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bstract

This paper describes the preparation, characterization and permeation properties of polyimide BTDA-AAPTMI (Matrimid 5218) and co-
olyimide BTDA-TDI/MDI (P84) dense polymer films containing aliphatic hyperbranched polyesters, Boltorn (H40). The H40 are dispersed in
he polymers at various concentrations.

For Matrimid–H40 1.0 wt% membrane the nitrogen permeability increases but with significant loss in selectivity, while at higher H40 concen-

rations (5.0 and 10.0 wt%) the permeability becomes lower than of the pure polymer and the selectivity generally stays constant. The dispersion
f various concentrations of H40 (1.0, 5.0 and 10.0 wt%) in P84 membranes decreases gas permeability in comparison to pure P84, while the
electivity generally stays constant.

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

Over the last decades, polymeric membranes have proven to
perate successfully in industrial gas separations [1]. Special
ttention has been concentrated on the relationship between
olymer structure and gas separation properties. Most of
he polymers that have been investigated, however, show the
eneral trend that highly permeable polymers possess rather low
electivity (permeability/selectivity trade off relationship [2]).
n the last two decades, various polyimide glassy polymers have
een developed which combine high selectivity with accept-
ble permeability coefficients [3]. In fact, polyimides, like
TDA-AAPTMI (Matrimid 5218) or BTDA-TDI/MDI (P84),

how excellent intrinsic gas separation properties and robust
echanical properties to withstand high-pressure gas feeds [4].
A considerable interest has also been shown in dendritic poly-

ers as the hyperbranched polymers (HBP). The exceptional

eatures of the dendritic architecture [5–7] result directly from
he repetitive branching giving access to large number of reac-
ive end-groups. In previous work, we mixed various generations

∗ Corresponding author. Tel.: +31 53 4894675; fax: +31 53 4894611.
E-mail address: d.stamatialis@tnw.utwente.nl (D.F. Stamatialis).
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f dendrimers, Boltorn, into poly(2,6-dimethyl-1,4-phenylene
xide) (PPO) polymers [8]. The permeability of various gases
O2, N2, CO2) showed a maximum at low Boltorn concentration
1 wt%). There, the gas permeability was in fact 2–3 times higher
han the permeability of pure PPO. At higher Bolton concen-
rations however, the permeability decreased and became even
ower than that of the pure PPO. For all Boltorn concentrations
he ideal gas selectivity was constant. Our results showed that
he maximum in gas permeability is due to increase of polymer
ree volume at low Bolton concentration while at higher con-
entrations clustering of Bolton leads to phase separation and
ecrease of permeability.

This work investigates the gas permeability of Matrimid 5218
nd co-polyimide P84 membranes containing Boltorn (H40).
ompared to PPO, the polyimides have high gas selectivity;
owever, their gas permeability is rather low. Therefore, the
ncrease of their permeability by adding dendrimers would be
ighly desirable. Our results show that small amounts of H40
ispersed into Matrimid increase N2 and O2 permeability in
omparison to pure Matrimid, while at higher amounts of H40,

as permeability decreases. For P84–H40 membranes the gas
ermeability is always lower than pure P84. A systematic inves-
igation of the structure of Matrimid–H40 and P84/Boltorn

embranes is performed (using scanning electron microscopy

mailto:d.stamatialis@tnw.utwente.nl
dx.doi.org/10.1016/j.memsci.2007.11.028
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ig. 1. Chemical structure of (a) Matrimid 5218 polyimide and (b) BTDA-
DI/MDI (P84) co-polyimide.

SEM), differential scanning calorimetry (DSC), wide angle X-
ay scattering (WAXS), contact angle measurements) in order
o understand the membrane permeation performance.

. Experimental

.1. Materials

For the membrane preparation the following materials were
sed: BTDA-AAPTMI polyimide (known as Matrimid 5218,
rom Ciba Specialty Chemicals Corp.) and co-polyimide BTDA-
DI/MDI (known as P84, from Lenzing) (see Fig. 1).

