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a b s t r a c t

A defect-free ultra thin PVAm/PVA blend facilitated transport membrane cast on a porous polysulfone
(PSf) support was developed and evaluated in this study. The target membrane was prepared from com-
mercial polyvinyl amine (PVAm) and polyvinyl alcohol (PVA). Effects of experimental conditions were
investigated for a CO2–N2 mixed gas. A CO2/N2 separation factor of up to 174 and a CO2 permeance up
to 0.58 m3(STP)/(m2 h bar) were documented. Experimental results suggest that CO2 is being transported
according to the facilitated transport mechanism through this membrane. The fixed amino groups in the
PVAm matrix function as CO2 carriers to facilitate the transport whereas the PVA adds mechanical strength
Facilitated transport
Fixed-site-carrier
Polyvinyl amine
P

to the blend by entanglement of the polymeric chains hence creating a supporting network. The good
mechanical properties obtained from the blend of PVA with PVAm, enabled an ultra thin selective layer
(down to 0.3 �m) to be formed on PSf support (with MWCO of 50,000), resulted in both high selectivity
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olyvinyl alcohol and permeance. The PVA

. Introduction

Concern for the changing climate and emission of greenhouse
ases, especially CO2, has resulted in the acceleration of innova-
ive solutions for CO2 capture and sequestration, among various

embrane solutions. Using membranes for CO2 capture will be an
nvironmental friendly process, as well as a low cost and energy
aving process, if a membrane with high flux and selectivity is cho-
en. Such membranes may be those with enhanced transport for
elected gases. Membranes may be prepared from various types of
aterials, but currently only polymeric membranes are commer-

ially available for gas separation. Polymers may easily be prepared
s hollow fibers or spiral-wound modules with high packing density
m2/m3), and will be the best option for large volume gas streams in
ndustry. Among the new materials with a very promising potential
or highly efficient gas separation are the facilitated transport mem-
ranes, which exhibit both high permeability and high selectivity
ompared to the conventional polymeric membranes. In facilitated
ransport the flux of a permeant gas is selectively enhanced by

eans of a reversible reaction between the active permeant gas
nd the carrier, whereas other gases inert to the carriers, such as

2, N2 and CH4, will permeate exclusively by the solution-diffusion
echanism.

Scholander [1] demonstrated a facilitated transport membrane
or the first time in 1960. A supported liquid membrane (SLM) was
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A blend membrane also exhibited a good stability during a 400 h test.
© 2009 Elsevier B.V. All rights reserved.

reported with hemoglobin as oxygen facilitated transport carri-
ers, showing remarkably high selectivity in favor of O2. Numerous
studies of SLM have been carried out thereafter [1–5]. However,
serious degradation problems, such as evaporation of solution and
deactivation of the complexing agent (carrier), restricted its further
development and application. In 1980 an ion exchange membrane
was firstly reported by LeBlanc et al. [2] to overcome the problems
of SLMs, in which facilitated carriers were kept within the mem-
brane matrix using electrostatic forces and hence the degradation
of carriers was minimized. As another approach to fix the carriers,
Matsuyama et al. [6–8] applied plasma technology to introduce the
desired functional groups, and obtained membranes which showed
remarkably high CO2 permeability and selectivity over CH4 and
N2. Since 1994 Quinn et al. [9–14] published and patented a series
of polyelectrolyte membranes or polyelectrolyte-salt blend mem-
branes for acid gas separation. Nevertheless, none of the above
membranes has yet been commercialized, which may be due to
their instability problems and scale-up limitations.

From the point of stability, polymeric fixed-site-carrier (FSC)
membranes are in general more favorable than membranes with
mobile carriers since the carriers in FSC membrane are covalently
bonded directly to the polymer matrix. Yoshikawa et al. [15,16] syn-
thesized a polymeric membrane having pyridine moiety or amine
moiety, and confirmed an acid–base interaction between CO2 and
fixed carriers. Zhang [17,18] reported a new composite membrane

containing two kinds of CO2 carriers synthesized through the
hydrolysis of polyvinylpyrrolidone (PVP) and Matsuyama et al. [19]
reported a polyethylenimine/poly(vinyl alcohol) (PEI/PVA) blend
membrane with fixed carriers. Recently Ho and co-workers [20,21]
published their results on CO2 separation from H2, N2 and CO by a

http://www.sciencedirect.com/science/journal/03767388
http://www.elsevier.com/locate/memsci
mailto:hagg@nt.ntnu.no
dx.doi.org/10.1016/j.memsci.2009.05.019
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olyallylamine (PAAm), amino acid salt, potassium hydroxide and
VA blend membrane, which was claimed to contain both mobile
nd fixed carriers. Cai et al. [22] also reported a PAAm/PVA blend
embrane with selectivities for CO2 over N2 and CO2 over CH4

f 80 and 58, respectively. Kim et al. [23] prepared a composite
olyvinyl amine (PVAm) membrane for CO2 capture. The membrane
as prepared from in-house synthesized PVAm with a high molec-
lar weight (MW 80,000) on a PSf porous support, and showed a
ery high ideal selectivity of pure CO2 over CH4 (>1000). A com-
rehensive review article on facilitated transport membranes has
een published by Hägg and Quinn [24]. A mechanism of facilitated
as transport in fixed-site-carrier membranes has been presented
y Noble et al. [4,25–27].

