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a b s t r a c t

The application of hollow fiber membranes for the separation of industrial gas mixtures relies on the

correct characterization of the permeation of the involved gaseous components through the hollow

fiber membranes. Thus, this study is focused on the characterization of the permeation through

Matrimids hollow fiber membranes of four gas mixtures containing H2 (H2/N2, H2/CO, H2/CO2), and the

quaternary gas mixture H2/N2/CO/CO2, working at a constant temperature of 303 K and pressures up to

10 bar. The main differences and similarities in the gas permeation properties of hollow fibers with

respect to flat membranes, as well as in the permeation of gas mixtures with respect to pure gases, are

discussed. Our results suggest that for mixtures containing H2 and CO2 hollow fiber membranes

perform better than flat membranes given that a lower depression in the permeability of H2 has been

observed. At 2.3 bar feed pressure, ideal selectivity values obtained for H2/N2, H2/CO and H2/CO2 gas

pairs were 74.4, 42.6 and 5 respectively, with a H2 permeance of 50.2�10�8 m3(STP) m�2 s�1 kPa�1.

The specific behavior observed in the permeation through hollow fiber has been explained by a

combination of different phenomena such as hollow fiber membrane substructure resistance, CO2

induced plasticization and competitive sorption effects between the components of the gaseous

mixtures.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Hydrogen can become an affordable, clean and reliable energy
supply to be used in fuel cell vehicles, stationary power genera-
tion using fuel cells, or in more conventional engines to achieve a
sustainable energy system. Nowadays, the most widely used
method (80%) for H2 production is the steam reforming of light
hydrocarbons [1]. The production of H2 from the gasification of
coal is expected to present a significant increase in the future due
to the important research efforts dedicated to the technological
improvement to make the process more economic [2]. Besides,
other sources of H2 are the electrolysis of water and coke oven
gas, with typical H2 compositions above 50% [3]. Membrane
technology, considered the ideal choice for hydrogen purification
due to its lower power usage and cost, its simplicity in operation,
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as well as its compactness and portability [4], today gains
increasing importance in the separation of H2/CO2 mixtures
coming from shifted or un-shifted syngas. There are numerous
literature studies dedicated to H2/CO2 membrane-based separa-
tion, but they are generally limited to flat membranes. To the best
of our knowledge, the few studies that use hollow fiber mem-
branes for the separation of H2/CO2 do not report results with
complex gas mixtures [5–9].

Polymeric membranes are capable of producing H2 product
streams with a maximum purity of 99.5% which can be used in
several industrial applications with moderate purity require-
ments; hydrodesulfurization (90% purity), hydrocracking (70–
80% purity) and also as fuel gas (54–60% purity) [3]. This work
deals with the recovery of hydrogen from the combustion gaseous
stream obtained in the production of carbon black, a commodity
powdered product with widespread applications obtained by the
combustion of a fuel under reducing conditions. The tail gas
which is formed contains 60.5% N2, 17.9% CO, 16.4% H2 and 5.3%
CO2 (vol.%, dry basis). At the moment, the exhaust flue gases
generated in the reactor are further used for power generation,
where they are converted to carbon dioxide, water and heat. A
global approach which considered a first step dedicated to the
reactive absorption of carbon monoxide using ionic liquid media
was studied in a previous work [10]. The remaining mixture
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Table 1
Formation conditions for Matrimids asymmetric

hollow fiber membranes.

Dope composition

Matrimids 26.2 wt%

NMP* 58.9 wt%

EtOH 14.9 wt%

Bore composition

NMP 96 wt%

H2O 4 wt%

Spinning conditions

Tube in orifice spinneret

OD 0.5 mm

ID 0.2 mm

Spinneret temperature 50 1C

Dope flow rate 122.4 mL h�1

Bore flow rate 360 mL h�1

Air gap height 12 cm

Room temperature 22 1C

Room humidity 32%

Quench temperature 20 1C, water

Take-up rate 13.4 m min�1

Sequential dehydration procedure

(1) Water baths continuous flow

24 h

(2) MeOH baths 3 (20 min each)

(3) Hexane baths 3 (20 min each)

(4) Ambient dry

n NMP: n-methyl pyrrolidone.
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would contain a low concentration of valuable H2, the major
component being the low permeating N2. Then, the recovery of H2

by means of membrane technology needs an H2 selective mem-
brane which allows for high permeabilities and good selectivities
towards H2. Since H2 permeation rate is strongly affected by the
presence of CO2 even at low concentrations, a detailed study of
the binary H2/CO2 mixtures is reported here. The H2 enriched
stream could be further used in the industrial synthesis routes of
a variety of valuable added products, such as fuel gas or as the
first stage in a multi-stage separation process, designed to obtain
a high purity (499.9 vol%) H2 stream which is required in fuel
cell applications [11].

