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ABSTRACT: Fabrication, morphology evaluation, and permeance/selectivity properties of three asymmetric BITDA-TDI/MDI copolyi-
mide hollow fiber membranes (HFMs) are reported. The asymmetric HFMs were spun using the dry/wet phase inversion process.
The effect of one of the major spinning parameters, the air gap, on the permeance/selectivity properties of the produced HFM was
investigated. Scanning electron microscopy was used to evaluate the morphological characteristics and the macroscopic structure of
the developed HFM. The permeance values of He, H,, CH,, CO,, O,, and N, gases were measured by the variable pressure method
at different feed pressures and temperatures and the permselectivity coefficients were calculated. The higher selectivity values were
evaluated for the M1 membrane and were found to be 49.33, 2.99, 5.13, 5.57, and 9.61 for H,/CH,4, O,/N,, CO,/CH,4, CO,/N,, and
H,/CO, gas mixtures, respectively. The selectivity experiments of H,/CH4, CO,/CH,, and O,/N, mixtures were performed at 25°C.
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INTRODUCTION

In plurality of the chemical, pharmaceutical, petrochemical, and
oil industries, separation is at the heart of most processes. The
most popular natural separation techniques are distillation,
extraction, crystallization, sorption, and separations using mem-
branes. In case of membranes, the low operating cost of
membrane-based technologies means that they are in the front
line of research priorities in materials science and chemical
engineering. At this point, it is worth noting that hybrid tech-
nologies, such as pressure swing adsorption (PSA) and employ-
ing membranes are being evaluated in pilot plants units with
the prospect to be utilized in future industrial units.

Baker' published an interesting book describing in depth the
principles of the membrane technology and applications. During
recent years, polymeric membranes have been received a large
piece in the membrane research field mainly because of their low
manufacturing cost. In addition, synthesis of novel polymers
with well-defined structure as “tailored” membrane materials as
well as preparation of mixed matrix or composite membranes by
various polymeric materials can be easily achieved. In particular,
during the last few decades, many research groups around the
world have been working on the preparation and performance-
testing of polymeric membranes, in flat, spiral wound, and
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hollow fiber conformations. Polymeric membranes can be used
in many application processes such as desalination,> water
purification,™” heavy metal removal,”” hemodialysis,>® natural
gas, and olefin/paraffin separation,'” and so on. Gas separation
research using polymeric membranes is a very interesting field,
both scientifically and industrially. Current industrial membrane
gas separation technologies use glassy and rubbery polymers. The
most popular glassy polymers in membrane separation technol-
ogy are cellulose acetate,'" polyimides,'"* polysulfone,"*" poly-
carbonates,'® poly(phenylene oxide),"”” polydimethylosiloxane,
PDMS,'® and amide copolymers.'”