As a hydrogel with sufficient primary amino groups, PVAm
xhibits high CO2 selective absorbability. In the water-swollen FSC
embrane containing sufficient amino groups, CO2 is mediated

ased on the similar reactions as in mobile carrier membranes
lthough the amino groups are fixed to the membrane matrix.
ater is also playing a role in the CO2 transport when swelling the
embranes. Some researchers [8,17,18,28,29] suggested that CO2

eacts with the carriers (e.g. primary amino groups) and water to
roduce amine–CO2–H2O complexes (e.g. RNHCOO−) and HCO3

−

ithin the membrane, diffusing in the form of HCO3
− ions, as shown

n Eq. (1). This is believed to be what makes it possible to obtain
he high CO2 selectivity and permeability comparable to those of

obile carrier membranes.

CO2 + 2RNH2 + H2O � RHNCOOH + RNH+
3 + HCO−

3 (1)

The weak basic amino group will initiate the reaction. How-
ver, considering that amino groups are not consumed during the
eversible reactions, they are taking the role of catalysts for the
eversible CO2 hydration reactions, the final reactions can therefore
e demonstrated with Eq. (2):

2O + CO2
+NH2� H+ + HCO−

3 (2)

Wang et al. [17,29,30] confirmed the reaction of CO2 with
ater and the form of HCO3

− in water-swollen pentaerythrityl
etraethylenediamine (PETEDA) membranes by Fourier transform-
nfrared spectroscopy (FTIR) using attenuated total reflectance
ATR) techniques. They documented that new bands assigned to
CO3

− and the complex of CO2 and amino moieties in PETEDA
ppeared in the spectrum of the membrane absorbed CO2, while
n the wet membrane contacted with only CH4, no new band or
hift of wave numbers were displayed.

The aim of this study has been to tailor an economically and tech-
ically viable polymeric membrane for CO2 capture. The demands

or this membrane include: good mechanical strength, long time
tability, high separation performance, cheap and a simple fabrica-
ion process.

A mechanically PVA-like PVAm/PVA blend membrane was
eveloped to meet the above demands. The membrane was pre-
ared from a commercial PVAm (delivered as PVAm HCl) with a
olecular weight of 25,000. With such a low MW, a swollen PVAm
embrane will usually be sticky and resemble a fluid of high vis-

osity, hence it is impossible to form a thin selective layer. It was,
owever, believed that blending of the PVAm with a more mechan-

cally robust polymer could be a solution to this problem, and
olyvinyl alcohol (PVA) was selected as the component for blend-

ng. PVA is also a hydrogel with excellent film forming properties,
esistant to oil, grease and most of organic solvents, exhibiting high
ensile strength and flexibility. Water can act as a plasticiser and

educe the tensile strength of PVA, but also increase its elongation
nd tear strength. PVA chains are stretched and more flexible when
eated above Tg (85 ◦C) [31].

An assumed schematic illustration of the PVAm and PVA blend
as given in Fig. 1. In this study, the commercial PVAm (MW 25,000)
Fig. 1. Schematic diagram of PVAm/PVA blend polymer framework.

was entangled with and fixed inside the PVA chain network to offer
CO2 facilitated carriers. The chlorine (Cl−) from the commercial
PVAm HCl may also offer highly polar sites in the membrane, which
may restrict the permeation of non-polar gases while favor that
of polar gases. DSC measurements confirmed that a homogenous
blend was obtained, and FTIR and XPS analysis confirmed that the
blended PVA and PVAm were cross-linked by heating in the range
of 90–120 ◦C. The heat treatment would also cause some physical
cross-linking by some rearrangement of crystallites in the polymer
matrix. With an abundance of amino groups within the blended
polymer matrix, the target membrane showed high selectivity and
CO2 permeability while maintaining good mechanical properties in
a water swelling operation condition.

2. Experimental

2.1. Preparation of PVAm/PVA blend membrane

The PVAm/PVA blend membrane was prepared as a composite
membrane with a thin selective layer of this homogenous blend
on a PSf ultrafiltration membrane (Alfa Laval, MWCO 50,000). The
PSf support was rinsed with dilute NaOH solution and flushed
with water to remove any possible contaminants from supplier
before use. The polymer solution of PVAm/PVA blend was prepared
by adding PVA (90+% hydrolyzed powder, Merck Schuchart, MW
72,000) aqueous solution to a PVAm (polyvinylamine hydrochlo-
ride, Polyscience, Inc., MW 25,000) aqueous solution of the same
concentration. Both PVAm and PVA were used as received. The pH
values of the PVA and PVAm solutions are 5.0 and 4.5, respectively.
The composition of the blend solution was determined by adjust-
ing the weight ratio of above solutions. All membranes reported
here were of the same optimized blend ratio except otherwise indi-
cated. After stirring the mixture overnight and ultrasonic mixing for
2 min, the polymer solution was then cast onto a PSf substrate with
a calculated amount of blend solution to give the desired thickness.
After casting, the membrane was dried in an oven at 45 ◦C for 5 h.
All membranes were cross-linked by heating to 90–120 ◦C for 1 h in
a convection oven.