Other chemicals used: 1-methyl-2-pyrrolidinone (NMP,
9%, Acros Organics), and hyperbranched polymers commer-
ially available as Boltorn® H40 (kindly supplied by Perstorp
pecialty Chemicals AB, Sweden). They are aliphatic polyesters
sing ethoxylated pentaerythritol as central cores and 2,2-
is(methylol)propionic acid (bis-MPA) as dendritic units [8].
he products are all hydroxyl functional. Hydroxyl number,
olecular weight and polydispersity of Boltorn polymers from

he data sheet provided by Perstorp are presented elsewhere
6,8,9].

.2. Membrane preparation

For the preparation of pure Matrimid membranes, the poly-
er was dissolved in NMP solvent (10 wt% polymer solution).
he solution was cast on a glass plate and dried first under nitro-
en atmosphere at room temperature (20–25 ◦C) for 7 days, then
n a vacuum oven at 80 ◦C for 7 days, and finally in a vac-
um oven at 100 ◦C for 7 days. Dry films with a thickness of
0–50 �m were obtained.

For the preparation of Matrimid membranes dispersed with
oltorn (H40), the Matrimid and H40 were dissolved in NMP

10 wt% polymer solution). The solution was stirred for 3–4 h
t room temperature until complete dissolution. The mem-

ranes were cast and dried using the same method as for the
ure Matrimid. Dry films with a thickness of 40–50 �m were
btained. Films containing 1.0, 5.0 and 10.0 wt% of H40/g of
ry membrane were prepared. All membranes were kept in vac-

a
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um oven at 30 ◦C until constant weight (for approximately 2
onths).
The pure P84 and P84–H40 membranes were prepared

n NMP solvent following similar procedure as for the pure
atrimid and Matrimid–H40 membranes.

.3. Characterization of membranes

.3.1. Density measurements
The density measurements of all membranes were performed

sing an AccuPyc 1330 Pycnometer with a 0.1 cm3 sample
nsert. The pressures observed upon filling the sample cham-
er with the gas and then discharging it into a second empty
hamber allows computation of the density of the sample.

.3.2. DSC measurements
The thermal properties of pure Matrimid, pure P84,

atrimid–H40 and P84–H40 were measured using a
erkinElmer DSC-7 (differential scanning calorimeter) in nitro-
en atmosphere. The samples were initially heated from −50 ◦C
ntil 380 ◦C, cooled with liquid nitrogen, held for 5 min, and
eheated two more times following the same steps. The heat-
ng rate was 10 ◦C/min and the cooling rate was 20 ◦C/min. The
lass transition temperature, Tg, of the polymer was obtained
rom the third scan.

.3.3. Scanning electron microscopy (SEM)
The morphology of all membranes was determined using a

eol JSM-5600 LV scanning electron microscope. The samples
ere freeze fractured in liquid nitrogen and sputtered with a

hin layer of gold using a Balzers Union SCD 040 sputtering
pparatus.

.3.4. Contact angle measurements
Static liquid–air contact angles were measured with a

oniometer (OCA 15, Data Physics). Drops of 1 �l Milli-Q water
ere formed at the needle tip and contact angles were measured
0 s after placing the drop on the substrate. The equilibrium con-
act angle (θ) of a liquid with a solid substrate is determined by
oung’s equation:

os θ = γSV − γSL

γLV
(1)

here, γLV, γSV, γSL is the surface tensions of the liquid/vapor,
olid/vapor and solid/liquid, respectively.

.3.5. Gas permeability and sorption
The permeation of pure nitrogen (N2), oxygen (O2), and car-

on dioxide (CO2) through the membranes was investigated
t 3.5 bar feed pressure, using the set up described elsewhere
10]. Pure gas permeability coefficients were calculated from
he steady state pressure increase in time in a calibrated volume

t the permeate side using the equation:

P

l
= V 273.15(ppt − pp0)