Polyimide is one of the most discussed polymers used in by
membrane community. Polyimides are polymers with good
thermal properties (T, around 300°C), they are easily molded
into different configurations (flat, hollow, and fiber). In
addition, they are cheap and they also have good mechanical
properties. It should also be noted that polyimide membranes
are one of the most suitable precursors for preparing carbon
molecular sieve membranes and many studies have been
published in this field.'**** One of the most promising
membrane configurations is that of the hollow fiber because of
its extremely high “active” area per volume (module characteris-
tic) which can be spread up to 12,000 m*/m’.
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To this end, the effect of the spinning conditions on the perme-
ance as well as on the structural characteristics of the produced
hollow fiber membranes were reported in a plurality of articles
in the literature. In particular, Aptel et al.?® published, in 1985,
the effect of the spinning conditions on ultrafiltration properties
of PS hollow fiber membranes. In this study, the researches
have found that the increase of the air gap affects negatively the
hydraulic permeability coefficient, whereas the increase of the
bore liquid flow has positive effect in the hydraulic permeability
coefficient. Chung and Hu®® reported that in case of PES
hollow fiber membranes, the increase of the air gap results in a
hollow fiber with a less layer of fingerlike voids, a significant
lower permeance and a lower T, More specifically, Clausi and
Koros®” have prepared defect-free polyimide hollow fiber mem-
branes for gas separations and they concluded that interfacial
phase separation in the air gap, as suggested by the dry/wet
process, was not likely responsible for the high selectivities
exhibited by these fibers. Kapantaidakis et al.*® studied the effect
of spinning conditions on both the structure and the gas
permeation properties of high-flux PES/PI blend hollow fibers
and they found that the air gap has positive effect on the gas
permeance properties. Similarly, the increase of the solvent
concentration in bore liquid gives more permeable characteris-
tics on prepared PES/PI membranes. In addition, other
researchers have published similar studies in various polymeric
hollow fiber membranes. Recently, in 2011, Hasbullah et al.*’
published the gas separation performance of the PANI asym-
metric hollow fiber membranes. In this system, when the air
gap was increased from 2.5 to 50 cm, the flux for all the test
gases showed considerable decrease of about 88-94%. In 2009,
Peng et al.”® studied the rheology of Torlon® solutions and its
role in the formation of ultra-thin defect-free Torlon® hollow
fiber membranes for gas separation. They concluded the follow-
ing: (a) spinnerets with narrower spinneret dimension or hollow
fibers with smaller thickness will facilitate the formation of
macrovoid-free morphology, (b) as the spinneret dimension
increases, a higher draw ratio is required to produce defect-free
as-spun Torlon® hollow fibers, and (c) a certain air gap may be
needed for the fabrication of gas separation membranes with
high separation performance to offset the die swell effect.
During the same year, Peng et al.’' have also published an arti-
cle, focusing on the role of additives on dope rheology and
membrane formation of ultra-thin defect-free Torlon® hollow
fibers for gas separation. Many interesting conclusions have
been exported from this study, such as: (a) as water and ethanol
can form hydrogen bonds with Torlon®, the addition of water
and ethanol could enhance polymer chain entanglement and
form big polymer clusters, (b) the elongational viscosity of
Torlon® solutions is the most significant force in determining
the molecular orientation in moderate-speed hollow fiber spin-
ning, (c) the rate of stress relaxation and pressure release is
another characteristic property of spinning dopes, which is
influenced by both the hydrogen bonding and the compressibil-
ity of the additives, and (d) hydrogen bonding, polymer cluster
size, shear/elongational viscosity, stress relaxation, and pressure
release are independent but correlative rheological factors that
determine the hollow fiber formation. They function compli-
mentarily with each other during phase inversion. On the other
hand, a combination of experimental and theoretical work for
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understanding the effect of the air gap on the fabrication of
hollow fiber membranes was reported by Chung et al.’* in
1999. Finally, it is worth mentioning that polymeric hollow
fiber membranes have also been studied as precursor materials
for high-gas-selective carbon hollow fiber molecular sieve mem-
branes. To this end, polyimide hollow fiber membranes have
been reported in our previous studies as a promising materials
for hydrogen production, O,/N, separation, etc.'>*>*' Recently,
in 2013, He and Hagg have tested the cellulose acetate as a can-
didate material to propose the derivative carbon hollow fiber
membranes for industrial-scale HFCM applications for CO,
capture.33

This study describes a method to prepare BTDA-TDI/MDI
copolyimide hollow fiber membranes using the dry/wet spin-
ning approach. The spinning conditions are the critical parame-
ters responsible for the final morphological, mechanical, and
physicochemical characteristics of the produced membranes.
The most important parameters are (i) the polymer concentra-
tion, (ii) the air gap, (iii) the bore liquid composition, (iv) the
take-up velocity, (v) the dope flow rate, (vi) the bore liquid
flow rate, and (vii) the temperatures of both dope solution and
coagulation bath. The study of the effect of all these parameters
is a very laborious and time-consuming work. Therefore, in this
study, we undertook the task to study the effect of air gap by
keeping all the other parameters fixed to monitor the changes
on the permeance/selectivity properties. To this end, three poly-
meric BTDA-TDI/MDI copolyimide hollow fiber membranes
were prepared in such a way that the air gap was 0, 6, and 10
cm, respectively (Table I). Both the characterization and the
performance evaluation of the membranes were carried out by
means of scanning electron microscopy (SEM), single gas per-
meance of pure gases (He, H,, O, N, CO,, and CH,) and gas
selectivity (H,/CH,;, CO,/CH,; and O,/N,) measurements. In
addition, the permeance activation energies of the three
membranes were calculated in cases of He, O,, N, and CO,
gases and compared to the literature.

