separation experiments were always conducted
sing membrane modules without permeation history [27,28].
onsequently, the mixed gas separation performance may
uctuate slightly from module to module. Four different
O2/CH4) were investigated at a temperature of 35 ◦C. In every
as separation experiment two similar membrane modules were
easured simultaneously. The gas separation performance was

etermined according to the following protocol:
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determination of permeance properties with successively N2
and O2 at 4 × 105 Pa (4 bar) to check quality of membranes;
degassing for at least half an hour;
determination of separation performance of CO2/CH4 gas
mixture at 4 × 105 Pa (4 bar) for approximately 6 h;
tracing residual conditioning by measuring N2-permeance
decay overnight (16 h);
degassing and evacuation for 30 min;
increasing mixed gas pressure;
repeating steps 5, 6 and 7 up to the maximum pressure
(depending on the mechanical stability of the membranes).

Feed and permeate compositions were analyzed using
Perkin-Elmer gas chromatograph (GC) equipped with a

ayeSep Q column. The GC was calibrated with the pre-
alibrated feed mixtures. In principle, low stage-cuts (ratio
f permeate to feed flow, Qp/Qf) are preferred in mixed
as permeation experiments. However, low stage-cuts could
ot be maintained in experiments with high-flux membranes
P84/Matrimid and PPO). Therefore, a linear cross-flow model
as used to define the CO2- and CH4-permeabilities [29].
he model assumes a linear profile for the feed concentration.
ccordingly, the permeability ‘P’ of component ‘i’ is defined

s:

i = yiQp

A(pfx̄i − ppyi)
(1)

here

¯ i = Qfxf − Qrxr (2)

Qf + Qr

here x and y are the feed and permeate concentrations, respec-
ively, A the surface area, pf and pp the feed and permeate
ressure (Pa), and Qf, Qr and Qp the feed, retentate and per-

m
a
a
(

Fig. 1. Cross-sections of prepared asymmetric membranes: (a) Matrim
ne Science 306 (2007) 16–28 19

eate flow (ml/min). The mixed gas selectivity is defined as the
atio of permeance values:

i/j = Pi

Pj

(3)

he permeation driving force is expressed in terms of fugac-
ty to take into account non-ideal behavior of gas mixtures at
levated pressures. Fugacities were calculated using the Peng-
obinson equation-of-state [5]. To take into account the time
ependency of conditioning and to guarantee the consistency
f the permeance data, permeance values were collected in all
ases after six hours measuring time [28]. CO2-conditioning
auses subtle packing alterations in the non-equilibrium polymer
atrix. Within the relative short time scales of the experiments

he polymer chains cannot relax back into their original state
28]. Therefore, an additional indication for plasticization can be
btained by measuring the N2-permeance decay in time directly
fter a CO2-mixed gas experiment. When plasticization has
ccurred, the N2-permeance will be significantly higher than
ts original value and will decrease very slowly in time [5,30].

. Results and discussion

.1. Asymmetric membrane structure analysis

Fig. 1a–e shows the cross-sections of the asymmetric mem-
ranes used in the gas permeation experiments. All hollow fiber
embranes (Fig. 1a–d) have a typical asymmetric structure; a

ense thin top layer at the outside supported by a spongy porous
ubstructure. The P84/Matrimid and Matrimid hollow fiber

embranes show large amounts of fingerlike macrovoids that

re oriented from outside to inside, whereas the PES/Matrimid
nd PPO membranes have not. The CA asymmetric membranes
Fig. 1e) have a more symmetric geometry with a macrovoid-free

id, (b) P84/Matrimid, (c) PES/Matrimid, (d) PPO and (e) CA.
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Table 2
Pure gas permeation characteristics of the asymmetric membranes used in the
mixed gas permeation experiments

P/l (N2)
(GPU)

P/l (O2)
(GPU)

α (O2/N2) l (N2) (�m)

CA 0.32 1.7 5.2 0.43
P84/Matrimid 0.61 4.9 7.9 0.09
M
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Table 3
Pure gas permeation characteristics of the asymmetric membranes used in the
mixed gas permeation experiments

P/l (N2)
(GPU)

P/l (O2)
(GPU)

P/l (CH4)
(GPU)

α (O2/N2) l (N2)
(�m)

CA 0.32 1.7 – 5.2 0.43
P84/Matrimid 0.61 4.9 0.43 7.9 0.09
M
P
P

h
w
n
a
m
s
s

g
m
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e

4

(
(
s
n
m
a

atrimid 0.42 2.8 6.8 0.35
ES/Matrimid 0.38 2.6 6.7 0.27
PO 4.8 20 4.1 0.43

orphology. The presence of macrovoids is not detrimental as it
ill not influence the separation performance but only decrease

he mechanical resistance of the membrane. Since we are after
fundamental understanding of the mass transport behavior of

he skin, we feel comfortable in neglecting a mechanically opti-
ized support membrane morphology. Also the concentricity

s far from optimal. For industrial high-pressure gas separation
rocesses however, macrovoids should not be present in support
tructure and wall thickness must be equal.