A T ((pft + pf0)/2)76 t
106 (2)
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here the ideal gas law is assumed to be valid, ppt, pft (bar) is
he pressure at the permeate and feed side at time t, pp0 pf0 is
he permeate and feed pressure at t = 0, T (K) is the tempera-
ure, V (cm3) is the calibrated permeate volume, and A (cm2)
he membrane area. The gas permeance (P/l) is expressed in
PU, i.e. 10−6 cm3 cm−2 s−1 cmHg−1. Multiplying the gas per-
eance with the thickness of dense membrane, l (cm), gives the

ermeability coefficient in barrer. All the gas permeation experi-
ents were performed at 35 ◦C. Values and error bars reported in

he tables and figures are based on measurements of two different
embrane samples.
The gas sorption isotherms of N2, O2 and CO2 in dense

atrimid pure and P84 pure, Matrimid and P84 dispersed with
40 (1.0 and 10.0 wt%) films were measured at 35 ◦C, using
magnetic suspension balance [11] (MSB, Rubotherm). The

xperimental procedure has been described in detail elsewhere
12]. The equilibrium mass increase was corrected for buoyancy
y subtracting the weight at zero sorption at a certain pressure
rom the vacuum weight of the sample. Using the equilibrium
eight increase and the density of the polymer, the concentration

in cm3 STP) inside the polymer (cm3 polymer) was calculated
11].

The ideal Fickian sorption of a penetrant into a polymer
atrix is proportional to the square root of time, assuming a

onstant diffusion coefficient [13]. The mass uptake (g) in time
M(t)) can be described with the following equation:

M(t) 8 ∞∑ 1
{

D(2m + 1)2π2t
}

M∞
= 1 −

π2
m=0

(2m + 1)2 exp −
l2

(3)

here M∞ is the mass uptake at infinite time (equilibrium sorp-
ion), D is the diffusion coefficient (m2/s) and t is the time

1
d
a
r

Fig. 2. SEM micrographs of (a) pure Matrimid, and (b) Matrimid–H40
ane Science 310 (2008) 512–521

s). Fitting of sorption data to this equation gives the ideal gas
iffusion coefficients [14].

.3.6. WAXS measurements
Wide angle X-ray scattering (WAXS) experiments were per-

ormed using a Bruker-Nonius D8-Discover equipped with 2D
etector. Standard background (air and sample holder) subtrac-
ion measured at the same time and conditions were applied to
ll data. The sample–detector (S–D) distance was set at 10 cm
nd the incident beam wavelength was 1.54 Å (Cu K�). Mea-
urements were performed both perpendicular and in the plane
f the membrane [12]. In the first case, the sample thickness as
een by the incident beam was always less than 0.5 mm.

. Results and discussion

.1. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) was used to investi-
ate the distribution of H40 in Matrimid and P84 membranes.
igs. 2–4 show some typical results obtained using magnifi-
ation of 1000× and 5000×. A two-phase morphology seems
o be characteristic of all samples, with more or less spherical
roplets of the minor phase (H40) dispersed in a continuous
atrix phase, comparable with the findings of Mulkern and Tan

5] for polystyrene-Boltorn. Both pure Matrimid and pure P84
ave similar dense and compact structure (surface and cross-
ection). It seems that at various H40 concentrations (1.0 and

0.0 wt%) in Matrimid, phase separation occurs resulting in a
ispersed particulate structure (see Fig. 2). Similar results were
lso found by Boogh et al. [15] for modified DGEBF epoxy
esin with Boltorn. Furthermore, at the top side of P84–H40

1.0 wt% membranes (insets are zoom at magnification 5000×).
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slightly more stiff and perhaps there is suppressed inter-chain
packing as well as some possible conformational changes in
the backbone. Perhaps as a consequence, an extra interstitial
chain space is created and the free volume of the membrane

Table 1
Contact angle results of Matrimid–H40 and P84–H40 films

Sample Contact angle (◦)

wt% H40 Matrimid–H40 P84–H40
Fig. 3. SEM micrographs of (a) pure P

.0 and 10.0 wt% membranes the dispersed particulate struc-
ure consists in big circles surrounded by smaller ones, while at
he glass side SEM micrographs show the formation of “holes”
Fig. 3). In contrast to PPO–Boltorn where Bolton were mostly
n the top of the membrane [8], here the dispersed particulate
tructure seems to be present at both sides (top and glass side) of

atrimid–H40 and P84–H40 membranes. Moreover, the mem-
ranes have “holes” in the cross-section (see Fig. 4). This might
e due to “washing” out of H40 agglomerates during the sample
reparation for SEM analysis.