EXPERIMENTAL

Preparation of the Hollow Fiber Membranes
The studied copolyimide hollow fiber
prepared by the dry/wet phase inversion process, a process
which is based on the spinodal decomposition principle,** in a
spinning set up which has been described previously.”® The
polyimide powder (Figure 1), BTDA-TDI/MDI copolyimide,
(Lenzing Plastics) was dried overnight at 120°C under vacuum,
prior dissolution to NMP.

membranes were

The extruded polymeric solution consisted of P84 polymer and
NMP solvent in a dope solution composition (P84/NMP) of
28.5% wi/v. The spinning dope was mixed overnight at 50°C in
a stainless steel vessel. A homogeneous solution was then
obtained through a 30-min treatment of the mixture in an
ultrasonic bath. The solution was then filtered through a 25-pum
sieve diameter metal filter for removing possible impurities
present in the raw polymers. Both vessels and the spinneret
were thermostated at 50°C to facilitate the flow of the polymer
solution. After filtering, the dopes were degassed inside a second
stainless steel vessel for 12 h. The bore liquid constituted a
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Table I. Experimental Parameters of Spinning Copolyimide Hollow Fiber

Membranes
Dry spinning Wet spinning

Membrane M1 M2 M3

Dope solution 28.5 28.5 28.5
composition
P84/NMP (%)

Bore fluid 70/30 70/30 70/30
composition
(%) (NMP : H-0)

Dope flow 2.4 2.4 2.4
rate (mL/min)

Bore liquid flow 1.6 1.6 1.6
rate (mL/min)

Air gap (cm) 10 6 0

Room 17.3 17.3 17.3
temperature (°C)

Relative 36 36 36
humidity (%)

Take-up velocity 11 11 11
(m/min)

Dope solution 50 50 50
temperature (°C)

Coagulation 25 25 25
baths

temperature (°C)

degassed solution of NMP and deionized water in different
ratios. The polymer solution and bore liquid were simultane-
ously pumped through a tube-in-orifice spinneret using gear
pumps and it has the following characteristics: Needle inner
diameter (ID) =0.5 mm, Needle outer diameter (OD)=0.7
mm, and Orifice ID = 1.2 mm. The extruded fibers entered the
coagulation bath, which was filled with tap water at room
temperature. The produced fibers were oriented by means of
two guiding wheels and pulled by a third wheel into a collecting
reservoir. To remove residual NMP, the produced fibers were
washed with tap water overnight and then solvent exchanged in
glass containers with ethanol for about 12 h.

According to these conditions, six different hollow fiber
membranes were produced; the dope solution composition
(28.5% w/w), the dope flow rate (2.4 mL/min), the bore liquid
flow rate (1.6 mL/min), the room temperature (17.3°C), the
relative humidity of the environment (36%), as well as the
temperatures of the dope solution (50°C), coagulation baths
(25°C), the bore liquid concentration (NMP/H,0O : 70/30), and
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Figure 1. Chemical structure of P84 copolyimide.
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the take-up velocity (11 m/min) were kept constant. As a result,
the membranes were produced at three different air gaps (10, 6,
and 0 cm); the effect of these differences on gas permeance and
morphological performance was studied and presented. The
experimental parameters of the above hollow fiber membranes
produced via spinning technique are listed in Table I.

RESULTS AND DISCUSSION

SEM Analysis

The dimensions and asymmetric structure of the membranes
were investigated using a FEI scanning electron microscope. The
polymeric fiber samples have been immersed in liquid nitrogen
and then they were fractured for their cross-sectional characteri-
zation. The produced specimens were mounted on the stub
using double-side conductive carbon adhesive tape. Fiber
samples were sputter coated with gold using an ion-sputtering
device. As summarized in Table II, the dimensions of the
hollow fiber membranes, the OD dimension fluctuates from
1040 to 1100 pum, whereas the ID dimension varies between 450
and ~700 pm. In addition, the wall thickness is in the range of
~100-300 pm. These variations are a result of the different
spinning conditions and they have been evaluated by the SEM
images.