2.2. Membrane characterization

The thermal properties of the PVAm, PVA and PVAm/PVA blend
were measured on a TA Q100 differential scanning calorime-
ter (DSC). A method with a ‘freeze–heat–freeze–heat’ cycle was

designed to minimize the influence of the absorbed water in the
samples. The temperature range scanned was from −85 ◦C to 300 ◦C
at a heating rate of 20 ◦C/min. The cross-section and surface of the
membranes were examined using field emission scanning electron
microscopy (FESEM, Zeiss Ultra 55 Limited Edition). Cross-sectional
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amples were prepared by fracturing the membranes in liquid
itrogen. Samples were coated with carbon under vacuum before
bservation. FTIR spectra of PVAm, PVA and PVAm/PVA blends
efore and after heat treatment for cross-linking were scanned
4000–400 cm−1) on a Thermo Nicolet FTIR Nexus Spectropho-
ometer. X-ray photoelectron spectroscopy (XPS) equipped with

onochromatized Al K� X-ray source (GammaData Scienta) and
emispherical SES 2002 electron energy analyzer was performed
o investigate the membrane surface composition. Wide-angle X-
ay diffraction (WAXD) patterns of the top layers (1.0 �m) of the
eated and non-heated blend membrane samples were recorded
ith a Cu K� radiation produced by a Bruker AXS D8Focus X-ray.

he tensile strength and elongation at break (εb) for membrane
aterials were determined on an electronic tensile testing machine

LR10K). The gauge length was 10–20 mm and cross head speed was
–50 mm/min. All samples were tested at room temperature and
7.5% relative humidity. The degree of water swelling of PVAm/PVA
lend was determined by weighing the dry sample and the sam-
le conditioned in a glass vessel saturated with water vapour. This
rocedure was repeated until the film reached a constant weight
equilibrium water uptake). The water swelling degree (SD) of

embrane was calculated according to the following equation:

D(%) = Ws − Wd

Wd
× 100 (3)

here Ws and Wd are the masses of the swollen and dry mem-
ranes, respectively.

.3. Permeation experiments

Separation performances of membranes were tested in a gas
ermeation rig (see Fig. 2). Feed gases were supplied from a pre-
ixed gas cylinder (10 vol.% of CO2 in CO2/N2 gas mixture, AGA

S). A flat sheet type membrane module was mounted in a ther-
ostatic cabinet with a temperature control system. A membrane
diameter of 50 mm) was sandwiched between the permeate cham-
er and the feed gas chamber, supported by a porous metal disk
nd sealed with rubber O-rings. Both feed gas and sweep gas were
aturated with water vapour by bubbling through water bottles.

bypass line with a precise valve paralleling with the upstream

Fig. 2. Experimental set-up for mi
Science 340 (2009) 154–163

water bubbling bottle was attached to adjust the humidity of feed
gas. Flow rate and pressure were recorded and controlled by a flow
controller, flow indicator and pressure transmitters (MKS) respec-
tively and logged directly into a computer (by Labview). Relative
humidity of feed gas was measured online by a humidity anal-
yser. The composition of the permeate gas was analyzed online by a
gas chromatograph equipped with a thermal conductivity detector
(MicroGC3000). Some operation conditions, such as feed gas flow
rate, relative humidity, feed pressure, were varied to investigate
their respective effects on the membrane performance.

A sweep gas was used on permeate side (He or N2 indicated
in Fig. 2) for better recording of fluxes and gas compositions. Per-
meance of a species i was defined as the flux divided by the partial
pressure differences between the upstream and downstream of the
membrane and reported in units of [m3(STP)/(m2 h bar)] and given
the symbol Ri. The selectivity (˛) was calculated from permeance
of CO2, RCO2 and N2, RN2 , as expressed in Eq. (4) [32,33].

˛ = RCO2

RN2

(4)

CO2–N2 (10 vol.% CO2) mixed gas was used as feed gas. Perme-
ation experiments were carried out at 25 ◦C with a feed pressure
varying from 2 bar to 15 bar, and separation performance was
recorded when the system had been stabilized.

3. Results and discussion

3.1. Membrane characteristics

The defect-free ultra thin homogeneous PVAm/PVA blend mem-
branes cast on a microporous PSf supports were characterized. The
DSC graph of the PVAm/PVA blend in Fig. 3 shows only one melt-
ing point (Tm) and is different from those of PVAm and PVA; this
should suggest that PVAm and PVA are compatible and mixed on a
molecular level. A homogeneous blend has been obtained. Solvent

(water in this case) contained in polymer can to some extent cause
the melting point depression, so a freeze–heat cycle from −85 ◦C to
240 ◦C was designed as a pre-treatment before the scanning from
−85 ◦C to 300 ◦C to extract water vapour from the samples. Since
both PVA and PVAm are highly crystalline (especially PVAm), no

xed gas permeation testing.
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Fig. 3. DSC curves of PVAm, PVA and PVAm/PVA blend.

pparent Tg was found in PVAm samples or in the blend samples
34].