In a previous work [12], we reported on the specific phenom-
ena that occur in the permeation of gas mixtures containing H2

through flat dense Matrimids membranes and we determined a
different transport behavior of the gaseous mixtures with respect
to pure gas components. Phenomena like concentration polariza-
tion and competitive transport were thoroughly studied and
modeled in dense films. In this work we assess the same
application using asymmetric Matrimids hollow fibers mem-
branes, because large-scale gas separation applications demand
highly productive membranes with elevated membrane surface/
volume ratios, and membranes with hollow fiber geometry have a
distinctive advantage over flat sheet membranes. The hollow fiber
membranes used in the gas separation technology are high flux
membranes that have an asymmetric structure with a thin
selective skin on a much thicker, but highly porous supporting
layer. In contrast with dense films, the complex morphology of
asymmetric hollow fibers distinctively influences behavior
towards the transport of gases [13,14]. First of all, a microporous
transition layer (substructure) found between the dense skin and
the highly porous sub-layer provides an important contribution to
the overall resistance when the gas transport through the sub-
structure is by Knudsen or/and a surface flow mechanism.
Secondly, due to a much thinner dense skin of the asymmetric
hollow fiber layer, compared to the thickness of a flat dense film
(0.1–0.5 mm compared to 30 mm), accelerated plasticization with
CO2 is induced [15]. Finally, in the case of the permeation of H2/
CO2 gas mixtures, competitive sorption effects may take place and
are partially balanced by plasticization. Therefore, it is clear that
the use of thick film data to design or select membrane materials
only gives a rough approximation of the performance that might
be achieved in practice. To the best of our knowledge, little or no
available information can be found in the open literature on the
separation of gas mixtures containing H2 and CO2 with Matri-
mids asymmetric hollow fiber membranes and more specifically,
quaternary gas mixture N2/H2/CO/CO2. Therefore, this work is
focused on the characterization of the permeation through
Matrimids hollow fiber membranes of pure H2, N2, CO and CO2

and of four H2-containg gas mixtures: H2/N2, H2/CO, H2/CO2 and
the quaternary gas H2/N2/CO/CO2.
2. Experimental

2.1. Preparation of asymmetric hollow fiber membranes

The fabrication of Matrimids hollow fibers was based on a dry
wet spinning process. The commercial polymer, Matrimids 9725
(polyimide of 3,30,4,40-benzophenone tetracarboxylic dianhydride
and diamino-phenylidane), was kindly provided by Huntsman
Advanced Polymers. Matrimids 9725, a micro-pulverized version
of Matrimids 5218, is a hydrophobic polymer soluble in several
solvents and has excellent mechanical and thermal properties with a
glass transition temperature above 315 1C [16]. The formation
conditions for the fibers are summarized in Table 1 and are based
on optimized procedures reported in literature [17–20]. The poly-
mer powder was dried in a vacuum oven at 100 1C for at least 12 h
prior to use. The dope solution was prepared at 50 1C in a Pyrexs

vessel with mechanical stirring (Heidolph RZR 2041) and a coiled
condenser was used to prevent ethanol loss. After mixing for at least
8 h, the dope solution was filtered with a 15 mm sintered metallic
filter (Bekipor STAL3 Bekaert) and poured into a sealed spinning
dope tank where it was left to degas at 50 1C for 24 h before
spinning. The bore solution and the water quench bath were also left
to degas 24 h before spinning. The polymer solution and the bore
fluid were simultaneously pumped through a tube-in-orifice spin-
neret using gear pumps. The spinneret dimensions are listed in
Table 1. The hollow fibers were manufactured using a spinning line
with features such as those described in literature [21]. During the
spinning process we were able to obtain the hollow fiber structure
at a minimum bore flow rate of 360 mL h�1, which is three times
higher than the dope flow rate. The fiber was not hollow at lower
values of the bore flow rate and this might be a consequence of the
low concentration of non solvent in the bore liquid.