The SEM micrographs of each membrane cross-section
(spun under the different air gap outlined in Table I) are shown
in Figure 2. At first glance, all the membranes show similar
macroscopic characteristics without defects or cracks. They pres-
ent a cylindrical symmetry and a secondary continuous “dense”
layer occurs in the middle of the hollow conformation. The
fluctuation of the wall thickness observed for the M1 membrane
is most likely owing to a long air gap. The existence of the voids
(finger-like pores) is the common feature for all studied
samples. Additionally, the three separating layers (one on the
outer surface, a second at the middle of the wall, and the last
one in the inner surface) occur in all membranes, resulting
from the specific spinning conditions, the bore liquid composi-
tion, the air gap, and the take-up velocity.

A common feature of the three membranes is that their outer
diameter is almost equal mainly owing to the geometry of the
used spinneret. However, the gravity and the elongation stress,
as well as the surface tension are factors that can also affect the
dimensions of the fibers. In case of M3 membrane, produced
via the wet-spinning technique, the wall thickness is approxi-
mately 300 um. This large value of the wall thickness can be
attributed to the zero-air gap. Khayet,’® Qin et al.,”” and Zhang
et al.’® have also observed that the increase of the air gap results
in smaller in formatted hollow fiber

wall thicknesses

membranes.

A more detailed observation of the M2 membrane morphology
is shown in Figure 3, where the total cross-section (Figure 3;)),
the outer skin layer, the inert surface, and the outer surface are
presented. This continuous skin layer (Figure. 3(3)(4)), Iis
responsible for the major permeance characteristics of the mem-
brane. As shown in Figure 3, 3), a continuous outer layer of
about 4 pm lies around the perimeter, which is supported on
verticallate sponge-like pores (voids). These macrovoids extend
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Table II. OD, ID, and Wall Thickness of the Hollow Fiber Membranes
Bore fluid Take-up Wall
Hollow- composition velocity thickness
fiber ID (NMP/H20) Air gap (cm) (m/min) OD (um) ID (um) (um)
M1 70/30 10 11 1100 ~700 ~200
M2 70/30 6 11 1040 640 200
M3 70/30 0 11 1050 450 300

from the outer skin layer up to a second continuously “dense”
layer nearly to the inner surface of the membrane. Similar
smaller finger-like voids meet the inner continuous layer, which
is about 1-2 pm thick (Figure 3(s)). The OD and ID of the M2
membrane are 1040 and 640 pm (Figure 3(;)), whereas the
thickness of the outer skin layer, which can be assigned as the
separating layer, is about 0.5 pm (Figure 3(4)). The inner layer’s
open channels sizes range from 0.07 up to 0.25 um (*10%)
(Figure 3(q)). The thickness of the continuous channel (macro-
porous like) layer is usually much greater compared to the size
of the external layer because of the presence of a fraction of sol-
vent (NMP) in the bore liquid. For this reason, during the fiber
formation, the solvent diffuses more slowly from the bulk to
the internal surface and the polymer chains remain in a sponge-
type formation. This phenomenon has also been observed by
Zhang et al.** and Wu et al.*’ in cases of PES- and PVDEF/PES-
blend hollow fiber membranes. Another interesting morphologi-
cal feature is the existence of a quite dense interface layer at a
distance of about 30 um from the inner surface of the fiber
(Figure 3(;)). This interface divides the bulk of the fiber into
two regions: the inner region with finger-like voids (cavities)
~30 pm length and ~5 um width, and the outer region with
similar cavities ~150 pum length and 7-10 pm width. The
occurrence of such an interface layer has also been reported by
Yu et al.*"** and it reflects the boundary region between the
opposite streams of the non solvent (H,0), diffusing simultane-
ously from the inner (bore liquid) to the outer (coagulation
bath) surface of the fiber.

Gas Permeation—Gas Selectivity Experiments

Single Gas Permeation Experiments. Permeation measure-
ments of various gases (He, H,, CHy, CO,, O,, and N,) have
been carried out using the variable pressure method in a high-
pressure (70 bar) stainless steel permeation rig. This specimen

M1

Figure 2. SEM images of the three studied copolyimide hollow fiber membranes (M1-M3).
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apparatus has been described in detail in the previous stud-
ies.”* Before the permeance measurements, the membranes
were outgassed for at least 24 h at high vacuum (up to 10~ °
mbar) at 100°C. Note that the permeance experiments per-
formed in a temperature range of 25-100°C have been repeated
after 30 days without a noticeable change in permeance values.
Gas was admitted to the high-pressure section of the rig,
whereas the low-pressure side remained isolated under vacuum.
Permeance experiments were performed by continuously moni-
toring the pressure increase in the low-pressure side of the rig
by means of an accurate differential pressure transducer.