.2. Pure gas permeation characteristics

Table 2 shows the pure gas permeation characteristics
f the different membranes. The permeance values (1 GPU
gas permeation unit) is 1 × 10−6 cm3 (STP)/cm2 s cmHg or
.6 × 10−12 m3 (STP)/m2 s Pa) are an average of three to four
ifferent membranes. The standard deviation in the gas per-
eation measurements was less than 10% for PPO and the
atrimid-based hollow fiber membranes. However, the CA
embranes were very difficult to reproduce, which resulted in
significantly larger standard deviation (∼25%). Furthermore,

he developed P84/Matrimid membranes have much thinner sep-
rating layer compared to the other four materials, which have

more or less equal top layer thickness.

Except for the PES/Matrimid membranes, all membranes
ere post-treated by applying a PDMS coating to recover the

ntrinsic selectivity of the material. P84/Matrimid possesses the

t
m
o
m

Fig. 2. (a) Absolute (in GPU) and (b) normalized pure
atrimid 0.42 2.8 – 6.8 0.35
ES/Matrimid 0.38 2.6 0.32 6.7 0.27
PO 4.8 20 – 4.1 0.43

ighest ideal O2/N2-selectivity, PPO the lowest. After coating
ith PDMS, the selectivity for the PPO-based hollow fibers does
ot completely correspond to the intrinsic selectivity of α = 4.7
s measured for the thick film prepared from the same high
olecular weight polymer from, The original fibers had a low

electivity scattering around 2 for O2/N2. The PDMS pushed the
electivity towards the intrinsic value of PPO (Table 3).

Fig. 2a and b shows the absolute and normalized pure
as CO2-permeance as a function of pressure for the used
embranes. CA and Matrimid membranes show the strongest

ncrease in CO2-permeance, which stands for the strongest effect
f plasticization. PPO membranes seem to experience the small-
st effect of plasticization.

.3. Mixed gas separation performance

The results will be discussed in terms of the CO2-permeance
absolute and normalized values), the N2-permeance decay
tracing the residual conditioning), the mixed gas CO2/CH4-
eparation factor and the normalized CH4-permeance. The
ormalized CO2-and CH4-permeances are the ratio of the per-
eance at each pressure (PCO2 and PCH4 ) to the permeance at
feed pressure of 4 × 105 Pa (4 bar) (P0) and gives the oppor-
unity to compare the separation performance of the different
embrane materials. The dotted lines presented in figures are

nly used to guide the eye. The results shown of PES/Matrimid
embranes have been recently reported [5], but are added to the

gas CO2-permeance as function of CO2-fugacity.
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Fig. 3. (a) Absolute (in GPU) and (b) normalized CO2-permeance as a f

ther results in order to make a more comprehensive compari-
on.

.3.1. 20/80 vol.% CO2/CH4-separation
Fig. 3a and b shows the absolute and the normalized

O2-permeance, respectively, as a function of CO2-fugacity
or the different membranes using a feed gas of 20/80 vol.%
O2/CH4. All membranes show a continuous decrease in the
O2-permeance with increasing fugacity. The largest total per-
eance reduction is observed for PPO and the smallest for
atrimid (Fig. 3b). This can be explained by stronger com-
etitive sorption effects or smaller plasticization effects.
The amount of residual conditioning is determined from the

2-permeance decay in time (Fig. 4). Fig. 4 shows that almost
o (PPO and the Matrimid blends) or only minor residual con-

ig. 4. N2-permeance decay after 20/80 vol.% CO2/CH4-separation at a feed
ressure of 16 × 105 Pa (16 bar) (CO2-fugacity of 3.3 × 105 Pa (3.3 bar)).

o
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w

n of the CO2-fugacity using a 20/80 vol.% CO2/CH4-feed gas mixture.