After spinning, the hollow fibers were rinsed for 24 h in a
water bath, continually being renewed with tap water. Next, the
solvent exchange procedure using methanol and hexane listed in
Table 1 was applied. In the gas separation experiments, well-aged
fibers (12 months of storage) were used, since the impact of
physical aging over the permeation properties of Matrimids

hollow fiber membranes has been shown to determine a decrease
in the permeation of N2 in time, even after 250 days of storage
prior to permeation experiments [19]. The physical aging is a
process in which the non-equilibrium polymer chains slowly
relax towards the equilibrium state [22] and it is detectable in
reasonable timescales in the samples approximately 0.1 mm thick
or less [23].

2.2. Permeation set-up

Membrane permeation properties were determined using the
experimental set-up and procedure described in a previous work
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[12]. Hollow fiber membrane modules were built by insertion of a
fiber of �10 cm length within a tubular stainless steel container
in a counter-flow configuration. The hollow fiber modules were
pressurized with the feed gas mixture at the bore side and an
argon sweep gas was passed through the fiber shell to remove and
transport the permeate stream to a gas chromatograph (Agilent
Micro GC 3000). The feed gas flowed counter currently with the
argon sweep gas flow. This configuration allowed side effects like
concentration polarization to be removed and thus achieve ideal
fluid-dynamics conditions needed for the specific purpose of our
study. The feed gas pressure was measured at both the inlet and
outlet ports of the membrane module. At the inlet port of the
membrane module a pressure gauge (Swagelok PGI-40M-BC9-
LANX) was inserted, and at the outlet port the pressure was
indicated by a back pressure regulator (Brooks 5866) which
controls the pressure at the feed side of the membrane. In order
to calculate the gas permeability through the membrane, the
logarithmical mean between the pressures at the entrance and
exit of the module (feed and retentate stream pressures) was used
as total feed pressure.

Pure and mixed gas permeation studies were carried out at
feed pressures ranging from 2 to 10 bar with H2, CO2, CO and N2

using the Matrimids hollow fiber membranes, prepared accord-
ing to the methodology described in Section 2. All the other
operational parameters were kept constant: the temperature at
30 1C, the feed flow rate at 100 cm3(STP) min�1 and the sweep
gas flow rate at 10 cm3(STP) min�1.

Permeation experiments with mixed gases were performed
with binary mixtures (H2/CO2, H2/N2 and H2/CO) and with a
quaternary mixture (H2/CO2/N2/CO) at compositions listed in
Table 2, using the Matrimids hollow fiber membrane developed
as described in Section 2.

Each experimental run was conducted at specific conditions
until constant steady-state values of permeate flux and composi-
tion were reached. Normally, the time needed to reach the steady
state level was 1 h. Once the steady state was reached, the
concentration of each component was analyzed at least five times
at 3 min intervals. All the gas permeation data reported in the
results and discussion section are average values obtained from at
least two experimental runs performed at different moments,
usually after performing other experimental runs at different
Table 2
Mixed gas compositions used for gas permeation

experiments.

Gas mixture Compositions (vol.%)

H2/CO2 20/80, 40/60, 60/40, 80/20

H2/N2 20/80, 50/50, 80/20

H2/CO 20/80, 50/50, 80/20

H2/CO2/N2/CO 16.4/5.36/60.3/17.9

Fig. 1. SEM images of Matrimids hollow fibers: (a) cr
operation conditions. In all of the cases, the standard deviation
was 2% lower than the average value.
3. Results and discussion

3.1. Morphological and structural characterization

The morphological and structural characteristics of the asym-
metric hollow fibers were investigated using SEM analysis (Fig. 1).
The hollow fiber membranes displayed satisfactory cross-sec-
tional circularity and concentricity. The values of the outer and
inner diameters of the fibers were evaluated using at least four
cross-sectional SEM images on average taken from sample cuts at
different lengths of the same fiber (Table 3).