Pure gas permeance values determined using the following
formula**:

V X 273 X 15(pi—po)

X10°
76 X AX T(1/2)(P,—Py)

P_
I

where the ideal gas law is assumed to be valid. Here, t (s) is the
time, p, (bar) is the pressure at the permeate side at time t, p,
the permeate pressure at time t=0, P (bar) the feed pressure,
T (K) the temperature, V (cm?) the calibrated permeate volume,
and A (cm?®) the total membrane area. The gas permeance P/l is
expressed in GPU, where 1 GPU=1 X 10~°® cm’*(STP)/(cm” s
cmHg). The permeability coefficient in Barrer can be estimated
by multiplying the gas permeance with the thickness of the
dense membrane, [ (um).

The major difference in observed gas separation properties can
be attributed to the differences between polymer matrices.*’
For example, the O, permeability ranges from 10 Barrer for
poly(trimethyl silyl propyne) to 10~* Barrers for poly(vinyl
alcohol).s However, significant differences in permeance factors
were also observed in membranes based on the same polymer
but prepared at various conditions. The effect of the prepara-
tion conditions in permeability properties of polyelectrolyte
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Figure 3. M2 hollow fiber membrane: (1-5) Cross-section, (6-9) cross-
section in high-resolution analysis, and (10) outer surface.

complex capsule membranes was reported by Kono et al.*® Fur-
ther, the permeance performance characteristics of various
PVDF/PVP asymmetric membranes were studied by Munari

et al.¥’

The effect of both the polymer nature and the membrane
preparation conditions on their physicochemical properties has

been extensively discussed elsewhere (see Refs. 25,26,28,29,32).

Special care was taken during the experiments to keep the pres-
sure boundary conditions constant. The calculated permeance
values are given in GPU and not in Barrer, because the active
selective skin layer cannot be determined accurately. As it will
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Figure 4. Effect of the air gap on the permeation properties of He, H,,
and CO, at 100°C.

be described later, the permeance for each gas is strongly
dependent on the air gap, but in all cases, the effect of tempera-
ture in gas permeance is positive, especially in the case of
smaller molecules and nonadsorbed gases such as helium. The
permeance measurements have been carried out for all studied
gases at three temperatures, 25, 60, and 100°C, respectively. As
shown in Figure 4, in case of helium, hydrogen, and carbon
dioxide, that is the gases with the smaller kinetic diameter, the
effect of the air gap is positive in gas permeance at 100°C. This
was expected owing to the smaller wall thickness and therefore
the smaller total resistance in the gas diffusion through the
polymeric matrix. On the other hand, the maximum values of
permeance for O,, N,, and CH, were recorded for the M2
membrane (air gap, 6 cm). This result can be explained in
terms of the different affinities of these molecules with the poly-
imide matrix. A more detailed explanation is beyond the scope
of this study because it demands the calculation of solubility
and diffusivity coefficients for each gas. However, it is a motiva-
tion for another study in the future.

The elongation of the hollow fiber membranes elongates the
microstructure of the polymer chain packing, decreases the
polymer density, and results in an increase in the permeance of
all tested gases. On the other hand, as Chung and Kafchinski*®
also report that the modification of the air gap has three
discernible effects on the hollow fiber membrane formation:
(i) influence on the polymer chain orientation (or even the
second phase or nano-fillers, if it exists), (ii) introduction of extra
phase instability, and (iii) accommodation of the phase
separation.

As shown in Figure 5, the He permeance is dependent on the
temperature. This is typical for activated diffusion mechanism,
where the increase in temperature is followed by a similar
increase in the permeance. On the other hand, the apparent
activation energies for the permeation increase nonproportion-
ally with the increase of the gas molecular sizes.

In general, the permeance values of our membranes can be
classified close to an average value when compared with those
obtained from the literature. As summarized in Table III, the
permeance values (at 25°C) fluctuate from 14.9 to 25.4 GPU for
He, 14.4 to 25.3 GPU for H,, 1.1 to 7.2 GPU for CHy, 2.2 to
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Figure 5. The effect of the temperature on helium gas permeation proper-
ties for the three studied P84 hollow fiber membranes.

