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A carbon nanotube (CNT) reinforced polyvinyl amine/polyvinyl alcohol (PVAm/PVA) blend nanocompos-
ite membrane with facilitated transport fixed-site-carriers (FSC) for CO,/CH4 separation was developed
with the focus on improving membrane separation performance at elevated pressures and the challenges
related to the up-scaling of the membrane for potential industrial applications. This nanocomposite
membrane was prepared by dip-coating with the modified CNTs dispersed uniformly in a hydrophilic
PVAm/PVA blended solution with a precise control of the coating layer thickness (coating layer thickness
0.5-2.5 wm). Membranes with an up-scaled size (300 x 300 mm) were prepared. A selectivity of CO,/CH4
up to 45 and a CO, permeance of up to 0.35 m? (STP)/m? h bar were documented in the low pressure range
(2-5 bar). With the addition of a small amount of CNTs (1.0 wt.%), the membrane showed an enhanced
water swelling, capacity as well as good durability against the compaction effect in operations at elevated
pressures. The CO, permeance of the CNTs reinforced nanocomposite membranes improved significantly
compared to its counterpart membrane without CNTs, while the CO,/CH,4 selectivity remained similar.
The effects of increased pressure (up to 15bar) on membrane separation performance were investi-
gated in the same way. The SEM images of the nanocomposite membrane confirmed that the CNTs and
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PVAm/PVA blend polymer were compatible.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Although there has been growing concern about global warm-
ing over the last decade, the concentration of carbon dioxide in
the atmosphere surpassed the milestone level of 400 parts per mil-
lion (ppm) for the first time in human history in May 2013. More
effective technologies are required for capturing CO, from various
sources. Being energy-saving, environment-friendly, low-cost and
with a small footprint, membrane separation has great potential for
becoming a green and efficient CO, capture technology. However,
the separation performance of current commercial membranes is
relatively low, and is judged to be not yet sufficient for the mem-
brane separation process to compete with the most commonly used
amine absorption processes, especially in medium to large-scale
applications. For separations at high pressures, such as the natural
gas sweetening process, penetrant-induced plasticization, physical
aging and conditioning are some additional challenges (Adewole
et al.,, 2013; Zhang et al., 2013). In our previous work, polyvinyl
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amine/polyvinyl alcohol (PVAm/PVA) blend fixed-site-carrier (FSC)
membranes were investigated and reported to have an excellent
CO, separation performance, which is compatible to amine absorp-
tion for a CO,/CH4 gas mixture (Deng and Hdgg, 2010b; Deng et al.,
2006). The membranes have good mechanical strength and stability
(Deng and Hagg, 2008, 2010a). No pore filling of the support mate-
rial (polysulfone) was found after a test of up to 25 bar. PVAm and
PVA are very compatible polymers. The PVAm/PVA blend polymer
was proven to be homogeneous (Deng et al., 2009). For example, the
DSC graph of the PVAm/PVA blend shows only one melting point
(Tm) that is different from those of PVAm and PVA. By the entan-
glement of PVAm with PVA chains in the blend membrane, amino
groups in PVAm work as CO, facilitated transport carriers, while
PVA offers an enhanced polymeric network with good membrane
forming properties. The reversible CO, hydration reactions initi-
ated by the weak basic amino carriers in the membrane selective
layer facilitate the CO, transport, resulting in both high permeabil-
ity and selectivity of CO, over other gases. Considering that amino
groups are not consumed during the reversible reactions, they are
playing the role of catalysts for the CO, hydration reactions, and
the final reactions can therefore be illustrated with Eq. (1):

H,0 + CO, "2 ?H* 4 HCO; 1)
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Accordingly, the transport of CO, through the PVAm/PVA blend
membrane is believed to be in the form of bicarbonate ions, hence
exhibiting a high CO, permeance due to the fact that the diffusion
ofionsinliquid or swollen hydrogel can be several orders of magni-
tude greater than those of gases in a solid (Cussler, 1997; Kim et al.,
2013; Sandru et al., 2010; Deng and Hagg, 2010a; Liu et al., 2008).
The common challenges for membranes at high pressure opera-
tions are therefore not relevant in this type of FSC membranes. The
drawbacks are, however, that the separation performance of the
membranes depends strongly on the membrane swelling condi-
tions, while the swelling in the membrane causes an unavoidable
loss of mechanical strength. In addition, the compaction effect
at elevated or high pressures diminishes the membrane swelling
capacity, and therefore reduces the diffusion rate. The aim of this
current work has thus been to tailor the PVAm/PVA blend mem-
brane to deal with these drawbacks so as to further improve the
FSC membrane permeation performance, as well as the mechanical
properties for CO,/CH,4 separation at elevated pressures. A carbon
nanotube (CNT) reinforced PVAm/PVA (CNT-PVAm/PVA) nanocom-
posite membrane was designed for this purpose.