The fibers have a microporous sponge-like structure with
isolated macrovoids and have an external dense skin layer whose
thickness (l) values were calculated from pure gas permeation
data obtained at a feed pressure of 2 bar using

lðnmÞ ¼
Permeability ðm3ðSTPÞm m�2 s�1 kPa�1Þ

Permeance ðm3ðSTPÞm�2 s�1 kPa�1Þ
109

ð1Þ

where the permeability (m3(STP) mm�2 s�1 kPa�1) represents
the intrinsic permeation property of the polymeric material
obtained from pure gas permeation experiments with a dense
Matrimids film of known thickness. The permeance
(m3(STP)m�2 s�1 kPa�1) is the transport flux per unit transmem-
brane driving force through the asymmetric hollow fiber.

The pure gas permeability of the Matrimids dense film and
the hollow fiber permeance used to calculate the dense layer
thickness in the asymmetric hollow fibers developed in this study
are listed in Table 4 and the results depend on the tested gas. In
literature [17,24], the thickness of the dense layer is usually
calculated from the data obtained with one gas; usually O2.
Another method consists of fitting the permeability versus per-
meance data for a number of different pure gases in the same plot
and obtaining the fiber thickness from the slope [25]. In our case,
the latter procedure gives an average value of 354 nm when pure
gas (H2, CO2, CO and N2) permeability versus permeance data
obtained in the feed pressure ranging between 2 and 10 bar are
plotted together (see Fig. 2). This result is close to the thickness
oss section and (b) detail of the dense skin layer.

Table 3
Structural dimensions of Matrimids asymmetric hollow fiber membranes. Skin

layer thicknesses were calculated according to Eq. (1) from pure gas

permeation data.

OD (mm) ID (mm) Skin layer thickness (nm)

H2 CO2 N2 CO

500710 291731 358 540 239 274



Fig. 2. Permeability versus permeance plot for the determination of the dense

layer thickness in Matrimids asymmetric hollow fibers.

Table 4
Pure gas permeation data for Matrimids asymmetric hollow fibers at 30 1C.

P (bar) Permeance�108 (m3

(STP) m�2 s�1 kPa�1)

Ideal selectivity

H2 CO2 N2 CO H2/N2 H2/CO2 H2/CO CO2/N2

Hollow fiber

2.3 50.2 10.1 0.68 1.2 74.4 5.0 42.6 14.7

4.1 49.5 10.8 0.71 1.2 71.0 4.5 40.4 15.3

6.1 50.3 12.0 0.70 1.2 72.3 4.2 40.0 17.1

8.0 48.2 12.6 0.69 1.2 69.7 3.8 39.3 18.3

10.0 49.2 14.4 0.70 1.3 70.4 3.4 38.5 20.5

Permeability�1014(m3 (STP)

m m�2 s�1 kPa�1)

Ideal selectivity

H2 CO2 N2 CO H2/N2 H2/CO2 H2/CO CO2/N2

Matrimids dense filma

2 18.0 7.3 0.2 0.3 110.9 3.3 54.8 36.5

Knudsen selectivity

H2/N2 H2/CO2 H2/CO CO2/N2

3.7 4.7 3.8 0.8

1 m3 (STP) m�2 s�1 kPa�1
¼1.33�108 GPU, 1 m3 (STP) m m�2 s�1 kPa�1

¼

1.33�1014 Barrer.
a Average values from the literature [12, 41–45].
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calculated from permeability/permeance data using pure H2,
since the slope value is actually determined by the gas with the
highest permeance. Dependence on the value of the dense layer
thickness on the tested gas indicates a complex morphology of
the external asymmetric skin which is later discussed in Section
3.2.1.

3.2. Gas permeation

3.2.1. Pure gas permeation

Pure gas permeance and ideal selectivity data are listed in
Table 4.