5.4 GPU for CO,, 1.3 to 5.6 GPU for O,, and 0.93 to 6.2 GPU
for N,. Compared with the polyaniline hollow fiber mem-
branes,” our samples present similar permeances for N, O,,
CO,, and H, in cases of L2.5_1 and L2.5_2 samples but remark-
able higher values in cases of L30_1, L30_2, L50_1, L50_2, and
L50_3 samples. Our membranes present higher O, and N,
permeances compared with the PBI : PEI blend hollow fiber
membranes and smaller permeances for He and H,.** Further,
Barsema et al.** prepared and characterized highly selective
dense and hollow fiber asymmetric membranes based on
BTDA-TDI/MDI copolyimide. It is worth mentioning that our
membranes, although consisted of the same polymer, present
higher permeances for all the studied gases.

All activation energies, for He, O,, N,, and CO,, determined
from the slope of each Arrhenius plot, are listed in Table IV. As
it can be seen, the ordering of activation energy values in case
of He is 9.95 (M3), 8.56 (M1), and 7.9 (M2). Similar results
were reported by Dixon-Garrett et al.,* Lin and Chung,™ Bao
et al,”" and Budd et al.’**> Marked deviations are also observed
in the activation energies of permeation (Table IV), except for
helium. In addition, negative activation energy values were
observed for nitrogen and carbon dioxide. The most
pronounced negative activation energy, —3.17 kJ/mol, occurred
for CO, in the M1 membrane. Such negative values have been
reported for various polymeric and inorganic membranes in the
literature, Dixon-Garrett et al.,** Bao et al.,>' and Budd et al.,>*

ARTICLE

and have been explained in terms of the negative influence of
temperature on solubility and finally on permeation.>

Although the gas permeances increase with temperature, the
apparent permeation activation energies increase nonpropor-
tionally with the increase in the gas molecular sizes. This
happens because in polymeric membranes, the gas diffusion
mechanism is completely different compared to inorganic
membranes, especially in molecular sieve membranes. Here, the
activation energy for permeation is strongly dependent on the
chemical affinity and the interactions between the gas molecules
and the polymer chains. Gases such as nitrogen and carbon
dioxide, whose permeance values are not positively dependent
on temperature, present low and even negative permeation
activation energies. In particular, as summarized in Table III,
the effect of the temperature on the CO, permeance can be
described as follows: From 25 to 60°C the permeance decreases,
whereas from 60 to 100°C increases. Overall, in case of CO,,
the permeance at 100°C is lower than 25°C (from 9.8 GPU
drops to 7.7 GPU). The negative values of activation energies
for N, in case of M2 and M3 membranes result from the
strange behavior of the temperature on the permeance values
(Table II). However, for CO, the situation is complicated
because the effects of diffusion and solubility are opposing each
other. Thus, the transport of CO, through polyimide can be
diffusion controlled when temperature is high and solubility
controlled when temperature is low.>* It is noteworthy that the
results summarized in Tables III, V, and VI verify that more
permeable polymeric membranes are generally less selective and

vice versa.>>>°

The permselectivities are listed in Table V for the following six
gas mixtures: H,/CH,, O,/N,, CO,/CH,, CH4/N,, CO,/N,, and
H,/CO,. These values were calculated according to the following
simple equation:
__Pe (Gas(i))
%G/ T D e )
Pe (Gas(,,))
It should be noted that these mixtures were chosen for this
study because they are relevant to many industrial processes.