When casting a small amount of hydrophilic PVAm aqueous
olution on hydrophobic PSf support (contact angle in water is
2.4 ± 2.4◦) [35], the solution was not able to smoothly wet the
upport surface and to form continuous solution layer, but drops,
ue to the big surface tension of the solution on the support. Ben-
fiting from the hydrophobic groups (–OCCH3) in the partially
ydrolyzed PVA (90+% hydrolyzed), the amphiphilic PVA in the
VAm/PVA blend aqueous solution functioned as surfactants that
an reduce the surface tension and offer a good contact between
he hydrophilic solution and the hydrophobic surface, enabling the
ormation of the defect-free ultra thin coating on PSf support. The
ross-section of the composite membrane in the SEM image in Fig. 4
hows the PVAm/PVA blend as a selective layer with thickness of
.5 �m. No evident ‘pore-filling’ phenomena were found from the

mage even though this membrane had endured measurements at
5 bar pressure. Since a sudden depressurization would cause seri-
us damage to the coating layer by the explosion of the quickly
vaporated water bubbles, the membrane thickness was measured
fter being gradually depressurized to atmosphere and equilibrated
n highly humidified environment. The thickness of the coating

ayer was about the same as the one calculated. The strong PVA
hain bridging over pores may help stopping small PVAm chains
rom leaking into pores. Permeation data reported in this paper
lso confirmed the non-pore-filling feature of the blend membrane.

Fig. 4. SEM image of PVAm/PVA blend membrane cross-section.
Fig. 5. FTIR spectra of PVAm/PVA blend before (a) and after (b) cross-linked by
heating.

Pure PVAm, however, has a tendency to pore filling at higher pres-
sures [23].

Fig. 5 represents the FTIR spectra of PVAm/PVA blends before
and after heat cross-linking. Unlike the type of cross-linking
reactions initiated by cross-linking agents, the heat cross-linking
reactions are relatively weak. No evident new peaks or wave
number shifts were observed in IR spectrum. The major chemi-
cal structures before and after heating are similar. However, the
intensity of the peak at 1090 cm−1 in the FTIR spectrum was evi-
dently increased from lower than that of the peak at 1500 cm−1

and 1610 cm−1 (assigned to –NH2, –N–H and –C–N– respectively) to
apparently higher than them, suggesting a change of polymer struc-
ture during heating. The band near 1090 cm−1 can be assigned to
the combination of –C–O–C– bond and C–OH bond [36–38]. Com-
bining with the XPS analysis, the increase of the intensity of peak
at 1090 cm−1 can be attributed to the form of –C–O–C– structure
after heat cross-linking. The XPS spectra and atomic ratio of carbon,
oxygen in unheated (a) and heat cross-linked (b) PVAm/PVA blend
membrane are shown in Fig. 6. The content of oxygen in the blend

membrane increases from 18% to 22% after being cross-linked by
heating, which also suggested the forming of cross-linking chain
(–C–O–C–) in the blend network. The characteristic crystallization-
sensitive band of PVA at 1140 cm−1 undergoes a change in the

Fig. 6. XPS spectra of unheated (a) and heat cross-linked (b) PVAm/PVA blend mem-
brane.
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ig. 7. XRD spectra of unheated and heat cross-linked PVAm/PVA blend membrane.

eated sample, indicating that cross-linking by heating may have
aused physical cross-linking by the rearrangement of the crystal
egions of the blend [36,39]. The different pattern of WAXD spectra
f the samples with and without heat cross-linking confirmed the
hange of the crystal structures, as can be seen in Fig. 7. The drop
f the peak intensities (at 2� = 13.5, 16.5 and 18) after heat cross-

inking in WAXD patterns indicate that the relative crystallinity
n the blend membrane decreases. However, the chemical struc-
ure of the heat cross-linked PVAm/PVA blend is complicated – no
podictic structure can be determined only based on the current
haracterizations.

The enhancement to mechanical strength by blending PVA with
VAm and the heat cross-linking of the blend was also apparent
y pure observation. The membrane prepared from PVAm (MW
5,000) was brittle in the dry state and changed to a sticky viscous
orm in water-swollen state (the state of the membrane during sep-
ration). The addition of PVA significantly improved the mechanical
trength of the membrane. In the dry state the blended mem-
rane was more flexible as compared with pure PVAm membrane,
hile after water swelling the blended membrane exhibited suf-
cient strength and elongation. The average tensile strength for
VAm/PVA blend samples of 60.53 MPa and elongations at break
εb) of 8.46% were determined. The PVA samples exhibited a rela-
ively higher tensile strength of 84 MPa and a lower elongation at
reak of 4.8%, while PVAm samples were too fragile to be tested at
he same conditions.