itioning (Matrimid) has occurred for all membranes. Of all
embranes, Matrimid shows the largest effect of conditioning
hich correlates with the smaller reduction in CO2-permeance
ith increasing fugacity observed in Fig. 3b. While the CO2-
ermeance reduction for PPO, P84/Matrimid and PES/Matrimid
s only caused by competition effects, plasticization effects have
lightly counterbalanced these competition effects in the case of

atrimid.
Fig. 5a and b shows the obtained mixed gas CO2/CH4-

eparation factors and normalized CH4-permeance as a function
f CO2-fugacity. All membranes exhibit a continuous decrease
n separation factor with increasing fugacity. This is a result
f a stronger decrease in the CO2-permeance compared to the
H4-permeance which is a typical behavior of glassy polymer
embranes [31]. However, the decreasing separation factor of
atrimid membranes may be slightly influenced by plasticiza-

ion effects which were already observed in Fig. 4. Al-Juaied and
oros [14] observed no plasticization effects using a feed com-
osition of 10/90 CO2/CH4 up to a fugacity of ∼14 × 105 Pa
∼14 bar) in similar Matrimid hollow fiber membranes. The
btained results for Matrimid show that at 20 vol.% CO2 plas-
icization effects are present, but have only a minor effect of
he mixed gas separation performance. It may be suggested that
t this CO2-feed gas concentration (20 vol.%) a threshold value
or CO2 sorption is reached, sufficient to induce plasticization
ffects.

PPO membranes give a low mixed gas selectivity below 10.
ery different values for the ideal CO2/CH4-separation factor are

eported ranging from 12 to more than 20 [21,32]. We have tested
he intrinsic property in single gas experiments and obtained
3.7. The lower selectivity for the asymmetric fibers may be
aused by strong competition effects, which generally decrease
ixed gas selectivity compared to ideal (pure gas) selectivity.

he asymmetric Matrimid-based membranes have significant
igher mixed gas selectivity than PPO. Blending Matrimid with
84 gives higher separation factors compared to pure Matrimid,
hile blending with PES results in less selective membranes.
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Fig. 5. (a) CO2/CH4-selectivity and (b) normalized CH4-permeance as

Summarizing, the separation performance of all membrane
aterials investigated is fully determined by competitive sorp-

ion effects because plasticization effects are (almost) absent.
he CO2-permeance and the separation factor decrease with

ncreasing feed fugacity for all membranes investigated, which
s consistent with the effects expected upon competitive sorption.

.3.2. 50/50 vol.% CO2/CH4-separation
Fig. 6 shows (a) the absolute and (b) the normalized

O2-permeance as a function of the CO2-fugacity for CA,
84/Matrimid and PES/Matrimid membranes in the separation
f a 50/50 vol.% CO2/CH4-gas mixture. All three-membrane
aterials show a continuous decrease in the CO2-permeance
ith increasing CO2-fugacity, with the strongest permeance

eduction for PES/Matrimid (Fig. 6b).

However, the N2-permeance decay measurements (Fig. 7)

how that P84/Matrimid and PES/Matrimid membranes exhibit
he largest extent of residual conditioning. CA membranes seem
o recover considerably faster to their original N2-permeance

t
s
w
P

Fig. 6. (a) Absolute (in GPU) and (b) normalized CO2-permeance as a func
ction of CO2-fugacity using a 20/80 vol.% CO2/CH4-feed gas mixture.

before the permeation experiment), while PES/Matrimid and
84/Matrimid membranes end up with ∼15% residual condi-

ioning.
Donohue et al. [19] reported that plasticization induced

hanges in CA membranes seem to recover relative fast after
he separation of CO2/CH4-mixtures. The polymer chains of
A apparently relax very fast back to a compactly dense packed

tate upon release of the CO2-mixture. This can be interpreted
n terms of the fact that CA has the lowest Tg of all membranes
nvestigated [8]. As the magnitude of the Tg is a measure for
hain stiffness, CA will have the highest polymer chain mobility
o relax.

Fig. 8 shows (a) the CO2/CH4-separation factor and (b) the
ormalized CH4-permeance as a function of CO2-fugacity. All
embrane materials show a relative strong decrease in separa-
ion factor with increasing CO2-fugacity. The CH4-permeance
hows a significant increase in fugacity for CA membranes,
hile it is more or less unchanged for PES/Matrimid and
84/Matrimid membranes.

tion of CO2-fugacity using a 50/50 vol.% CO2/CH4-feed gas mixture.
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ig. 7. N2-permeance decay after 50/50 vol.% CO2/CH4-separation at a feed
ressure of 16 × 105 Pa (16 bar) (CO2-fugacity of 8.2 × 105 Pa (8.2 bar)).