The development of efficient and new methods of separating
gas mixtures into their component parts is needed urgently for

two important reasons; first, many gas separations are
Table III. Permeance Values of the Three Membranes at 25, 60, and 100°C*
Permeance (GPU?)
M1 M2 M3

25°C 60°C 100°C 25°C 60°C 100°C 25°C 60°C 100°C
He 17.4 43 85.8 254 334 48.5 149 22.8 3314
Ho 14.4 36.4 74 25.3 33.2 47.7 147 21.2 31
CHy 11 1 1.5 7.2 6.7 6.9 2.8 2.8 2.8
CO2 9.8 4.9 7.7 54 6.1 7.2 2.2 3.3 4.4
02 1.3 2.06 4.4 5.6 5.6 6.1 2.2 2.4 2.8
N2 0.93 0.88 1.5 6.2 53 5.5 2.2 2.2 2.2

2GPU is Barrer without thickness correction.
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Table IV. Activation Energies of Permeation (kJ/mol) in Case of He, O,,
N>, and CO, Gases

Activation energy (kJ/mol)

Gas M1 M2 M3
He 8.56 7.9 9.95
(o5 14.97 1.28 3.2
N> 573 -1.55 -0.29
CO» -3.17 3.6 8.44

performed on extremely large scales, in numerous industrial
processes; improvements will lead to significant global energy
savings. Additionally, carbon dioxide capture and storage is an
exciting possibility for preventing the release of anthropogenic
carbon dioxide into the atmosphere and hinges on gas separa-
tions. Detailed analysis of the problem as well as proposed
materials and methods can be founded in Yang’s book®” as well
as in the article published in 2012 by Herm et al.’® Further-
more, the need to produce pure hydrogen, especially for use in
fuel-cell technologies requires high-cost processes, such as
PSA,* temperature swing adsorption, and cryogenic processes,
as Lee et al. reports.”” On the other hand, electrical swing
adsorption and membrane separation are promising processes
for hydrogen production owing to low installation and opera-
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tional costs. In addition, O,/N, separation is the basic process
for oxygen enrichment, preparation of inert gas environments
(enhanced nitrogen concentration), etc.

Gas Mixture Testing. The hollow fiber membranes have also
been tested in H,/CH,, CO,/CH,, and O,/N, mixtures sepa-
rations for evaluating their efficiency in real gas mixture
separations. A special apparatus consisting of one stainless
steel membrane cell, three mass flow controllers, two pres-
sure transmitters, metal valves, and two back pressure regu-
lators was connected to a high-sensitive HP gas
chromatograph. This apparatus was described in detail previ-
ously.®! The membranes were modulated in the special metal
cell, forming like a heat-exchanger configuration as shown
in Figure 6.

Mixture selectivity experiments were carried out in a high-
pressure metal setup. The membranes were attached to a metal
tube using a high-vacuum epoxy resin (Varian, Torr Seal) and
enclosed in a stainless steel permeation cell. The 50/50 (mole
concentration) gas mixtures were introduced to the outer side
of the membrane, whereas helium was used as the sweep gas on
permeate side. Mass flow controllers (Brooks Instruments, 0-50
mL/min) were used to define the flow rates of each gas. In both
the retentate and permeate, the pressure was controlled by back-
pressure regulators and was recorded using a differential
manometer. A Hewlett-Packard 5890 series II gas chromato-

Table V. Ideal Selectivity Coefficients (permselectivities) for Six Studied Membranes and for Six Selected Gas Couples at 25, 60, and 100°C

Permselectivity

M1 M2 M3
Gases 25°C 60°C 100°C 25°C 60°C 100°C 25°C 60°C 100°C
Ho/CH,4 13.09 36.4 49.33 .51l 4.96 6.91 5.25 7.57 11.07
02/N2 1.40 2.34 2.93 0.90 1.057 111 1.00 1.09 1.27
CO,/CHy4 8.82 4.90 513 0.75 0.91 1.04 0.79 1.18 1.57
CH4/N2 1.18 114 1.00 1.16 1.26 1.25 1.27 1.27 1.27
CO2/N2 10.43 8.87 513 0.87 1.15 1.31 1.00 1.50 2.00
Ho/CO2 1.79 7.43 9.61 4.69 5.44 6.63 6.68 6.42 7.05
Table VI. Selectivity Coefficients of Three Gas Pairs for M1, M2, and M3 Hollow Fiber Membranes

M1 M2 M3
Gases 25°C 60°C 100°C 25°C 60°C 100°C 25°C 60°C 100°C
Selectivity (50/50 gas mixture)
Ho/CH4 9.7 9.2 8.5 1.5 1.4 1.28 2.8 2.5 2.05
CO,/CH4 9.9 5.62 5.8 1.9 1.75 1.75 1.2 1.4 1.75
02/N2 2.8 2.65 2.3 1.22 113 1.10 1.21 1.42 1.55
Permselectivity
Hz/CHq4 13.9 36.4 49.33 3.51 4.96 6.91 5.25 7.57 11.07
CO5/CH4 8.82 4.9 518 0.75 0.91 1.04 0.79 1.18 1.57
02/Nz 1.4 2.34 2.93 0.9 1.06 111 1 1.09 1.27
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Figure 6. Hollow fiber module for mixture selectivity experiments.

graph equipped with a high-sensitivity TCD detector was used
for the analysis of both gas lines.