With a nanostructure of an extremely large length-to-diameter
ratio and extraordinary strength, CNTs have been considered the
ultimate carbon fiber to enhance the mechanical strength of poly-
mer matrices since they were invented in 1991 (Baughman, 2002;
lijima, 1991; Dalton et al., 2003). A multi-walled carbon nanotube
was reported to have a tensile strength of 63 GPa (Sinnott and
Rodney, 2001; Demczyk et al., 2002). Since carbon nanotubes have
a low density for a solid of 1.3-1.4 g/cm?3, their specific strength
of up to 48,462 Nmy/kg is the best of all known materials, much
higher compared to that of high-carbon steel 154 kN m/kg. The
excellent mechanical properties of carbon nanotubes would make
them ideal for composite applications, which would have signifi-
cant consequences in structural applications and give rise to the
assumption that the mechanical properties of the membrane can
be improved (Wagner, 2002; Paiva et al., 2004; Duong et al., 2009).
CNT-PVA nanocomposite membranes with excellent mechanical
properties have been reported by Chen et al. (2005). Their SEM
and DSC results showed that the nanotubes were very well wet-
ted by the PVA matrix, which suggested good interfacial bonding
between the carbon nanotubes and the PVA polymer matrix. Hu
et al. reported a PVA-PVAm membrane incorporated with CNTs
for the dehydration of ethylene glycol (Hu et al., 2012). The water
permeation flux and separation factor were improved significantly
at a low feed water concentration. They also intensively studied
the membrane material properties using FTIR, Raman spectroscopy,
XRD, contact angle measurement, etc. Peng et al. (2007a,b)) stud-
ied the polyvinyl alcohol/carbon nanotube and chitosan-wrapped
(CS-wrapped) carbon nanotube hybrid membranes for the per-
vaporation separation of benzene/cyclohexane mixtures, which
exhibited excellent pervaporation properties, as well as a signif-
icant improvement in Young's modulus and thermal stability in
comparison with PVA membranes without CNTs. They also inves-
tigated the free volume characteristics of PVA-CNT nanocomposite
membranes by means of a molecular dynamics simulation for the
first time. The free volume of PVA-CNT and PVA-CNT(CS) nanocom-
posite membranes were reported to be distinctly larger than those
of the pure PVA membrane and PVA-CS blend membranes, which
elucidated that CNTs were functioning as nano-spacers and were
an efficient inorganic component to loosen the PVA chain pack-
ing and hence to improve the permeation properties of PVA-based
membranes.

In order to fully explore the potential of CNTs, they must be well
distributed in the membrane casting solutions (Liu et al., 2007). In
this work, the effects of CNT pre-treatments, the composition and
concentration of the polymer casting solutions, the CNT loading
ratio and the ultrasonic mixing protocol were studied with respect

to the CNT dispersion and compatibility. The water dispersion of
CNTs from five different sources with suitable shapes and sizes for
the membrane structure was tested. The procedure for the dis-
persion of CNTs in the blend solutions was optimized. The CO,
separation performance of the membrane was tested. Experiments
showed that the addition of a small amount of CNTs (1.0 wt.%) in
the FSC membrane resulted in an enhanced water swelling capac-
ity and an approximately doubled CO, permeance at elevated
pressures (10-15bar), while the CO,/CH4 selectivity remained
within a similar range as that of the same membrane without CNTs.
The reinforcement of the membrane by CNTs is believed to be the
reason for the improved membrane performance: the CNTs in the
membrane are able to enhance the mechanical strength and stand
against part of the compaction effect at elevated pressures, while
the nano spacer function of CNTs benefits the swelling process. In
addition, the membrane was optimized with respect to the selec-
tive layer thickness. The coating layer thickness of the membrane
was controlled precisely using the dip-coating method, and mem-
branes with an up-scaled size (300 x 300 mm) were prepared. The
influence of the membrane selective layer thicknesses on separa-
tion performance is discussed at various pressures.