The strong increase in CH4-permeance and consequently
ecreasing separation factor for CA membranes is caused by
lasticization effects. Therefore, it can be concluded that plas-
icization effects dominate the mixed gas transport behavior of
A membranes. As the CH4-permeance does not change much
ith increasing fugacity, the decrease in mixed gas selectivity for
ES/Matrimid and P84/Matrimid membranes can be attributed

o competition effects. It can be concluded that the mixed gas
ransport behavior for PES/Matrimid and P84/Matrimid mem-
ranes is dominated by competition effects using a 50/50 vol.%
O2/CH4-feed gas mixture.
Summarizing, CA, PES/Matrimid and P84/Matrimid mem-
ranes show a decreasing CO2-permeance with increasing
ugacity. Nevertheless, plasticization effects dominate the sep-
ration performance of CA membranes. The CH4-permeance

a
p
m
O

Fig. 8. (a) CO2/CH4-selectivity and (b) normalized CH4-permeance as a func
ne Science 306 (2007) 16–28 23

ncreases with increasing fugacity, which gives a strong decrease
n separation factor. On the other hand, the separation per-
ormance of PES/Matrimid and P84/Matrimid membranes
s dominated by competition effects, although plasticization
ffects are not completely absent as was shown by the N2-
ermeance decay measurements.

.3.3. 80/20 vol.% CO2/CH4-separation
Fig. 9 shows (a) the absolute and (b) the normalized CO2-

ermeance as a function of the CO2-fugacity for all membranes
n the separation of a 80/20 vol.% CO2/CH4-feed gas mixture.
he absolute CO2-permeances (in GPU) are somewhat higher

or all membranes compared to the previous described gas mix-
ures (20/80 and 50/50). Because the CH4-feed gas concentration
s decreased, competition effects will be smaller. On the other
and, plasticization effects will be stronger due to a higher
O2-feed gas concentration. Both effects will result in a higher

absolute) CO2-permeance.
Fig. 9b shows that the normalized CO2-permeance increases

ignificantly with increasing CO2-fugacity for Matrimid and
A, suggesting a much stronger plasticization effect compared

o the previous described gas mixtures. P84/Matrimid and PPO
embranes show a slight decrease in CO2-permeance with

ncreasing fugacity. On the other hand, a continuous decrease
n CO2-permeance with increasing fugacity is still observed for
ES/Matrimid membranes, suggesting relative strong competi-

ion effects.
Fig. 10 shows the N2-permeance decay measurements for

ll membranes after the separation of a 80/20 vol.% CO2/CH4-
eed gas mixture. Again, the N2-permeance decay for CA
embranes show a relative fast decrease towards the initial
2-permeance, although the increase in the normalized CO2-
ermeance with increasing CO2-fugacity (Fig. 9b) suggested

large effect of plasticization. This was explained in the

revious section (50/50 vol.%) by the larger polymer chain
obility of CA compared to the other membrane materials.
n the other hand, the CO2-permeance behavior of PPO and

tion of CO2-fugacity using a 50/50 vol.% CO2/CH4-feed gas mixture.
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Fig. 9. (a) Absolute (in GPU) and (b) normalized CO2-permeance as a f

he Matrimid-based membranes are confirmed by these experi-
ents (Fig. 10). Matrimid membranes show the highest amount

f CO2-induced residual conditioning (>40%) and thus the
trongest effect of plasticization. The other materials appeared
o be less susceptible to plasticization looking at the trends in
O2-permeance. They show significantly less residual condi-

ioning after the mixed gas permeation experiment (∼20%).
urthermore, the two polyimide blends experience a similar
xtent of residual conditioning, suggesting a similar magnitude
f CO2-induced plasticization effects. This was also observed in
he permeation experiments with pure CO2 (Fig. 2). However,
he mixed gas CO2-permeance shows a permeance reduction

or PES/Matrimid membranes and a permeance increase for
84/Matrimid membranes with increasing fugacity. Probably,

he observed difference in the CO2-permeance behavior may
e attributed to a more pronounced competitive sorption effect

ig. 10. N2-permeance decay after 80/20 vol.% CO2/CH4-separation at a feed
ressure of 16 × 105 Pa (16 bar) (CO2-fugacity of 13.3 × 105 Pa (13.3 bar)).
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n of the CO2-fugacity using a 80/20 vol.% CO2/CH4-feed gas mixture.

n PES/Matrimid membranes compared to P84/Matrimid mem-
ranes.