It can be observed that the developed Matrimids hollow fiber
provides gas permeance and ideal selectivity values similar to
data previously reported for other polyimide commercial hollow
fiber membrane used for H2 separation and recovery [14,26].
However, the values reported in Table 4 show that the ideal
selectivity values for the hollow fiber membrane for the gas pairs
H2/N2 and H2/CO are 67% and 78% respectively of the correspond-
ing values obtained with a dense Matrimids film. In contrast, for
a pressure of 2 bar, the selectivity of H2/CO2 gas pair increases to
150% of that obtained with a dense film. The variety of these
results once again shows the complexity of the asymmetric layer
morphology. A transition layer (substructure) can exist between
the skin layer and the porous substrate and this layer might have
pores which are small enough to determine gases to flow in a
Knudsen regime and to contribute substantially to the overall
membrane resistance, as previously reported by Clausi et al. [27]
and Pinnau and Koros [28]. The gas transport through porous
membranes in the Knudsen regime is slow and is comparable to
the one governed by the solution–diffusion mechanism in dense
membranes and it takes place when the pore radius is lower than
0.05 times the mean free path (l) of the gas molecules [29]. l
increases in the following order: CO2oN2oCOoH2 with notice-
ably higher values for H2. At 1 bar and 303.15 K, the l values for
CO2, N2, CO and H2 are of 62, 67, 69 and 111 nm respectively as
calculated by [29]

l¼
R T

NA 20:5p d2 p
ð2Þ

where R is the general constant of gases (8.31 J mol�1 K�1), T is
the temperature (K), NA is the Avogadro’s number (6.023�1023),
d(m) is the molar average collision diameter with values taken
from Hirschfelder [30] and p (Pa) is the pressure. The resulting l
values are expressed in meters.

This difference in l values determines a pore radius range in
which the transport of H2 takes place in the Knudsen regime
whereas the transport of CO, N2 and CO2 is faster (slip flow for
pore radius between 0.05 l and 50 l or viscous flow for pore
radius higher than 50 l). At 1 bar this range is between 3.43 Å
(¼0.05lCO) and 5.55 Å (¼0.05lH2). A higher contribution of
Knudsen flow to the transport of H2 than to the transport of CO
and N2 could lead to a higher overall resistance to the transport of
H2 and therefore to the lower H2/CO and H2/N2 selectivity values
experienced for hollow fibers than those obtained for dense films.

If only the Knudsen transport resistance itself was assumed for
the substructure then the H2/CO2 selectivity should be lower for
hollow fibers than for dense membranes, but on the contrary this
value is higher and therefore the overall membrane resistance is
higher for CO2 than for H2. For the transport of the more
condensable CO2, a contribution of surface flow through porous
media could be assumed [29]. In the surface flow mechanism, a
film of densely packed condensed molecules is formed at the pore
wall interface and moves at a steady velocity along the surface.
Surface diffusion is a process that influences and occurs in parallel
with Knudsen diffusion. The liquid film formed on the pore wall–
gas interface decreases the effective pore diameter and thus
contribution of the Knudsen regime to the overall transport is
increased.

In order to evaluate the contribution of the substructure to the
overall resistance a simple resistances in series model, where skin
and substructure resistances are considered to be connected in
series, can be used as expressed by [28,29,31]

aa=b ¼
ða1Þa=bþða2Þa=b ½ðR2Þa=ðR1Þa�

1þ½ðR2Þa=ðR1Þa�
ð3Þ

where R is the resistance to gas transport (reciprocal of the
permeance), subscripts 1 and 2 refer to the skin layer and the
substructure and subscripts a and b refer to two different gases. If
the Knudsen selectivity is assumed for the microporous substruc-
ture (a2), then using the intrinsic dense Matrimids selectivity
values for H2/N2 and CO2/N2 gas pairs ( a1ð ÞH2=N2

and a1ð ÞCO2=N2
), the

ratio of substructure resistance to skin layer resistance can be
calculated at different transmembrane pressures. The results, in
terms of the relative contribution of substrate resistance to the
overall membrane resistance for the hollow fiber membranes



Fig. 3. H2 permeance variation as function of the fugacity of H2 (a) and of CO2 (b) for H2/CO2 mixtures and pure H2 in asymmetric Matrimids hollow fiber membranes. The

lines are drawn for a better visualization of the gas permeation tendency.

Fig. 4. CO2 permeance variation with its fugacity for H2/CO2 mixtures and pure

CO2 in asymmetric Matrimids hollow fiber membrane. The lines are drawn for a

better visualization of the gas permeation tendency.
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prepared and characterized in this work which were calculated
from the values reported in Table 4 are 34% for H2 and of 61% for
CO2 at 2 bar.