2. Experimental
2.1. Materials and membrane casting solution

Polyvinylamine hydrochloride (PVAm HCl) was purchased
from Polysciences Inc. (MW 25,000). 90+% hydrolyzed polyviny-
lalcohol powder (PVA, MW 72,000) was obtained from Merck
Schuchardt. Polysulfone (PSf) ultrafiltration flat sheet membranes
were provided by Alfa Lava, Denmark. Multi-walled CNTs (diameter
20-80 nm, length 1-2 pm) with a specially tailored size and shape
for this work were provided by the catalyst group at the Univer-
sity of Science and Technology (NTNU), which were synthesized on
reduced 20 wt.% Fe/Al,03 prepared by a deposition-precipitation
method. The carbon nanotubes were treated with a diluted HF
solution or HNO3 solution (both 10% in water) at 298 K with
overnight stirring to remove the residue metal and support. The
CNTs were oxidized during this acidic treatment. Further details
about the preparation and acidic treatment of the multi-walled
CNTs can be found in Zhao et al. (2007). In addition, three types of
commercially available CNTs from other sources were also inves-
tigated: CNTs VGCF-X (15nm/3 wm) and VGCF-H (150 nm/6 pm)
provided by Showa Denko K.K. (SDK, Japan) and MKN-IGCNT-
OH5000 (50 nm/10-30 wm) purchased from MKnano (Canada).

To obtain a good dispersion in solutions, CNTs were first soni-
cated with a pulse ultrasound in a PVAm solution (5wt.%) at a
40% amplitude for 10 min, then at a 20% amplitude for 60 min.
The CNT dispersed PVAm solution was then blended with PVA
solution (5wt.%) at a PVAm/PVA ratio of 4, with a 20% amplitude
sonication mixing for 2 min. The samples were cooled during the
sonication process. The CNT blended solutions were all filtered with
an Acrodisc® syringe filter (pore size 5.0 wm) to remove possible
CNT agglomerates.

2.2. Permeation test

The separation performance of the membranes was tested in
a gas permeation set-up with a flat sheet type membrane mod-
ule mounted in a thermostatic cabinet. Details on the permeation
experiments can be found in Deng et al. (2009). The relative humid-
ity of the system is adjustable. The relative humidity data were
recorded in the retentate stream. Feed gas and sweep gas inlets
in the module were designed with a spiral current to enhance
the mixing of the gas so as to reduce the possible concentration
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polarization on both sides. A relatively high feed gas flow rate was
used compared to what was needed for the effective membrane
area, and hence the stage-cut of the membrane modules was very
small (<0.01); this is to maximize the intrinsic membrane separa-
tion performance and minimize the influence of process conditions.
Another similar set-up was used to validate the results on a regular
basis. The highly repeatable results of both gas permeation set-ups
were documented previously in Deng and Higg (2008). At least one
extra sample of each membrane was made and tested in the same
conditions to verify the data reported in this paper. Membranes
with an effective membrane area of 20 cm? were tested with syn-
thetic natural gas (10vol.% of CO, in a CO,/CH4 gas mixture). The
CO, permeance (Pco, ) in the units of m?3 (STP)/(m? bar h) was calcu-
lated using Eq. (2). The selectivity of CO, relative to another gas (o)
was calculated from the ratio of the permeance of CO, and another
gas, P;, by Eq. (3):

P — dp,co,
€0, = A x Apcoz

Pco,
o= P, (3)

where APco, is the trans-membrane CO, partial pressure differ-
ence (bar) and g, co, is the permeate flow rate of CO,, in the unit
of m3 (STP)/h, while A is the effective membrane area, m2.

2.3. Swelling test

The degree of swelling of the membrane materials was tested
in the permeation cell in similar operating conditions as those of
the membrane permeation test. Nitrogen with a controlled relative
humidity was fed at 2.0ml/s. The samples were weighed at dif-
ferent relative humidities, including the dry samples, which were
weighed after being dried in an N, flow overnight; the difference
between the masses of the humidified samples and the dry samples
caused a gain in the mass of the swollen water. The weights of the
samples were recorded after the relative humidity was constant
for a minimum of 3 h and had reached water uptake equilibrium.
The weight recorded was the average value of three samples in the
same conditions. The water swelling degree (SD) of the membrane
was calculated according to Eq. (4):

Ws — Wy

SD (%) =~

x 100 (4)
where W5 and Wy are the mass of the swollen and dry membrane
materials, respectively.

3. Results and discussion

The defect-free thin nanocomposite CNTs-PVAm/PVA blend
selective coating layers on PSf ultrafiltration porous support mem-
branes were prepared following the dip-coating. The membranes
were double-coated to eliminate possible pinholes and the pene-
tration of CNTs from the top surface. An SEM image of a dip-coated
CNT-PVAm/PVA membrane cross section is given in Fig. 1. The
selective layer thickness is 0.7 pm in this membrane. The morphol-
ogy of the CNTs-PVAm/PVA nanocomposite was observed with a
field emission scanning electron microscopy (FESEM, Zeiss Ultra
55 Limited Edition), as shown in Fig. 2. The CNTs were wrapped
in the PVAm/PVA polymer, and seemed to be lying parallel to the
support substrate surface. This image confirms that the CNTs were
wetted by the PVAm/PVA blended solution, and therefore a good
dispersion can be expected in the casting solution. In addition, the
parallel lying CNTs in Fig. 2 also suggest that a laminated, well-
structured CNT framework formed in the coating with 1.0% CNT
loading. It has been reported elsewhere that a low concentration of

Fig. 1. SEM image of the CNTs-PVAm/PVA membrane, selective layer 0.7 pm.