Water swelling behavior of the blend membranes was investi-
ated based on orthogonal experimental design L9 (34) [40]. The
our selected factors were the percentage of PVA in PVAm/PVA
lend, heat cross-linking temperature, heating time and a blank
olumn as reference. Rough trends of the effects on membrane
welling capacity are given in Fig. 8, where I, II and III represent
ow, medium and high levels, which are 90 ◦C as low and 120 ◦C as

igh level in cross-linking temperature, 30 min as low and 90 min as
igh level in heating duration and 20% as low and 60% as high level

n PVA percentage in Fig. 8(a), (b) and (c), respectively. The analy-
is of the orthogonal test showed the rough trends of the effects of
he factors. The effect of cross-linking temperature on the degree

ig. 8. Effects of heat cross-linking temperature (a), duration (b) and PVA% (c) on
he degree of membrane swelling.
Science 340 (2009) 154–163

of swelling exhibits an optimum condition at level 2, as shown in
Fig. 8(a). Heating beyond the optimal temperature resulted in a
poorer membrane swelling capacity. This indicates the formation
of an efficient polymeric network by heat activated cross-linking
at the optimal temperature. Over heating may result in too strong
cross-linking, and therefore the loss of membrane swelling capac-
ity. The effect of the duration of heating is plotted in Fig. 8(b).
Swelling capacity of the membrane increases as the duration of
heating increases in the testing range. However, there is significant
interaction between heating temperature and duration. A single
factor experiment was carried by varying the duration of heating at
the optimized temperature (level II). The degree of swelling was no
longer increasing with the duration of heating longer than level III
in the investigated range. The optimized strategy of cross-linking
temperature and duration of heating (at level III) was determined
by the combination of the analysis of the orthogonal and single
factor experiment results. Fig. 8(c) shows that the swelling degree
declined significantly with the increase of PVA percentage. To opti-
mize the PVAm/PVA ratio, the effect of PVA percentage in the blend
was also investigated on single factor experiment by varying the
PVA percentage at the optimized heating temperature and dura-
tion. Results exhibit an optimal value at 20% PVA. Even though
PVAm has a higher water affinity than PVA, the addition of 20%
of PVA slightly increases the blend’s swelling capacity. A stronger
network offered by the entanglement of PVA with PVAm chains
may efficiently retain water within the polymer matrix and hence
the membrane may reach a higher degree of water swelling.

3.2. Permeation characteristics

The CO2 separation performance of the PVAm/PVA blend mem-
brane is strongly dependent on humidity. The selective layer
thickness and operation pressure also affected the CO2 transport.
Their respective effects are in good accordance with the character-
istic of facilitated transport mechanism.

3.2.1. Effect of relative humidity
Fig. 9 illustrates the effects of relative humidity on CO2 per-

meance and CO2/N2 selectivity of a PVAm/PVA blend membrane
with a selective layer of 0.3 �m at process conditions of 2 bar and
25 ◦C. In the measured relative humidity range, both the CO2/N2
selectivity and CO2 permeance showed a monotonously rise with
increasing relative humidity. A remarkable CO2/N2 selectivity of
174 was recorded at the highest humidity as indicated in Fig. 9(a).
It is obvious that high relative humidity enables a higher degree
of membrane swelling, which favors both CO2 and N2 transport
in the membrane, however, the transport mechanisms differ. This
results in a big difference in the increase of CO2 and N2 per-
meance with the increase of relative humidity from 50% to 92%.
As can be seen in Fig. 9(b), the CO2 permeance increased dra-
matically from 0.05 m3(STP)/(m2 h bar) to 0.58 m3(STP)/(m2 h bar),
whereas N2 permeance increased from 0.009 m3(STP)/(m2 h bar) to
0.03 m3(STP)/(m2 h bar). In dry condition the permeances of both
CO2 and N2 were approximately 0.001 m3(STP)/(m2 h bar). Almost
no selectivity was recorded. This is probably due to the high crys-
tallinity of the PVAm and PVA in dry state.

The characteristic of the strong humidity dependence of CO2
transport suggests that CO2 follows facilitated transport mecha-
nism in the water-swollen PVAm/PVA blend membrane [23]. It
is reasonable to assume that when the membranes are in highly
water-swollen conditions, Cl− become mobile and is no longer

bonded to the amino groups. When the pH value of the PVAm
solution is 4.5 (as was used in this study), the free amino group is
approximately 50% [34]. These free primary amino groups are hence
free to function as the CO2 facilitated carriers, as indicated in Eq. (1).
Gas CO2 dissolves in the membrane, forming the amine–CO2–H2O
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Fig. 9. Effects of relative humidity on CO2 separation performance

omplex and finally bicarbonate ion HCO3
−, and permeating in

he swollen polymer matrix by ‘jumping’ from one amino site to
nother. Hence the CO2 transport through this PVAm/PVA blend
embrane will follow three steps: (1) dissolution and reaction of

O2 with water and amino groups to form CO2-carrier complex and
CO3

− at feed side, (2) diffusion of HCO3
− through the membrane,

nd (3) decomposition of HCO3
− and desorption of CO2 at permeate

ide. The diffusion coefficient of the ion in liquid is normally four
rders of magnitude greater than that of gases in solid [41], while

n solvent swollen or gel system, the diffusivity can be calculated.
atsuyama et al. [42] have given equations based on the free vol-

me theory to calculate the diffusion coefficient of a water-swollen
el. The Dgel/Dwater is found to increase with the increase of the
egree of water swelling, water volume fraction in gel membrane,
he affinity of solute, etc. It is hence believed that CO2 forms the ion
CO3

− when diffusing through this water-swollen FSC membrane,
nd hence the membrane exhibits very high CO2 permeance and
onsequently high selectivity of CO2 over N2.