Another remarkable aspect is that in the studied pressure
range, from 2 to 10 bar, H2, CO and N2 pure gas permeance data
through the hollow fiber remained almost constant. In contrast,
the permeance of CO2 rose strongly and increased by 42% when
the pressure increased from 2 to 10 bar. This tendency in the
permeation of condensable gases like CO2 has already been well-
documented in literature for asymmetric hollow fibers, thin and
thick flat membranes and has been attributed to plasticization
phenomena [32,33]. In dense thick Matrimids films (thickness
around 30 mm), the permeability of CO2 first decreases with
pressure until it reaches a minimum from where it then begins
to increase. This minimum was reported to be 15 bar at 308 K
[34] and 12 bar at 295 K [35]. The decrease in gas permeability is
related to the decrease in gas solubility coefficient with pressure,
since the polymer sorption sites found in the polymer matrix
become saturated with gas molecules at increasing values of
pressure. At plasticization pressure, the polymeric chain-packing
is disrupted by the penetrant molecules due to the increase in the
segmental mobility that expands both the frequency and the
average size of transient gaps that enable diffusion, thereby
increasing the permeability. It was reported in literature that in
Matrimids thin films (thickness below 5.2 mm) [15] or for even
thinner films such as those obtained in asymmetric hollow fibers,
the minimum observed in permeability versus pressure plot may
even disappear and permeability increases immediately, even at
low feed pressures. It is assumed that accelerated plasticization
occurs because of the steep swelling-induced stress gradients
related to the thinner membrane [36]. Comparative results for the
variation with pressure of CO2 permeance in Matrimids hollow
fibers were previously reported in other studies [37]. In our work,
the different trend in the transport rate of H2 and CO2 determines
a decrease in the H2/CO2 ideal selectivity, with increasing pres-
sure from a value of 4.9 at 2 bar to 3.4 at 10 bar as shown in
Table 4.
3.2.2. Mixed gas permeation

Fig. 3 shows permeation results for H2 transport from the
binary H2/CO2 feed mixtures plotted against the fugacity of H2

(Fig. 3a) and plotted against the fugacity of CO2 (Fig. 3b) at
different total feed pressures. In comparison with pure gas
permeation results, the permeance of H2 from mixtures is lower
and for a constant gas composition it decreases at increasing total
feed pressure, i.e., when the fugacity of both H2 and CO2 increases.
This phenomenon is related to the competitive sorption between
H2 and CO2, for the sorption sites which are associated to the
excess (non-equilibrium) free volume fraction of the polymer
[38]. Working with gas mixtures, the availability of the sorption
sites for one component is lowered due to the presence of the
other components and thus its transport rate is also lowered
when it is compared with pure gas transport rate. While H2 is a
relatively inert and fast permeating gas whose transport rate is
diffusion-based, CO2 is a more condensable gas and possesses
higher solubility in membranes. Therefore, the polymer sorption
sites are preferentially occupied with CO2 than with H2 leading to
a higher decay in the permeability of H2 than in the permeability
of CO2, for H2/CO2 gas mixtures with respect to pure gases, in both
hollow fiber and flat membranes. In flat membranes, the mixed
gas permeation of H2 was only dependant on the fugacity of CO2;
i.e. equal values for the H2 mixed gas permeability data were
obtained for H2/CO2 mixtures when the fugacity of CO2 was kept
constant and the fugacity of H2 was increased [12]. In contrast,
this behavior is not repeatable in hollow fiber membranes and
lower H2 permeance values were obtained at higher fugacity of H2

for the same fugacity of CO2 (see Fig. 3b). The explanation of such
behavior will be discussed later, after analysis of the CO2

permeation data.
Fig. 4 shows the permeation results for CO2 transport in binary

H2/CO2 mixtures plotted against the fugacity of CO2 for different
feed compositions in the range H2/CO2¼20/80 to H2/CO2¼80/20.
The maximum operating pressure was 10 bar and therefore the
maximum attainable fugacity of CO2 in the mixture H2/CO2¼80/
20 was 2 bar. The permeance of CO2 decreased with its fugacity
for the H2/CO2 mixture of 80/20 (vol.%). It practically remained
constant for the mixture H2/CO2¼60/40 (vol.%) and for the rest of



Fig. 5. Hollow fiber versus flat dense membrane comparative study for the depression in the permeation of H2 for H2/CO2 mixtures with respect to pure gas, at total feed

pressure of 4 bar (a) and 6 bar (b).