CNTs in polymer matrices can significantly enhance the mechan-
ical strength of polymer materials (Wagner, 2002; Paiva et al,,
2004; Chen et al., 2005; Peng et al., 2007a,b; Guan et al., 2006).
For example, 1 wt.% multi-wall CNTs with an enhanced dispersion
in a polyethylene film increased the strain energy density by 150%
and the ductility by 140% (Ruan et al., 2003), while only 1 wt.% CNT
content improved the mechanical response of the methyl-ethyl
methacrylate-CNT composites by more than 200%, substantially
higher than other reports, where large quantities of CNTs were used
(Velasco-Santos et al., 2003). Ideally, the CNT fibers in these rein-
forced nanocomposite membranes are expected to form laminated
structures with an assumed perfectly bonded interface between
fiber and matrix, and a loading parallel to the fiber array; thus a
transfer of stress from the applied load to the fibers can be achieved,
resulting in a fairly uniform stress field in the composite. A simple
rule for the ideal mixtures that usually provide a good fit for exper-
iment emerges from the tensile strength of the composite (see Eq.

Fig. 2. SEM image of the polymer wrapped CNTs in PVAm/PVA nanocomposite
membrane.
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Fig. 3. HRTEM image of HF treated carbon nanotubes, diameter 20-80 nm.

(5), Wagner, 2002), where the subscripts fand m designate the CNT
fiber and the matrix, and E and V are the tensile strength and volume
fraction respectively:

E = EfVf + EnVin (5)

The average tensile strength for PVAm/PVA blend samples is
60.53 MPa (Deng et al., 2009). Theoretically, with the addition of
1.0% CNTs (tensile strength approx. 63 GPa), the tensile strength of
an ideal nanocomposition membrane could be improved 10-fold
- this would be beneficial for the applications of FSC membranes
at higher pressures, and could prevent membrane pore filling.
Nevertheless, the mechanical strength of the membrane was not
determined due to the technical limitations in measuring ultra-thin
and highly swollen membranes in this study.

3.1. Dispersion of CNTs in membrane casting solutions

The good dispersion of CNTs in the polymer matrix and a strong
adhesion between the CNTs and polymer are the prerequisites for
making an effective CNT nanocomposite membrane and taking
advantage of the unique mechanical properties of CNTs. As a car-
bon, CNTs are not hydrophilic by nature, showing very low water
affinity. However, the acidic oxidation treatment of the CNT sup-
port is found to be a solution to modifying the CNTs for good CNT
dispersion in PVAm/PVA blend polymer solutions. Acidic oxida-
tion treatment introduces a large number of functional groups to
the surface of the nanotubes, which increases the hydrophilicity
of the CNTs (Zhao et al., 2007), making the surface more accessi-
ble to the hydrophilic PVAm/PVA blend solutions, and therefore
significantly improving the interaction between CNTs and the
PVAm/PVA blend polymer. A high-resolution transmission electron
microscopy (HRTEM, JEOL2010F) image of the treated CNTs in Fig. 3

Table 1
Preparation of the CNTs dispersed solution samples.
No. Samples description
Polymer in CNTs in Acid in CNT Level of
solution polymer (wt.%) treatment blackness
12 - 1.0 HF -
2 PVA 1.0 - 1
3 PVAmM/PVA 1.0 HF 1
4 PVA 1.0 HNO3 2
5 PVAmM/PVA 1.0 HF 3
6 PVA 2.0 HF 3
7 PVA 1.0 HF 4
8 PVAmM (MW 1.0 HF 5
300,000)
9 PVAm (MW 1.0 HF 5
25,000)

3 Sample 1 is CNTs in distilled water.

shows that no obvious damage takes place during the treatment in
an HF solution. A description of the CNT-polymer solution samples
is listed in Table 1, and a picture of the listed samples is shown in
Fig. 4, in order from a low to a high degree of blackness in solutions
of different samples. The degrees of CNT dispersion are rated on 5
levels from no dispersion (level 1) to excellent dispersion (level 5)
based on the different levels of the degree of blackness in the CNT
solutions. Since the sample solutions were all filtered to remove
CNT agglomerates, the degree of blackness should be sufficient to
reflect the amount of CNTs dispersed stably in the solutions, and
therefore the degree of the CNT dispersion in the solutions.