However, when thicker membranes (2.5–35 �m) were tested,
slight CO2/N2 selectivity drop was observed at a high relative

umidity of around 90%. The loosening of polymer structure by over
welling at high relative humidity reduces the sieving capability of
he membrane. Good cross-linking is very important to ensure an
fficient selective structure of the membrane.
.2.2. Effect of feed pressure
Fig. 10 shows the separation performance of the PVAm/PVA

lend membrane with a selective layer of 0.5 �m at different
eed pressures. CO2/N2 selectivity up to 150 at 2 bar was achieved

ith permeance of 0.43 m3(STP)/(m2 h bar) whereas permeance of

Fig. 10. Effect of feed pressure on CO2 separation performance, sele
tive layer of 0.3 �m, sweep gas flow rate 0.08 ml/s, at 2 bar, 25 ◦C.

0.11 m3(STP)/(m2 h bar) was reached with a selectivity of 112 at
15 bar. As can be seen in Fig. 10(a), the CO2/N2 selectivity of the
blend membrane decreases with feed pressure increasing from
2 bar to 15 bar. When above 5 bar the decreasing trend relaxes
and the selectivity of CO2/N2 becomes almost constant. Fig. 10(b)
shows that both the permeance of CO2 and N2 decrease with
increasing feed pressure, but their trends are different. The differ-
ent trends for CO2 and N2 permeance suggest that the transport of
CO2 and N2 through membrane follows different transport mecha-
nisms.

As a characteristic of facilitated transport, membrane perme-
ance will generally decrease in the beginning with increasing feed
partial pressure due to the saturation of carriers. When the carriers
are saturated, the permeance will stabilize and solution-diffusion
takes over. At low feed pressure (2–5 bar) the CO2 permeance
decreases rapidly with increasing feed pressure whereas the N2 per-
meance is nearly constant. At feed pressures 5–15 bar, however, CO2
permeance keeps nearly constant whereas N2 permeance decreases
significantly. This may be due to the increase of diffusion resistance
of gases in the packed and hence less water swelled membrane at
higher pressure. It is believed that the hindrance of polar Cl− sites
towards the permeation of the non-polar N2 gas becomes more
obvious when membrane is less swelled, which may also contribute
to the decrease of N2 permeance at high pressure. Packing effect in
the water swelling polymer can be described as the decrease of the

free volume occupied by water, not the same as the packing of the
polymer matrix in dry state. To conclude, the trend of CO2 perme-
ance exhibited the characteristic of facilitated transport mechanism
as expected, whereas N2 transport is apparently under restricted
solution-diffusion mechanism in this membrane [4].

ctive layer of 0.5 �m, sweep gas flow rate 0.08 ml/s, at 25 ◦C.
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ig. 11. Effect of feed pressure and selective layer thickness on CO2 separation perfo
t 25 ◦C.

Matsuyama et al. [19] reported the separation performance of
ure PVA without carriers present. They stated that the selectivity
f CO2 over N2 in pure PVA membrane was about 70, which roughly
greed with 60 estimated by using the S and D values of CO2 and
2 in water. The permeance trends of CO2 and N2 were similar and
oth nearly constant when the CO2 partial pressure was changed.
iu et al. [43] tested a series of water-swollen hydrogel membranes
or CO2 separation and also confirmed that the gas permeability
n water-swollen membrane is lower than the gas permeability in

ater, and the selectivity of the water-swollen membranes to a pair
f gases is close to the ratios of their permeabilities in water.

According to the different trends of CO2 permeating in the
lend membrane in this study and that in other water-swollen
embranes we conclude that the facilitated transport mecha-

ism dominates over the solution-diffusion mechanism in the
VAm/PVA blend membrane and primary amino groups in PVAm
unction as the carriers of CO2.

.2.3. Effect of the selective layer thickness
Fig. 11 summarizes the effect of feed pressure on CO2 separa-

ion performance of the blend membranes as a function of selective
ayer thickness (note thickness 0.3 �m, 0.5 �m, 2.5 �m and 35 �m).
he selectivities and permeances were recorded at their respec-
ive optimized relative humidity of the feed gas stream. At low
ressure (2–3 bar), the selectivities increased dramatically with
educed selective layer thickness, whereas when feed pressure
ncreases to around 5 bar, membranes with selective layer thick-
esses of 0.3 �m, 0.5 �m and 2.5 �m exhibit similar selectivities,
s shown in Fig. 11(a). At high feed pressure, however, the mem-
rane with the thinnest selective layer shows lower selectivity.
ig. 11(b) illustrates the effect of feed pressure on CO2 permeance as
function of membrane selective layer thickness. The membranes
ith thinner selective layers exhibit higher CO2 permeances, but

he effect of increasing pressure on the permeance varies. At low
eed pressure (2–5 bar) the effect of thickness is much more obvi-
us than at high feed pressure (10–15 bar). These trends suggest
hat the thinnest membranes (0.3 �m and 0.5 �m) are most vul-
erable to the pressure effect (relatively larger permeance decrease

or CO2 than for N2) in the low pressure region. Both CO2 per-
eance and CO2/N2 selectivity of the blend membrane become

table when packing effect reaches the maximum of each mem-

rane.