In order to investigate further the film structure, we kept the
atrimid–H40 and P84–H40 membranes for four days in water

known as solvent for Boltorn, but not for the polymers). The
embranes were dried afterwards in N2 box for 2 days and

acuum oven at 50 ◦C for 2 days. The SEM micrographs of
atrimid–H40 (1.0 and 10.0 wt%) after “washing” with H2O

ook similar with the original sample before “washing” (see
ig. 5a). In contrast, the SEM micrographs of P84–H40 (1.0
nd 10.0 wt%) washed in H2O show bigger “holes” at the glass
urface, instead of the dispersed particulate structure seen before
see Fig. 5b). These “holes” were probably created after disso-
ution of H40 by H2O, while the top side keeps its particulate
tructure similar to the original sample (Fig. 5). This test sug-
ests that for P84 membranes, the H40 migrate to both surfaces,
lthough preferentially to the glass side, and form agglomerates.
or Matrimid, no differences between the original samples and

hose “washed” (with H2O) could be visualized by SEM. This
uggests that probably H40 is mixed rather well with the polymer

similar to PPO [8]) perhaps due to hydrogen bond formation
etween the polymer and H40.

The H40 migration to the membrane surface is sup-
orted by the contact angle measurements of both surfaces

1

d (b) P84–H40 1.0 wt% membranes.

f Matrimid and P84 membranes (see Table 1). The contact
ngle of Matrimid–H40 and P84–H40 decreases for both air
nd glass side surfaces in comparison to the pure polymers.
or Matrimid–H40 1.0 wt% the contact angle is similar for both
urfaces, whereas for P84–H40 1.0 wt% the contact angle of
he glass side is lower than of the top side, indicating preferred

igration of H40 to the glass side of the membrane. However,
or both polymers, the contact angle of both sides becomes sim-
lar at 10.0 wt% H40 but at values lower than the pure poly-

ers.

.2. DSC–WAXS measurements

Table 2 presents the DSC results of the membranes. It shows
hat the Tg of Matrimid–H40 1.0 wt% increases to 345 ◦C
n comparison to pure Matrimid (Tg = 333 ◦C). This indicates
hat the Matrimid polymer chain with 1.0 wt% H40 becomes
Air side Glass side Air side Glass side

0 92 90 80 79
1.0 59 57 61 49
0.0 57 58 52 54
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Fig. 4. SEM micrographs of cross-sections of Matrimid and P84

ight increase, too. Additionally, the density of Matrimid–H40
.0 wt% decreases to 1.23 g/cm3 in comparison to pure polymer
ρ = 1.32 g/cm3), suggesting more “open” polymer structure. For
he Matrimid–H40 10.0 wt% (Tg = 330 ◦C) no significant change

◦
n Tg was found in comparison to pure Matrimid (Tg = 333 C).
he Matrimid–H40 10.0 wt% has two Tg at 43 and 330 ◦C,
ach associated with an individual dispersion component, H40
nd Matrimid, respectively (H40 has Tg at 42 ◦C). Besides, the

able 2
SC and density results of Matrimid and P84 with various Boltorn

oncentrations

olymer wt% H40 Density (g/cm3) Tg (◦C)

atrimid
0 1.32 333
1.0 1.23 345

10.0 1.41 43 and 330

84
0 1.39 316
1.0 1.45 289

10.0 1.54 49 and 277

t
(
T
p
d
1
m
p
H
M

a
1
fi
c
s

ranes: (a) pure polymer, (b) 1.0 wt% H40 and (c) 10.0 wt% H40.

ensity of Matrimid–H40 10.0 wt% increases to 1.41 g/cm3 in
omparison to pure polymer (ρ = 1.32 g/cm3) suggesting a more
compact” polymer structure.