The experiments performed show that the degree of dispersion
of CNTs varies greatly in polymer solutions of different prepara-
tion conditions and with different acid treatments of the CNTs.
The effect of the two different acidic pre-treatments of CNTs and
other aspects that may influence the CNT dispersion were investi-
gated. The solution of CNTs without treatment (No. 2) and treated
by HNO3 (No. 4) or HF (No. 7) in PVA aqueous solutions show that
HF treated CNTs have the best dispersion in a PVA solution. The
degree of blackness of the samples of HF treated CNTs in distilled
water (No. 1), in the PVA solution (No. 6), in the PVAm solution (No.
9), and in the PVAm/PVA blended solution (No. 5) suggested that
the dispersion of CNTs in pure PVAm or PVA solutions was better
than those in the PVAm/PVA blended solutions, and that the dis-
persion of CNTs in water was very poor. The interaction of PVAm
chains or PVA chains may improve the distribution of CNTs in the
solution, and the CNTs may be wrapped in PVAm or PVA chains (as
illustrated in Fig. 5). Whereas in the PVAm/PVA blended solution,
the strong entanglement of the chains of two polymers may hin-
der the CNTs from being wrapped in the polymer chains. The PVAm
solutions showed better CNT dispersion compared to PVA solutions,
which may be due to a better compatibility resulting from the more
hydrophilic nature of PVAm chains.

Sample Nos. 6 and 7 are the HF pre-treated CNTs in PVA solution
with a CNT content of 1.0% and 2.0%, respectively. A slightly higher
degree of blackness in solution No. 7 with 1.0% CNTs was observed,
which suggested that the dispersed CNTs in PVA solutions with a
higher loading than 1.0% might not cause an increase in the amount
of CNTs in PVA solutions. On the contrary, the higher CNT loading
in No. 6 might have resulted in agglomerates, and hence more CNTs

Fig. 4. CNTs dispersion samples in polymeric solutions.
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Fig. 5. Illustration of CNTs wrapped by polymer chains in membrane casting solu-
tion.

were removed from the filters and so showed a lower CNT concen-
tration in the solution. This work then mainly focused on the 1.0%
loaded CNT-PVAm/PVA membranes.

All the samples listed in Table 1 were sonicated with pulse
ultrasound for 10 min at a 40% amplitude and then sonicated at
a 20% amplitude for 60 min (a two-step sonication), except for
No. 3, which was only sonicated at a 40% amplitude for 10 min
to demonstrate the effect of the sonication procedure. The son-
ication parameters were optimized in a preliminary study using
single-factor tests. Sample Nos. 3 and 5 were CNTs in PVAm/PVA
blended solutions using different sonication procedures. It can be
seen that the sonication procedure makes a big difference. A sonica-
tion procedure with only one step (No. 3) seems to be not sufficient
enough todisperse the CNTs. The dispersed CNTs may form agglom-
erates again if they are not well distributed throughout the polymer
solution. The increase of sonication time or amplitude shows no
observable improvement to the stability of the dispersion. In the
two-step procedure, however, the CNT dispersion seems signifi-
cantly improved and more stable. The strong sonication in the first
step can break the CNT agglomerates, and then the CNT fibers can be
better spread among the polymer chains during the gentle sonica-
tion for one hour. The two-step sonication procedure was therefore
used to thoroughly distribute the CNTs in the casting solution,
and to form stable interactions between CNTs and the PVAm/PVA
chains.

Nos. 8 and 9 are samples with CNTs in solutions of PVAm with a
molecular weight of 340,000 (No. 8) and 25,000 (No. 9). Two sam-
ples exhibited a similar degree of blackness or dispersion, and both
are the best over all the other samples in the table.

To prepare the CNTs-PVAm/PVA membrane for up-scaling and
potential industrial applications, the specially tailored CNTs were
replaced with commercially available CNTs at a later stage. Three
types of commercially available CNTs from other sources were
investigated, which were selected from a screen process for
water dispersible CNTs. CNTs VGCF-X (15nm/3 wm) and VGCF-
H (150nm/6 pum) were provided by Showa Denko K. K. (Japan),
and MKN-IGCNT-OH5000 (50 nm/10-30 wm) was purchased from
MKnano (Canada). The VGCF series showed a comparable CNT
dispersion in the PVAm/PVA solutions to the tailor-made CNTs
from NTNU when following the same procedure in dispersion. The
solutions showed the same degree of blackness as the solution
described as the 5th level of blackness in Table 1, and were sta-
ble over a 1 month observation. Although longer than the VGCF
CNTs and NTNU CNTs, the MKnano CNTs (10-30 wm) were also
found to be well distributed in the blend polymer solution and to
be stable. The kind of CNT and the hydrophilicity of the CNT surface
seem to have played a more important role than the length of the
fibers within the range of this study. However, due to the limita-
tions of the very thin membrane coating for the current work, only
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Fig. 6. Effect of relative humidity on degree of swelling of the PVAm/PVA blend
samples with and without CNTs, at atmospheric pressure, room temperature.

the VGCF-X (15 nm/3 wm) CNTs were used to prepare membranes
for further study in order to ensure a defect-free coating layer.