The competition of CO2-carrier-mediated transport and the
O2 Fickian diffusion may explain the phenomenon. Cussler [44]
uggested a carrier-mediated transport mechanism for facilitated
ransport membranes. The total flux of the carrier-mediated per-
e, selective layer 0.3 �m, 0.5 �m, 2.5 �m and 35 �m, sweep gas flow rate 0.08 ml/s,

meant has been illustrated in Eq. (5):

JA = DA

l
(cA,0 − cA,l) + DAC

l
(cAC,0 − cAC,l) (5)

The first term on the right-hand side represents the Fickian diffu-
sion while another term represents the carrier-mediated diffusion.
DA refers to Fickian diffusion coefficient and DAC is the carrier-
mediated diffusion coefficient of permeant-carrier complex. In this
study A represents CO2, CA,0 refers to the concentration of dissolved
CO2 molecules in feed side of membrane and CAC,0, concentration
of the complexed CO2-carrier, or bicarbonate ions HCO3

− in feed
side of membrane. The increase of CA,0 is proportional to feed pres-
sure and feed gas CO2 concentration whereas CAC,0 is determined
by the CO2-carrier reaction and limited by the saturation of carri-
ers. CAC,0 stops increasing with the feed pressure when the carriers
are saturated. The thickness term, l, is in the denominator in Eq.
(5). The smaller l is, the bigger the influence of terms in numer-
ator will be. In this case the thinner selective layer leads to the
more sensitive CO2 transport competition in FSC membrane. At low
pressure (before carriers are saturated), the reaction between CO2
and carriers is fast, and the growing of CAC,0 is much faster than
that of CA,0. The CO2 transport is dominated by facilitated trans-
port (CAC,0 � CA,0). The thinner membranes benefit more from the
competition and then exhibit better facilitated transport and hence
better separation performance. At high pressure, however, when
the concentration of free CO2 is much higher than complexed CO2-
carriers (CA,0 � CAC,0), Fickian diffusion become rate-determining.
In this situation thinner membrane suffers more from the loss of
facilitated effect and consequently a quicker loss of CO2/N2 selec-
tivity. Besides, the diffusion of N2 is more comparable with that
of CO2 when at high pressure and without facilitated effect, which
can also account for the loss of selectivity. Schultz [45] related the
thickness of carrier-mediated transport membranes with the ratio
between the carrier-mediated rate and the Fickian diffusion rate
with the second Damköhler number, l2/(Dt0.5), in which l is mem-
brane thickness, D is the diffusion coefficient of the free component
and t0.5, half time of the complexation reaction. An optimal thick-
ness for different operating pressures is thus possible to predict
according to the Damköhler number.

3.2.4. Stability of the membrane

The lack of stability has always been a major problem concern-

ing facilitated transport membranes. However, a very good stability
has been documented for the PVAm/PVA blend membrane at 2 bar
and 35 ◦C. Neither the carrier degradation problem nor the irre-
versible reaction between carriers and gases could be documented
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Fig. 12. Stability test of PVAm/PVA blend membran

n this blend membrane. The cross-linking and entanglement of
VAm and PVA chains, the concerted hydrophilicity of both PVA
nd PVAm in blend membrane also contribute to membrane stabil-
ty.

Fig. 12 shows a 400 h stability test of the PVAm/PVA mem-
rane (thickness 35 �m). During the test, separation conditions
uch as temperature (25–45 ◦C), feed pressure (2–15 bar) and rela-
ive humidity (50–95%) were varied to investigate their respective
ffects on separation performance. A shutdown and restart process
as also performed. Experiments showed the maintained separa-

ion performance at the same operation conditions at 2 bar, 35 ◦C
efore and after a 400 h run, as indicated by the two shaded trian-
les at the start and end of the graph in Fig. 12. As shown in the
gure the membrane recovered very well after shutdown and dry-

ng for a few days, still exhibiting similar separation performance.
he high water affinity of PVAm and PVA helps the blend mem-
rane resist the deformation by cracks and defects upon exposure
o dry gases for a certain period of time. The formed cracks and
efects can also be cured after the swelling of the blend membrane
y polymer network expanding to the surrounding near cracks and

efects. The stability tests were continued more than 400 h, show-

ng no evident loss of separation performance. This confirmed that
he PVAm/PVA blend membrane was tolerable to the fluctuation of
peration conditions, which is an advantage of a membrane to be
sed in industrial application.