Fig. 6. H2/CO2 selectivity variation with the fugacity of H2 for binary H2/CO2

mixtures in asymmetric Matrimids hollow fiber membranes.

Fig. 7. H2 permeance variation with its fugacity for H2/N2, H2/CO and H2/CO2/N2/

CO mixtures and pure H2 in asymmetric Matrimids hollow fiber membranes.
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the mixtures (with CO2 concentration 440%), the CO2 permeance
increased with the concentration of CO2 in the mixtures, reaching
values close to permeance data of pure CO2. This tendency
corresponds to a balance between two opposite effects that affect
CO2 transport through a thin Matrimids layer: competitive
sorption and plasticization phenomena for H2/CO2 mixtures in
hollow fibers. While plasticization increases the permeation of
CO2 with pressure, competitive sorption between H2 and CO2

determines a decrease in the permeation of CO2. In the previous
study, using thick flat Matrimids films where plasticization was
not found, the permeability of CO2 was slightly lower than pure
gas permeability and presented a similar behavior of decreasing
permeability with increasing CO2 fugacity [12] at any composi-
tion of the feed gas mixture. In Matrimids hollow fibers, at a high
concentration of H2 in the H2/CO2 mixture, competitive sorption
prevails and the permeance of CO2 decreases with its fugacity. As
the concentration of CO2 increases, plasticization counteracts
competitive sorption, and equilibrium between the two phenom-
ena is reached when the permeance of CO2 remains constant with
its fugacity. At a high concentration of CO2 in the H2/CO2 mixture,
plasticization dominates the transport rate of CO2 and the
permeance of CO2 increases with its fugacity. Similar results were
reported in literature for CO2/CH4 mixtures in Matrimids asym-
metric hollow fiber membranes. In some studies [15,20,36],
plasticization was dominant at high CO2 feed gas concentrations
(80 vol% CO2), while competitive sorption effects were dominant
at low CO2 feed gas concentrations (20 vol%). In a different study
[19], working with a 10/90 (vol%) CO2/CH4 feed mixture, compe-
titive sorption was also dominant and the permeance of CO2

decreased with CO2 partial pressure.
Plasticization of the membrane by CO2 can also affect the

transport rate of H2. Fig. 5 presents the ratio between H2

permeation values obtained when working with pure gas and
binary H2/CO2 feed mixtures for dense films and hollow fibers.
The effect of using thin asymmetric layers in hollow fiber
structure versus flat thick Matrimids films appears. The pure
and mixed gas H2 permeability values for flat films were reported
in our previous study [12]. At a total feed pressure of 6 bar, decay
in the permeation values of H2 with respect to pure gas values is
higher for Matrimids films than for hollow fibers. In Matrimids

flat films the decay was 45%, whereas the decay in the hollow
fibers was only 21%. Following previous operating conditions with
pressures up to 6 bar, CO2 plasticization phenomena in dense
Matrimids films were not found, and only competitive sorption
was observed. We can conclude that CO2 plasticization found for
the permeation of H2/CO2 mixtures through Matrimids hollow
fibers leads to higher permeation values for H2. This behavior is
better explained in terms of the so-called ‘‘transport plasticiza-
tion’’ which can occur in the presence of highly sorbing pene-
trants which are capable of swelling the polymer matrix and
introduce additional free volume that enables higher values for
penetrant diffusion [39]. Therefore, as shown in Fig. 3, at a
constant fugacity of CO2, the decay in the permeation of H2 was
higher for mixtures with a higher concentration in H2, due to a
lower plasticization with CO2 and an increased competitive
sorption between H2 and CO2.

Hollow fiber mixed gas selectivity values, calculated as
described in our previous work have been plotted in Fig. 6 for
H2/CO2 mixtures. The lower permeation of H2 in binary H2/CO2

mixtures determines a considerably lower selectivity for the gas
pair H2/CO2 than the ideal selectivity. The mixed gas selectivity
strongly varies with gas composition and pressure with values of
a¼3.1 for the 20/80 H2/CO2 mixture at a total pressure of 10 bar
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and H2 fugacity of 2 bar compared to 4.6 for the 80/20 H2/CO2

mixture at total pressure of 2 bar. The selectivity values are lower
for gas mixtures than for pure gases but are higher than the
average mixed gas selectivities obtained with flat membranes
with a value of 2.7. Two factors might contribute to this
difference; (i) a lower depression in the transport rate of H2 in
H2/CO2 mixtures for hollow fiber membranes than for dense films
and (ii) a higher substructure resistance towards the transport of
CO2.