3.2. Effect of CNT addition on water swelling capacity

A comparison of the water swelling capacity of the PVAm/PVA
blend polymer samples with and without the addition of the CNTs
is illustrated in Fig. 6. It can be seen that the degree of swelling
of both samples increased with the relative humidity in a similar
trend, following exponential relationships in two stages. Details
about the two-stage swelling behavior of hydrogels can be found
in Kim et al. (1992), Chen et al. (1998) and Deng and Hagg (2010a).
The equations for the curve fittings for the degree of swelling which
took place at the first stage are expressed in Fig. 6 with a relative
humidity within a range of 20-92%. Both the experimental data and
the simulated equations show that the degree of water swelling
of the CNTs-PVAm/PVA blend nanocomposite samples was higher
than that of its counterpart sample at the same relative humidity.
This is believed to be the nano-spacer function of the CNTs, which
introduces extra space into the polymer framework to hold more
water in the polymer. A deviation of the experimental swelling data
from the exponential equations occurred (relative humidity > 92%),
where the growth of the degree of swelling of both samples started
to increase much more quickly with the increasing relative humid-
ity. These exponential relationships of the degree of swelling with
relative humidity suggest that an increase in relative humidity
favors the swelling of the membrane more in a higher relative
humidity range, and the degree of swelling of the CNTs-PVAm/PVA
sample remains higher than that of its counterpart.

Fig. 7 presents the normalized degree of swelling of a CNT rein-
forced membrane to that of its counterpart at different operating
pressures. The degrees of swelling of both samples were calculated
based on the relative humidity-swelling degree relationship indi-
cated in Fig. 6 and the highest relative humidity data recorded in
the separation processes of the membranes at different pressures.
Since the polymer framework becomes compacted at increased
pressures, the constants in the relative humidity-swelling degree
relationship obtained based on atmospheric pressure can change.
The data shown in Fig. 7 is therefore the normalized degree of
swelling of the CNTs-PVAm/PVA composite sample compared to
that of the PVAm/PVA blend sample at the same pressure, in order
to diminish possible errors in the comparison of the swelling of the
two samples at elevated pressures. Both membranes experienced
a decreased degree of swelling with increasing operating pressure
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Fig. 7. Effect of operating pressures on degree of swelling of the PVAm/PVA blend
samples with and without CNTs.

due to the compaction effect. However, as can be seen in Fig. 7,
the degree of swelling of the CNT reinforced nanocomposite mem-
brane exhibited higher swelling capacities, especially at elevated
pressures, where a 1-2 fold greater swelling was found at 10 bar
and 15 bar in this test. It is therefore reasonable to assume that the
compaction effect on the CNT reinforced membrane under pres-
surization is less than that of its counterpart membrane without
CNTs.

3.3. The CO,/CH,4 separation performance

The CO,/CH,4 separation at 2 bar and room temperature (25 °C)
was performed with a CNTs-PVAm/PVA blend nanocomposite
membrane. A synthetic natural gas CO,/CH, mixture was used.
The selective layer thickness of 0.7 um in this membrane was con-
firmed with SEM images (see Fig. 1). The separation performance
of this membrane is presented in Fig. 8. As can be seen in Fig. 8(a),
a CO,/CH4 selectivity of 45 was achieved at a relative humidity
of 88% in the CNTs-PVAm/PVA membrane, and then the selectiv-
ity shows a slight decrease and reaches 42 at a relative humidity
of 92%. Fig. 8(b) shows an exponential increase of CO, perme-
ance depending on the relative humidity in the membranes. It
reached a maximum of 0.35 m3 (STP)/(m? hbar) at the maximum
relative humidity (92%) in the CNTs-PVAm/PVA membrane, where
the CO,/CHy4 selectivity was 42. The separation performance of the
counterpart PVAm/PVA blend membrane is also plotted in Fig. 8
for comparison. The CO, permeance of the CNTs-PVAm/PVA blend
nanocomposite membrane was found to improve by approximately
30%, which is consistent with the enhanced degree of swelling in
the CNT reinforced PVAm/PVA blend shown in Fig. 6. The selectivity
of both membranes decreasing within the high relative humid-
ity range may be due to the loose structure of the membranes
in a highly swollen state, as well as the increased CH4 permeance
caused by the loss of the sieving effect on the swollen membranes.
However, the CNTs-PVAm/PVA membrane showed an apparently
improved CO,/CH4 selectivity within the high relative humidity
range compared to its counterpart. The selectivity improved from
32 to 42 at a relative humidity of 92%, which is a big advantage to
the separation process, since the highest CO, permeance is usually
reached at the highest relative humidity, and the optimal relative
humidity for separation is generally the highest possible relative
humidity that the separation system can obtain.