The Tg of P84–H40 1.0 and 10.0 wt% membranes decreases
o 289 and 277 ◦C, respectively, in comparison to pure P84
Tg = 316 ◦C). The P84–H40 10.0 wt% membrane also has two
g (at 49 and 277 ◦C) each associated with the individual dis-
ersion component, H40 and P84, respectively. Additionally, the
ensity of P84–H40 1.0 and 10.0 wt% membranes increases to
.45 and 1.54 g/cm3, respectively, in comparison to pure poly-
er (ρ = 1.39 g/cm3), indicating more compact structure. The

resence of two distinct Tg confirms the immiscibility between
40 and the polymers (Matrimid and P84), in agreement with
ulkern and Tan [5].
Finally, Fig. 6 displays WAXS spectra of pure Matrimid, P84

nd H40, as well as of Matrimid–H40 and P84–H40 (1.0 and

0.0 wt%) films when the incident beam is perpendicular to the
lm. It seems that the presence of H40 does not cause significant
hanges in neither Matrimid nor P84 amorphous structure; the
cattering curves are very similar from front and side view.
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Fig. 5. SEM micrographs of (a) Matrimid–H40 1.0 wt%, and (b) P84–H40 1.0 wt% membranes after “washing” with H2O.

Fig. 6. Scattering intensity as a function of the scattering angle for: (a) pure H40, Matrimid–H40 with 1.0 and 10.0 wt% H40—from front, (b) pure H40, Matrimid–H40
with 10.0 wt% H40—from side, (c) pure H40, P84–H40 with 1.0 and 10.0 wt% H40—from front, and (d) pure H40, P84–H40 with 10.0 wt% H40—from side.
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Table 3
Permeability and ideal gas selectivity of Matrimid–H40 membranes

wt% H40 in Matrimid Permeability (barrer) Ideal selectivity

N2 O2 CO2 PO2 /PN2 PCO2 /PN2 PCO2 /PO2

0 0.15 ± 0.03 1.02 ± 0.09 5.20 ± 0.40 6.8 ± 2.0 34.7 ± 9.6 5.1 ± 0.8
1.0 0.64 ± 0.04 1.31 ± 0.08 5.25 ± 0.62 2.0 ± 0.3 8.2 ± 1.5 4.0 ± 0.7

3.2
1 2.8

F

3

P
s
f
a
m
p
p
l

F
a
H

c
d
p
s
M
c
i

5.0 0.11 ± 0.03 0.70 ± 0.04
0.0 0.09 ± 0.02 0.61 ± 0.04

eed pressure: 3.5 bar, T = 35 ◦C.

.3. Gas permeability and gas sorption

Fig. 7 shows the gas permeability of Matrimid–H40 and
84–H40 in comparison to the pure polymer membranes mea-
ured at 35 ◦C and 3.5 bar feed pressure. The permeability values
or N2, O2 and CO2 of pure Matrimid are in agreement with liter-
ture [14]. The N2 permeability through Matrimid–H40 1.0 wt%

embranes increases considerably (more than 4 times) com-

ared to the permeability of the pure Matrimid whereas the
ermeability increases slightly for O2 (28%) and stays more or
ess constant for CO2 (Fig. 7a and Table 3). With increasing H40

ig. 7. Permeability of (a) Matrimid–H40 and (b) P84–H40 for N2 (�), O2 (�)
nd CO2 (�) normalized with the permeability of pure polymer versus the wt%
40 content (feed pressure: 3.5 bar at 35 ◦C).
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1

F

9 ± 0.20 6.4 ± 2.1 29.9 ± 10.0 4.7 ± 0.6
5 ± 0.25 6.8 ± 1.9 31.7 ± 9.8 4.7 ± 0.7

ontent (5.0 and 10.0 wt%) the permeability of Matrimid–H40
ecreases and becomes lower than pure Matrimid. Table 3
resents the ideal gas selectivity at 3.5 bar feed pressure corre-
ponding to the average of two different membrane samples. For

atrimid–H40 1.0 wt% membrane, it decreases significantly in
omparison to pure Matrimid due to increase of N2 permeabil-
ty, whereas the selectivity of Matrimid–H40 5.0 and 10.0 wt%

embranes stays almost constant within the experimental error
f our measurements.

The permeability coefficient of P84 for all gases (N2, O2 and
O2) decreases with increasing Boltorn content compared to

he pure polymer (Fig. 7b and Table 4). The ideal gas selectivity
f P84–H40 generally stays constant with increasing concentra-
ion of Boltorn and is comparable with pure P84. Due to low

2 permeability through the membrane, the experimental error
eads to a wide range of selectivity values. Therefore, the ideal
as selectivities of P84 are not presented here.