The selectivity coefficients were calculated according to the fol-
low equation:

_ A((gas—l)—perm) /A((gas—z)—perm)

S
A((gas—l)—feed) /A((gas—Z)—feed)

were A((ganl)fpermb A((gHS*l)*feed)) and A((ganZ)fperm)’
A((gas—2)—fecay are the peak surfaces for the permeate and feed

gas streams, respectively.

The selectivities, both measured and calculated, for H,/CH,,
CO,/CHy, and O,/N, at 25, 60, and 100°C, respectively, are
listed in Table VI for all the membranes under study. One
may notice that the measured selectivity coefficients for the
gas pairs H,/CH,, CO,/CHy and O,/N, appear either
smaller or larger compared to the permselectivities. Mixtures
containing hydrogen were found to have lower measured
selectivities. Specifically in case of H,/CH, separation, when
the membrane is fed with a mixture of hydrogen and meth-
ane, the gas mixture selectivity was significantly less than the
permselectivity (Table VI). This can be explained in terms of
the high methane concentration both in the matrix and on
the surface of the membrane, resulting in resistance of the
hydrogen diffusion through the membrane. The positive phe-
nomenon occurs in cases of CO,/CH,; and O,/N, separa-
tions, where the “real” selectivity coefficients are higher than
the respective permselectivites. This result has also been
reported in case of plasticization action of CO, into the pol-
yimide matrix by White et al.®* and by Wind et al.”> How-
ever, it was observed at pressures above 10 bar. A possible
explanation for this behavior could be the fact that the val-
ues of both permeance and solubility coefficients of the CO,
into the polyimide matrix are higher compared with those of
CH,.%* This means that when CO, diffuses into the mem-
brane matrix, the free volume of the polyimide is “saturated”
easier by carbon dioxide molecules than by methane mole-
cules and owing to the chemical affinity the diffusion and,
thus, the permeation of CO, is faster than that of the CH,.
Based on this “swelling” of polyimide chains, the CO, con-
centration is increased into the membrane matrix, the diffu-
sion coefficient is improved and, finally, the effect of CO,

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
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transport, relevant to CH,, gives higher CO,/CH, selectivity
compared with the correspondent permselectivity. On the
same way, the O,/N, selectivities are higher than the corre-
sponded permselectivities because of the better affinity of O,
with the polyimide chains than the N,. It is worth mention-
ing that even these “real” separation factors are “small” and
adequate as the studied membranes combine quite satisfac-
tory permeance values in the order of ~70 GPU for H, at
100°C.

CONCLUSIONS

This study was devoted to investigate the preparation and the
gas performance characterization of asymmetric polymeric
hollow fiber membranes prepared with a dry/wet spinning
method using commercial P84 copolyimide. In general, the
hollow fiber membranes present dimensions of OD between
1040 and 1100 pm, ID between 450 and 700 pm, and wall
thickness from 200 to 300 pm. It is worth mentioning that the
increase of air gap results in the decrease of the wall thickness.
These morphological characteristics were evaluated using SEM.
Additionally, the permeation properties for pure gases, and rele-
vant industrial gas mixtures, have been studied extensively. The
gas permeances can be classified close to an average value when
compared with those obtained from the literature. It was also
found that polymeric hollow fiber membranes behave, in many
respects, like a typical high free-volume polymer, exhibiting low
and even negative permeation activation energies. Further, the
gas mixture selectivities have lower values than the calculated
ones. However, the opposite is true for the CO,/CH, mixture
separation because of the higher solubility and diffusivity coeffi-
cients of CO, into the polyimide matrix compared with those
of CH,. Conclusively, these hollow fibers can be proved to be
excellent candidates for highly selective carbon molecular sieve
membranes.
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