The influences of operating pressure and relative humidity on
the CO, permeance of the CNTs-PVAm/PVA membrane and its
counterpart membrane without the addition of CNTs are illustrated
in Fig. 9. The CO, permeances are plotted as a function of relative
humidity at different operating pressures, i.e. 3, 5, 10 and 15 bar.
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Fig. 8. Effect of relative humidity on CO,/CH4 selectivity (a) and CO, permeance (b)
of the CNTs-PVAm/PVA membrane and PVAm/PVA membrane, at 2 bar and 25°C.

From Fig. 9 it can be seen that at the same operating pressure, the
CNT reinforced PVAm/PVA membrane exhibited a notably higher
CO, permeance compared with that of the membrane without
CNTs, especially at 10 and 15 bar, where the CO, permeances are
more than doubled in the CNT reinforced membrane. The CO, per-
meance of the CNT-PVAm/PVA membrane is also higher at the same
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Fig. 9. Effect of relative humidity and operating pressure on CO, permeance of the
CNTs-PVAm/PVA membrane and PVAm/PVA membrane, at 3-15 bar, 25°C.
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Fig. 10. Effect of operating pressure on CO, permeance (a) and CO,/CHy4 selectivity
(b) of the CNTs-PVAm/PVA membrane and PVAm/PVA membrane, at 2-15 bar, 25 °C.

relative humidity. The significantly improved CO, permeance of the
CNT reinforced membrane suggests that the addition of CNTs into
amembrane may have not only resulted in a better swelling capac-
ity, but also in a better mechanical strength against the compaction
effect at high pressures.

3.4. Effect of membrane selective layer thickness

In general, a decrease in the membrane selective layer thick-
ness can reduce the overall gas transport resistance, and therefore
increase the gas permeance. The situation is similar in the
PVAm/PVA membranes at low pressures (2-5 bar in this study), and
a thinner PVAm/PVA membrane usually exhibits a higher gas per-
meance with higher, or at least maintained, CO, selectivity over
other gases. However, experiments show that operating pressures
exhibit different effects on CO, permeation through membranes
with different thicknesses in these membranes, and the CO, per-
meance has a tendency to decrease with increasing pressure. Fig. 10
presents the effects of operating pressures on the CO, separation
performance of the CNT reinforced PVAm/PVA membrane and its
counterpart membrane in two different selective layer thicknesses.
In Fig. 10(a), the CO, permeance of the CNT-PVAm/PVA membrane
and the PVAm/PVA membranes with selective layer thicknesses of
0.7 wm and 2.5 wm are plotted as a function of operating pressure.
Please note that in Fig. 10, only the highest CO, permeances for
each membrane is plotted at various pressures, where the relative
humidities for the datum points are different. Some points can be
found in Fig. 9: The data for the membranes of 0.7 um are shown in
Fig. 9 torelate the separation performance to the relative humidity.
As can be seen in Fig. 10(a), the CO, permeances of the membranes
all decrease with increasing operating pressures, showing the char-
acteristic of the CO, facilitated transport mechanism (Deng et al.,

2009; Matsuyama et al.,, 1999). The plots of the CNT reinforced
PVAm/PVA membranes are higher than those of their counter-
parts of the same thickness, suggesting that the addition of CNTs
to the PVAm/PVA improved the separation performance, especially
at higher pressures. For example, the CNT reinforced membranes
had a nearly 2-fold increased CO, permeance at 15 bar compared to
their counterparts. This figure also shows that the effect of pressure
on CO, permeance varies in membranes of different selective layer
thickness. The membranes with thinner selective layers exhibit sig-
nificantly higher CO, permeances at low pressures and decrease
more quickly with increasing pressures, while the CO, perme-
ance of thicker membranes are more stable. The CO, permeance
differences are big in both types of membrane at low pressures
(2-5bar), whereas when the feed pressure increases to 10 and
15 bar, membranes with selective layer thicknesses of 0.7 wm and
2.5 wm exhibit comparable CO, permeance. These trends suggest
that thinner membranes are more vulnerable to the effects of pres-
sure. Concentration polarization may have also partly contributed
to the faster decrease of CO, permeance with increasing feed pres-
sure in the thinner membranes than the thicker ones. Due to the
very high CO, permeance in this facilitated transport membrane,
the concentration polarization effect is not negligible, which results
in a reduced driving force and hence decreased gas permeance.
One way to minimize this, is to use high flow rate sweep gas. The
tangential direction feed/sweep inlet and very low stage-cut can
also reduce the negative effect. However, the concentration polar-
ization could not be thoroughly eliminated, especially in the thin
membranes with very high CO, permeance.