Fig. 11 shows the (a) mixed gas CO2/CH4-separation factors
nd (b) normalized CH4-permeance as a function of CO2-
ugacity for the different membranes investigated. Plasticization
as a much stronger effect on the separation performance due to
he higher CO2-feed concentration compared to the previously
escribed gas mixtures, as was shown by N2-permeance decay
easurements (Fig. 10). Therefore, decreases in selectivity are

ot only caused by competitive sorption effects, but by plasti-
ization effects as well. For example, for cellulose acetate it is
eported that plasticization is the most dominating effect [17].
his is verified by looking at the CO2/CH4-separation factors in
ig. 10. CA membranes show the largest loss in selectivity as a
unction of fugacity of all used materials, which is confirmed
y looking at the normalized CH4-permeance. The increase
n normalized CH4-permeance with increasing fugacity is the
trongest for CA membranes.

For the other membranes (Matrimid, P84/Matrimid, PES/
atrimid and PPO) plasticization effects are pronounced as
ell, as the CH4-permeance increases with increasing fugacity

s well. However, in the case of CA membranes, the selectivity
s a function of fugacity was lower at this CO2-feed gas concen-
ration compared to the previous described feed gas mixtures,
hile it increased for PPO, PES/Matrimid and P84/Matrimid
embranes. It suggests that plasticization is not as dominant

n these latter membranes compared to CA membranes. For
atrimid membranes similar selectivities were obtained com-

ared to the 20/80 vol.% CO2/CH4-feed gas mixture, suggesting
tronger plasticization effects than for PPO and the Matrimid-
ased blends, but weaker than for CA membranes. Typically, in
he absence of plasticization, the mixed gas selectivity increases
ith increasing CO2-feed gas concentration due to competition

ffects. Since the selectivity is higher with increasing CO2-

eed gas concentration, it can be concluded that competition
ffects still dominate the mixed gas separation performance of
84/Matrimid, PES/Matrimid and PPO membranes. Plasticiza-

ion effects are clearly present but do not significantly influence
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Fig. 11. CO2/CH4-selectivity as a function of C

he separation performance of these membranes, while they do
or CA and Matrimid membranes.

Summarizing, at a CO2-feed gas concentration of 80 vol.%
lasticization effects start to dominate the separation perfor-
ance of Matrimid membranes. CA membranes experience a

tronger effect of plasticization compared to the previous mix-
ure, causing a decrease in selectivity with increasing CO2-feed
oncentration. Competition effects are dominating the sepa-
ation performance of P84/Matrimid, PPO and PES/Matrimid
embranes, although plasticization effects are clearly visible.

.3.4. 98/2 vol.% CO2/CH4-separation
The trends that can be observed in the absolute and nor-

alized CO2-permeance (Fig. 12) using a 98/2 vol.% feed

as mixture are similar to those observed using a 80/20 vol.%
eed gas mixture (Fig. 9). The absolute CO2-permeances for
he different materials are higher due to a decrease in com-
etitive sorption effects (decreasing concentration of second

g
a
m
f

Fig. 12. (a) Absolute (in GPU) and (b) normalized CO2-permeance as a fun
gacity using a 80/20 vol.% CO2/CH4-mixture.

omponent CH4). Furthermore, the normalized CO2-permeance
ncreases with increasing fugacity for CA, Matrimid and
84/Matrimid membranes. For PES/Matrimid membranes still
slight decrease in the CO2-permeance with increasing fugac-

ty is observed. Due to smaller competition effects and a higher
egree of plasticization at this feed gas composition, the increase
n CO2-permeance is stronger for P84/Matrimid compared to the
0/20 vol.% feed gas mixture. For the same reasons, the decrease
n CO2-permeance with increasing fugacity is less strong for
ES/Matrimid membranes.