The DSC, density and SEM results give some insights into
he changes of the membrane structure due to the incorporation
f H40. Perhaps, the introduction of 1.0 wt% H40 to Matrimid
nhances the free volume (as found for PPO [8]) and the mobility
f N2 and O2 gas molecules increases. The permeability of N2
the biggest gas molecule, in diameter) increases the most; indi-
ating that probably the free volume introduced in the polymer
s rather big and therefore leads to a substantial loss in selectiv-
ty. The lower density of the Matrimid–H40 1 wt% membrane
eems to support this hypothesis. For Matrimid–H40 10.0 wt%
embrane phase separation occurs (two Tg) and probably there

s decrease in free volume, indicated by the higher density
see Table 2). Therefore, the permeability for all three gasses
ecreases. Similar conclusions can be drawn for the P84–H40
0 wt% membranes, too. This behavior is similar to that found

or PPO–Boltorn membranes [8]. There, the gas permeability
as a maximum at 1 wt% Boltorn and then decreases at higher
oncentrations. The main difference between the results of

able 4
ermeability and ideal gas selectivity of P84–H40 membranes

t% H40 in P84 Permeability (barrer)

N2 O2 CO2

0 0.05 ± 0.01 0.57 ± 0.08 1.67 ± 0.10
1.0 0.04 ± 0.01 0.51 ± 0.06 1.20 ± 0.10
5.0 0.03 ± 0.01 0.39 ± 0.04 1.00 ± 0.05
0.0 0.03 ± 0.01 0.37 ± 0.04 0.94 ± 0.05

eed pressure: 3.5 bar, T = 35 ◦C.
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Fig. 8. Sorption isotherms T = 35 ◦C for (a) N2, (b) O2, and (c) CO2 of Matrimid–H40 with 1.0 wt% H40 (�) and 10.0 wt% H40 (�) in comparison to pure Matrimid
( ). The dotted lines represent fitting of the data according to the dual mode sorption model.

Fig. 9. Sorption isotherms at T = 35 ◦C for (a) N2, (b) O2, and (c) CO2 of P84–H40 with 10.0 wt% H40 (�) in comparison to pure P84 ( ). The dotted lines represent
fitting of the data according to the dual mode sorption model.
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Table 5
Gas permeability, solubility, and diffusivity of pure Matrimid and Matrimid–H40 films

wt% H40 in Matrimid N2 O2 CO2

P S Da Db P S Da Db P S Da Db

0 0.15 2.13 0.70 0.75 1.02 4.52 2.26 2.35 5.20 51.30 1.01 1.10
1.0 0.64 3.65 1.75 1.86 1.31 4.81 2.72 2.84 5.25 53.80 0.97 1.05

10.0 0.09 3.98 0.23 0.29 0.61 5.89 1.03 1.09 2.85 64.18 0.44 0.51

Feed pressure: 3.5 bar, T = 35 ◦C, P = (barrer), S = 10−3 cm3 (STP)/cm3 cmHg, D = 10−8 cm2/s.
a Calculated from the P/S ratio.
b Calculated from the sorption kinetics.

Table 6
Gas permeability, solubility, and diffusivity of pure P84 and P84–H40 films

wt% H40 in P84 N2 O2 CO2

P S Da Db P S Da Db P S Da Db

0 0.05 2.43 0.20 0.24 0.57 3.80 1.50 1.49 1.67 45.52 0.37 0.34
10.0 0.03 2.39 0.13 0.15 0.37 3.95 0.94 0.90 0.94 44.87 0.21 0.18

Feed pressure: 3.5 bar, T = 35 ◦C, P = (barrer), S = 10−3 cm3 (STP)/cm3 cmHg, D = 10−8 cm2/s.
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a Calculated from the P/S ratio.
b Calculated from the sorption kinetics.

atrimid and PPO is the gas selectivity. Whereas the selectivity
or the modified PPO membranes stays constant, the selectivity
f modified Matrimid membranes decreases significantly. This
ndicates the creation of non-selective free volume in the case
f Matrimid.