Fig. 10(b) shows the selectivities of the membranes. At low
pressures, thinner membranes exhibit higher selectivities. How-
ever, thicker membranes have a more stable selectivity toward
pressure change. When the pressure increases to 15bar in this
test, the selectivities of the thicker membranes become higher than
those of their thinner counterparts. The optimal thickness of the
membrane selective layer seems different for separations at differ-
ent operating pressures. For operating at elevated pressures (i.e.
15 bar) in this test, a CNT reinforced membrane with a thickness of
2.5 wmis preferred. These membranes follow the same trend as the
PVAm/PVA membrane previously reported in Deng et al. (2009) for
CO, /N, separation. This phenomenon can be explained by the facil-
itated transport mechanism; the competition between the Fickean
diffusion and the complexation reaction in the facilitated transport
is the main reason. To maintain a sufficiently facilitated transport
effect, thicker membranes (and hence more facilitated transport
carriers) are needed. Theoretically, an optimized thickness can be
estimated using the ‘second Damkohler number’ (Mulder, 2003).
The compaction of membranes at increased pressures also con-
tributes to the effect of pressure on separation performance. It is
reasonable to assume that thicker membrane coating layers may
be required for higher pressures (P> 15 bar).

The solution casting method is commonly used to prepare lab
scale membranes. However, membrane coating layers were found
to be uneven, and the thicknesses very difficult to control in prepar-
ing a CNTs-PVAm/PVA membrane, especially when membranes of
an up-scaled size were considered. A dip-coating procedure was
therefore developed and used throughout this study. The wett-
ability of the solution on the support is a crucial prerequisite in
using this method, but it is not a concern for this membrane,
since the hydrophobic groups (—OCCHj3) of the partially hydrolyzed
PVA (90+% hydrolyzed) in the PVAm/PVA blend aqueous solu-
tion can reduce the surface tension and provides good contact
between the cast solution and the support surface, which enables
the formation of the ultra-thin coating on the PSf support. The
membranes were double-coated to eliminate any possible defects
or the branching out of the CNTs from the coating surface. Accord-
ing to the Navier-Stokes equation (Mulder, 2003), the coating layer
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Fig. 11. Effect of casting solution concentration on coating layer thickness of the
dip-coated membranes.

thickness is generally proportional to the volume fraction of poly-
mer in the solution in dip-coating. The effects of the concentration
of casting solutions and the coating layers on thickness in the
CNTs-PVAm/PVA membrane were investigated. An almost linear
relationship was found between the casting solution concentration
and membrane thickness, as shown in Fig. 11. Membranes of an up-
scaled size (300 x 300 mm) were prepared with even coatings using
the developed dip-coating procedure in this study.

4. Conclusion

The CNT reinforced PVAm/PVA membrane combines the advan-
tages of the excellent CO,-selective separation performance of
FSC membranes and the good mechanical properties of CNTs, as
well as its nano spacer function in the composite membrane. The
CNTs may have formed a laminated structure in the PVAm/PVA
blend polymer framework. The uniformly dispersed CNTs in the
PVAm/PVA blends reduced the compaction effect of the membrane
at elevated pressures, and the nano spacer function of the CNTs
brought in an enhanced swelling capacity of the CNTs-PVAm/PVA
blend nanocomposite, which significantly improved the CO, sep-
aration performance of the membrane. A selectivity of CO,/CH4 of
up to 45, and a CO, permeance of up to 0.35 m3 (STP)/m?2 h bar was
documented within the low pressure range. Membranes with var-
ied coating layer thicknesses influenced the membrane separation
performance differently at different operating pressures. Thicker
membranes are generally favorable for higher pressures - this was
documented up to 15 bar.

The operating humidity and degree of swelling of this facilitated
transport membrane significantly influenced the membrane sepa-
ration performance. For pressures higher than the tested range in
this paper, the swelling capacity of the membrane material may
well be further improved, and a higher loading of CNTs in the
membrane materials could be one approach. Further work can be
done to improve the dispersion of CNTs in the casting solution to
achieve a higher CNT loading; for instance, by introducing CNTs
with a higher compatibility with the PVA and PVAm blend solu-
tion.
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