A stronger increase in CO2-permeance with increasing fugac-
ty is not observed for CA membranes. The total increase in
O2-permeance seems to be more or less unchanged. As all used
embranes were completely aged before performing any mixed
as permeation experiment, a difference in the level of physical
ging can be excluded as the reason for this effect. Furthermore,
embranes without CO2-permeation history were always used

or a mixed gas experiment. The exact reason for the devia-

ction of CO2-fugacity using a 98/2 vol.% CO2/CH4-feed gas mixture.
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effects are also more pronounced for PES/Matrimid membranes,
ig. 13. N2-permeance decay after 98/2 vol.% CO2/CH4 separation at a feed
ressure of 16 × 105 Pa (16 bar) (CO2-fugacity of 13.3 × 105 Pa (13.3 bar)).

ion in the CO2-permeance behavior of CA membranes remains
nclear.

Nonetheless, the extent of residual conditioning measured
y the N2-permeance decay (Fig. 13) is significantly higher for
A membranes at this feed gas concentration compared to the
0/20 vol.% feed gas mixture.

The degree of plasticization is that high that the initial N2-
ermeance is not recovered anymore as was observed in the
reviously described feed gas mixtures (50/50 and 80/20 vol.%
O2/CH4). For the other membranes (PES/Matrimid and
84/Matrimid), a higher extent of residual conditioning is
bserved at this CO -feed concentration. The effects of plas-
2
icization appeared to be stronger for P84/Matrimid membranes
ompared to PES/Matrimid membranes, while the difference in
ure gas CO2-permeation behavior was very small.

t
f
m

Fig. 14. CO2/CH4-selectivity as a function of CO2-fugacity in t
ne Science 306 (2007) 16–28

Fig. 14 shows (a) the mixed gas separation factor and (b)
he normalized CH4-permeance as a function of CO2-fugacity
n the separation of a 98/2 vol.% CO2/CH4-feed gas mixture.
he separation factor of CA membranes is lower compared to

he separation of the 80/20 vol.% CO2/CH4-feed gas mixture,
hich is due to strong and dominating plasticization effects. This

auses also a strong increase in the normalized CH4-permeance
ith increasing CO2-fugacity. Plasticization is clearly more pro-
ounced for P84/Matrimid membranes at a 98/2 vol.% feed gas
oncentration because a relative strong decrease in separation
actor with increasing CO2-fugacity is observed, while the val-
es of the CO2/CH4-selectivity are lower compared to those
n the separation of a 80/20 vol.% CO2/CH4-feed gas mixture.
esides, a large increase in the normalized CH4-permeance
ith increasing fugacity is observed (Fig. 14b). Therefore, it

an be concluded that plasticization is dominating the separa-
ion performance of P84/Matrimid membranes at a 98/2 vol.%
O2/CH4-feed gas composition.

Plasticization has also a significant effect on the separation
erformance of PES/Matrimid membranes as the normalized
H4-permeance is increasing with increasing CO2-fugacity

Fig. 14b). However, competitive sorption still seems to be the
ominant effect, as the mixed gas selectivity values increased
ith increasing CO2-feed concentration (from 80 to 98 vol.%)

s a result of less competition effects.
Summarizing, plasticization effects are significantly stronger

t a CO2-feed concentration of 98% vol.%, as is shown by
he N2-permeance decay measurements. Furthermore, plasti-
ization effects start to dominate the separation performance
f P84/Matrimid membranes, because the mixed gas selec-
ivity decreases with increasing CO2-feed gas concentration
80–98 vol.%) and the CH4-permeance shows a relative strong
ncrease with increasing fugacity. Although plasticization
he mixed gas selectivity still increases by increasing the CO2-
eed gas concentration from 80 to 98 vol.%, which suggests the
ixed gas separation performance is not significantly influenced

he separation of a 98/2 vol.% CO2/CH4-feed gas mixture.
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y plasticization effects over the complete concentration range
nvestigated.

.4. Discussion

Overall it can be concluded that a subtle balance between
ompetition and plasticization effects exists in all asymmetric
embranes investigated. However, depending on the material

tudied, plasticization or competition dominates the mixed gas
ransport behavior. For Matrimid membranes plasticization is
ominant at high CO2-feed gas concentrations (80 vol.% CO2),
hile competition effects are dominant at low CO2-feed gas

oncentrations (20 vol.% CO2). For CA membranes, plasticiza-
ion appears to be always the dominant effect (with the used
eed gas compositions). Especially in the case of CA, plasti-
ization effects can cause significant losses in selectivity with
ncreasing CO2-level, as was also observed by others [17–19].
PO appeared to less susceptible to plasticization, but showed
oor mixed gas selectivities probably caused by strong compe-
ition effects. Furthermore, the PPO membranes still contained
ome surface defects, which logically lowered the maximum
chievable selectivity.