Fig. 13. Stable performance of PVAm/PVA membrane, selective layer 3
ctive layer of 35 �m, sweep gas flow rate 0.08 ml/s.

The trends of separation performance of a PVAm/PVA blend
membrane versus time at 10 bar, 25 ◦C are shown in Fig. 13.
These trend lines, showing performance with time, are nearly
straight after a short period (∼60 min) and remain straight for
the remaining test period (8 h) until the operation parameters
were changed to 15 bar and then become straight again after a
short time. It should be noted that the results reported in both
Figs. 12 and 13 were obtained with a fairly thick membrane
(35 �m). Recently an optimized membrane with a selective layer
of 0.7 �m were tested likewise on a CO2–CH4 system for more
than 20 days, and then shutdown and restarted after 130 days,
also showing very good stability. These results will, however, be
documented in a subsequent paper concerning CO2/CH4 separa-
tion.

Table 1 shows the CO2 separation performance of membranes
in this study and results of FSC membranes reported elsewhere,
including CO2/CH4 separation [17,46,47] and CO2/N2 separation
[8,16,19]. Some studies reported the ideal selectivities of CO2/CH4
or CO2/N2 from the permeances of pure CO2, N2 or CH4 gases [16,47]
while in this study and references [8,17,19,46,48] mixed gases were

utilized as feed gases. Other researchers [8,16,17,19] supplied feed
gases at very low pressures and used vacuum at permeate side
to reach sufficient driving forces. The results obtained at differ-
ent conditions are difficult to compare. Nevertheless, the table is
meant to give an overview over reported work on FSC-membranes.

5 �m, sweep gas flow rate 0.08 ml/s, at 10 bar and 15 bar, 25 ◦C.
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Table 1
Comparison of membrane separation performance in current work and in other fixed-site-carrier membranes.

Membrane material Selectivity Permeance (m3(STP)/(m2 h bar)) Feed pressure (kPa) Feed gas (CO2vol.%) Ref.

Poly{2-(N,N-dimethyl) amino ethylmethacrylate} 130 1.6 × 10−2 4.76 CO2/N2 (2.7–58%) [8]
Poly(2-(N,N-dimethyl) aminoethoxycarbony) 60–90 2.7 × 10−5 0.48 Pure CO2 and N2 [16]
Hydrolyzed polyvinylprrrolidone 48 4.38 × 10−1 1.62 CO2/CH4 (50%) [17]
PEI/PVA blend 130–230 2.7 × 10−3–1.07 × 10−2 6.59 CO2/N2 (5.8–34%) [19]
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VAm on PS hollow fiber 53 8.2 × 10
VAm/PEG blend 63 1.59 × 10−2

VAm on PSf support 200 3.0 × 10−1

VAm/PVA blend 174–194 5.8 × 10−1–

n the current study, the developed blend membrane can work
ith feed pressures ranging from 2 bar to 15 bar and with the per-
eate side at atmospheric pressure. The reported results were all

btained with a gas mixture of CO2 (10 vol.%) and N2 (90 vol.%).
he documented CO2 permeance at 2 bar is 0.58 m3(STP)/(m2 h bar)

n this study, which is nearly double of the predicted goal of
.3 m3(STP)/(m2 h bar) for an efficient industrially feasible mem-
rane module [49]. Selectivity of the PVAm/PVA blend membrane

s comparable to or higher than other FSC membranes reported for
O2/N2 separation.

. Conclusion

The composite membrane with a defect-free PVAm/PVA blend
elective layer was synthesized. The CO2/N2 selectivity of the
embrane (0.3 �m) reached 174 at 2 bar with CO2 perme-

nce of 0.58 m3(STP)/(m2 h bar) whereas a CO2 permeance of
.13 m3(STP)/(m2 h bar) was obtained with a selectivity of 94 at
5 bar. The CO2 permeance decreased with increasing feed pres-
ure until the carriers were saturated and the permeance became
onstant. This demonstrates that CO2 is transported basically by
he facilitated transport mechanism, while the transport of N2 fol-
ows the solution-diffusion mechanism only. The performance of
VA/PVAm blend membrane can tolerate humidity fluctuation and
he stability was documented over 400 h so far – experiments on
longer time scale are ongoing. In this blend membrane, PVA pro-
ides a mechanically strong polymer matrix while amino groups in
VAm function as facilitated transport carriers for CO2. The addition
f PVA and its strong chain framework promotes a stable separa-
ion, and the good mechanical properties of the blend membrane
nable the efficient ultra thin selective layer and hence much higher
ermeance.

PVAm/PVA blend membrane seems to be a promising mem-
rane for CO2 separation from gas mixtures. The membrane takes
dvantages of the properties of both PVAm and PVA, exhibiting high
electivity and permeability as well as good mechanical properties
nd stability. The good mechanical properties of the blend mate-
ial are expected to make up-scaling of the membrane relatively
asy. In addition, both PVA and PVAm are commercially available,
nd cheap polymers – the PVAm used in this study was relatively
xpensive ‘research quality’; a product from Polyscience Inc. Today
ow price PVAm are easily available from producers.
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