In the case of H2 mixtures with relatively more inert gases
such as N2 and CO, the permeance values for H2 are close to pure
gas values and are slightly lower when the co-partner for H2 was
CO (Fig. 7). This demonstrates that between H2 and N2 or CO, only
slight competitive sorption effects are found which are relatively
stronger for H2/CO mixtures than for H2/N2 mixtures. Contrary to
other reports [26], plasticization does not occur in H2/CO mix-
tures or for pure CO, whose permeance is constant within the
pressure range 1–10 bar (see Table 4). These results are consistent
with published literature data for pure H2 and CO and for H2/CO
mixtures in another polyimide membrane [40]. Fig. 7 also shows
H2 permeance values for the quaternary H2/CO2/N2/CO mixture.
With respect to pure gas permeability a small percentage of CO2

(5.36 vol%), such as that found in the tail gas from carbon black
manufacturing, determines a 12% decrease in the permeance
values for H2, working at a total feed pressure of 8 bar.

The concentration of H2 in the permeate stream leaving the
hollow fiber membrane module was between 87 vol% and
89 vol%, calculated on Ar-free basis. We assume that under
industrial operating conditions the concentration of H2 in the
permeate stream is expected to be somehow lower, since our
experimental values were obtained by working close to ideal
operation conditions, that is to say counter current plug flow and
very low stage cuts.
4. Conclusions

The pure and mixed gas permeation behavior of a Matrimids

asymmetric hollow fiber membrane has been investigated over a
broad range of concentrations for the separation of H2 from N2,
CO and CO2. Distinct gas separation performances were found for
asymmetric hollow fibers in relation to thick flat dense Matri-
mids films. In the case of pure gas permeation, a higher
membrane substructure resistance for CO2 than for H2 determines
higher H2/CO2 selectivity and a higher membrane substructure
resistance for H2 than for N2 and CO determines a lower H2/N and
H2/CO ideal separation factors compared to flat membranes. As in
flat dense membranes, the permeance of H2, N2 and CO remained
almost constant with pressure (up to 10 bar), with average
alues of 49.5�10�8 m3(STP) m�2 s�1 kPa�1 for H2, 0.7�10�8

m3(STP) m�2 s�1 kPa�1 for N2 and 1.2�10�8 m3(STP) m�2 s�1

kPa�1 for CO. In contrast, the permeance of CO2 strongly
increased with pressure, with values of 10.1�10�8 m3(STP)
m�2 s�1 kPa�1 at 2 bar and 14.4�10–8 m3(STP) m�2 s�1 kPa�1

at 10 bar. The presence of CO2 shows the opposite behavior
compared to that observed in flat membranes, where it decreased.
This is related to an induced plasticization phenomenon when in
asymmetric membranes: the segmental mobility of the polymer
chains under the transport of highly sorbing penetrants like CO2 is
increased, the polymer matrix swells and an additional free
volume is introduced increasing the permeability of the material.
In the case of the permeation of gas mixtures, as in flat mem-
branes, competitive sorption effects determine a decrease in the
permeation of H2 with respect to pure gases. This depression is
higher for H2/CO2 binary mixtures than for H2/N2 or H2/CO
mixtures, where it is almost null. Due to plasticization-induced
higher transport rates of H2 in H2/CO2 mixtures, the decay in the
permeation of H2 is not as high as in flat membranes. A maximum
decay in the permeation of H2 of 21.3% was reached for H2

fugacities below 1 bar and 6 bar total feed pressure, whereas in
the flat membranes the decay was 45.5% at the same conditions.
These results determine the variation of mixed gas H2/CO2

selectivity with composition and pressure, with values ranging
from 4.6 to 3.1. These values are higher than in flat membranes;
the minimum reached for the composition H2/CO2¼20/80 at
10 bar total pressure of 3.1 approaches the average value of
2.9 obtained with flat membranes. Our results suggest that for
H2 mixtures containing CO2 the hollow fiber membrane perfor-
mance is better than that of flat membranes, and therefore using
thick film data to design or select membrane materials only gives
a rough approximation of the performance that might be reached
in practice.
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