Of all asymmetric membranes investigated, PES/Matrimid
nd P84/Matrimid membranes have the most promising
O2/CH4-separation properties. The separation properties

mprove with decreasing CH4-fugacity, which was interpreted as
result of strong competitive sorption effects in PES/Matrimid
embranes. Plasticization effects seem not to influence the
ixed gas separation performance much. A similar trend was

bserved for P84/Matrimid membranes; the separation proper-
ies became better with decreasing CH4-fugacity. However, at
he lowest CH4-fugacity and higher CO2-fugacity (high CO2-
eed gas concentrations) the separation properties start to decline
ue to significant plasticization. Blending Matrimid with PES
r P84 positively influences the plasticization resistance and
hus the mixed gas separation performance, although it appears
o be more effective at high CO2-feed gas concentrations for
ES/Matrimid membranes. Unless the fact that P84/Matrimid
embranes seem to be slightly more susceptible to plasticization

ffects, they have much higher mixed gas selectivities compared
o PES/Matrimid membranes.

It should be pointed out that plasticization phenomena are
ighly dependent on the conditions of the experiment. To allow a
air comparison, it was attempted to use membranes with a more
r less similar skin thicknesses. However, the P84/Matrimid
embranes possessed a thinner skin than the other four mem-

ranes. Typically, plasticization effects are more pronounced
ith decreasing thickness of the separation layer [11]. Further-
ore, we were unable to obtain defect-free PPO membranes,
hich obviously influenced the maximum obtainable selectivity,
hile the reproducibility of the CA membranes was poor. Nev-

rtheless, the observed trends to our opinion give a reliable view
n the effects occurring in the mixed gas permeation behavior

f different membrane materials based on glassy polymers.

Competitive sorption and especially plasticization effects can
esult in significant lower mixed gas selectivities for glassy poly-
er membranes. However, glassy polymer membranes may still

w
s
p
i

ig. 15. Mixed gas CO2/CH4-selectivity as a function of the CO2-fugacity for
wo Matrimid-based glassy polymer membranes using a 80/20 vol.% CO2/CH4-
eed gas mixture and a PEO-based rubbery membrane [10].

how a much better separation performance than for exam-
le rubbery membranes which do not experience competitive
orption effects [10]. Fig. 15 shows the mixed gas CO2/CH4-
electivity as a function of CO2-fugacity of PES/Matrimid,
84/Matrimid membranes using a 80/20 vol.% CO2/CH4-feed
as mixture and a PEO-based rubbery membrane [10]. The
wo Matrimid-based membranes exhibit much higher CO2/CH4-
electivities, mainly due to high diffusion selectivities. Although
or other glassy polymer membranes (6FDA-polyimide in
ig. 15) the diffusion selectivity is often completely lost due

o CO2-plasticization [9], Fig. 15 shows that a stable separation
erformance is obtained for PES/Matrimid and P84/Matrimid
embranes up to at least 14 × 105 Pa (14 bar) CO2. This partial

ressure is in the range of typical CO2-fugacities in natural gas.

. Conclusions

The results show that a subtle balance exists between com-
etitive sorption and plasticization effects for all asymmetric
embranes investigated. The magnitude of competition or plas-

icization effects varies depending on the materials investigated.
ifferent levels of CO2-concentration are required to reach

he point where plasticization starts to dominate the separation
erformance of a certain material. The mixed gas permeation
esults showed that plasticization effects dominated the mixed
as separation performance of asymmetric Matrimid and CA
embranes, resulting in a relative large loss of selectivity. PPO
embranes appeared to be less susceptible to plasticization, but

ave low mixed gas CO2/CH4-selectivities. The mixed gas sep-
ration performance of asymmetric PES/Matrimid membranes

as not very sensitive for CO2-plasticization due to relative

trong competitive sorption effects. Although it enhanced the
lasticization resistance, blending PES with Matrimid resulted
n membranes with a lower selectivity compared to pure
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atrimid membranes. On the other hand, the addition of P84
o a Matrimid-based blend resulted in higher selectivity and
ncreased plasticization resistance. However, this was only valid
or CO2-feed gas concentrations below 80 vol.%. Above this
O2-feed gas concentration plasticization effects started to dom-

nate the mixed gas separation performance of P84/Matrimid
embranes above this CO2-feed gas concentration.
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