The decrease of gas permeability for Matrimid containing
igher concentration of H40 (5.0 and 10.0 wt%) can proba-
ly be attributed to the increased inter-segmental mobility of
he polymer chain, clustering of H40, and reduced free volume
ue to the space filling by H40, comparable with the findings
or PAMAM in 6FDA [16]. Perhaps, due to a large number of
eripheral hydroxyl groups the H40 may have strong intermolec-
lar interaction. Therefore, at high concentrations in Matrimid,
hey form aggregates that partly migrate to the membrane sur-
ace. This phenomenon leads to phase separation and loss of
ree volume and therefore to decrease in gas permeability. How-
ver, the ideal selectivity generally stays constant. Similar effects
ere also found for P84–H40 at all H40 concentrations (1.0, 5.0

nd 10.0 wt%).
Figs. 8 and 9 present the sorption isotherms of CO2, N2 and

2 through Matrimid–H40 and P84–H40 in comparison to pure
olymers, at 35 ◦C. The sorption isotherms are fitted by the dual
ode sorption model [17]. For O2 and CO2 the difference in

orption between the Matrimid–H40 1.0 and 10.0 wt% is not big
nd they are both slightly higher than the pure Matrimid. How-
ver, for N2 the sorption is somewhat higher for Matrimid–H40
0.0 wt% (Fig. 8a). The sorption of CO2, N2 and O2 of P84–H40
0.0 wt% are very similar to the pure P84 (Fig. 9).

The sorption isotherms are necessary to deconvolute the
ermeability into its solubility and diffusivity contributions.

ables 5 and 6 report the permeability, solubility and diffu-
ivity coefficients of N2, O2 and CO2 gases in Matrimid–H40
nd P84–H40 membrane, respectively, at 35 ◦C and 3.5 bar feed
ressure. The solubility coefficient, S, was estimated from the

m
i

as sorption measurements and the diffusion coefficient, D, was
alculated from the P/S ratio. To confirm the validity of this cal-
ulation, the diffusion coefficient D was also calculated from the
orption kinetics assuming Fickian sorption kinetics. The values
f D found by both methods are generally in good agreement
see Tables 5 and 6).

For the Matrimid–H40 1.0 wt% membrane the increase of N2
nd O2 permeability in comparison to pure Matrimid seems to
e due to the increase of both S and D. However, for N2, the D
ncreases the most (∼150%), whereas for O2, it increases only
0%. For CO2 however, the diffusion and solubility coefficients
re rather comparable, therefore the permeability stays constant.
he increase of D for N2 and O2 can be result of suppressed inter-
hain packing associated with higher free volume. The lower
ncrease of D for O2 is probably due to its smaller gas molecule
iameter in comparison to N2. This difference in enhancement
etween gases results to loss of ideal selectivity (see Table 3).
or Matrimid–H40 10.0 wt%, the solubility for N2, O2 and CO2

ncreases in comparison to pure Matrimid, but the decrease of
ermeability should be attributed to decrease of D (Table 5). The
2, O2 and CO2 solubility coefficients are about the same for
84–H40 10.0 wt% and P84 pure membranes (see Table 6). The
ecrease of N2, O2 and CO2 permeability for the 10.0 wt% H40
embrane should be mostly attributed to decrease of D.
The decrease of gas permeability through Matrimid–H40 and

84–H40 10.0 wt% is perhaps result of phase separation (shown
y SEM and DSC) and the formation of more compact structure
shown by density measurements).

. Conclusions
The N2 and O2 gas permeability of Matrimid–H40 1.0 wt%
embranes increases in comparison to pure Matrimid, while

t stays more or less constant for CO2. Therefore, the ideal
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as selectivity decreases. The increase in N2 permeability at
ow concentration of H40 is probably due to the increase of
ree volume by the introduction of H40 into the matrix. This
ffects mostly the permeability of the bigger molecule, N2 and
as less influence on the permeability of the smaller O2 and
O2 gases. In contrary, this phenomenon seems to be absent in
84–H40 1.0 wt% where the permeability for all gases decreases

n comparison to pure P84, while the selectivity stays constant.
The decrease of gas permeability for Matrimid and P84

embranes containing higher concentration of H40 (5.0 and
0.0 wt%) can probably be attributed to the increased inter-
egmental mobility of the polymer chain, clustering of H40 and
hase separation between the polymer and H40. Nevertheless,
he ideal selectivity generally stays constant.
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