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A  carbon  nanotube  (CNT)  enhanced  polyvinyl  alcohol  (PVA)-mimic  enzyme  nanocomposite  membrane
was  developed  for  CO2 separation  from  flue  gas  under  humidified  conditions.  A  thin  layer  of  PVA  mem-
brane  containing  mimic  enzyme  with  uniformly  dispersed  CNTs  on a porous  support  was  prepared  by  dip
coating. The  thicknesses  of the membranes  was controlled  by  adjusting  the  polymer  concentrations  in
the  casting  solutions.  The  membranes  with  the optimal  concentration  of  the  mimic  enzyme  (Zn-cyclen,
0.005  mmol/g)  and  different  loadings  of CNTs  (0,  0.5,  1.0  and  1.5 wt%)  in  PVA  at  pH  5,  9 and  12 were
imic  enzyme
arbon nanotubes
acilitated transport
anocomposite membrane
O2 separation

prepared and  tested  for  CO2/N2 separation.  The  addition  of the  CNTs  as  nano-fillers  increased  the  degree
of  water  swelling  in  the  membrane,  thus  also  significantly  improved  the  CO2/N2 separation  performance.
A  membrane  containing  1.0 wt%  CNTs  at pH 12  showed  the highest  CO2 permeance  of 0.98  m3 (STP)/m2 h
bar  and  a  CO2/N2 selectivity  of  120,  which  is 30%  higher  in  CO2 permeance  and  15%  higher  in  CO2/N2

selectivity  compared  with that  of  the  counterpart  membranes  without  CNT addition.
© 2016  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Global warming is one of the most investigated environmental
ssues of the current era. Unchecked greenhouse gas (GHG) emis-
ions over the last few decades, especially CO2, are the main culprits
n this scenario. The combustion of fossil fuels for energy produc-
ion is the largest point source of CO2 emissions. Moreover, this
mission usually has a large volume, at near ambient pressure and
ith a low CO2 concentration. Highly efficient separation tech-
ologies must be used to capture CO2 from these sources as the
eparation driving force is relative low.

Membrane technology has been widely recognized as a promis-
ng technology for CO2 capture and emission regulation. Compared
o other technologies, the characteristic features of membranes,
uch as simple process design, low production and operational
osts, environment friendliness, and easy maintenance, have
roven to be advantageous (Ghoniem, 2011; Mulder, 2003; Olajire,
010; Zhang et al., 2014). During membrane development, to reach
oth high CO2 permeance and CO2/N2 selectivity are of great inter-

st, as this is the key for efficient CO2 separation (Scholes et al.,
008). Facilitated transport membranes with a thin, dense selective

ayer on a porous support have shown high separation perfor-

∗ Corresponding author.
E-mail address: deng@nt.ntnu.no (L. Deng).

ttp://dx.doi.org/10.1016/j.ijggc.2016.08.017
750-5836/© 2016 Elsevier Ltd. All rights reserved.
mances (Ansaloni et al., 2015; Bao and Trachtenberg, 2006; Dai
et al., 2016a,b; Deng and Hägg, 2015; Deng et al., 2006; He et al.,
2015; Liao et al., 2014; Qiao et al., 2015; Rafiq et al., 2016; Sandru
et al., 2010; Zhao et al., 2012). Most of the recently reported facili-
tated transport membranes contain amino groups that function as
“carriers” to enhance CO2 transport.

Enzymatic membranes containing natural occurring enzymes
(e.g., carbonic anhydrase) is a special type of facilitated transport
membrane that achieves efficient CO2 separation by mimicking the
mechanism of the mammalian respiratory system, but is not yet
considered feasible for up-scaling or industrial applications (Floyd
et al., 2013). The main drawbacks of natural enzymes include a
limited lifetime, a very high cost, and the enzyme activity being
lost due to fluctuations in temperature and pH as well as the pres-
ence of impurities (Bao and Trachtenberg, 2006; Cheng et al., 2008;
Figueroa et al., 2008; Floyd et al., 2013; Hägg and Deng, 2015; Singer
et al., 2014). Enzymatic membranes containing a synthetic metal
organic complex that resembles the enzyme’s activities (mimic
enzyme) were reported to overcome these problems (Saeed and
Deng, 2015; Yao et al., 2012). In our earlier work, a polyvinyl
alcohol (PVA)-based composite membrane containing Zn-cyclen
as the mimic  enzyme was  reported to have a high CO2/N2 sep-
aration performance; a CO2 permeance of 0.69 m3 (STP)/m2 h bar

and a CO2/N2 selectivity of 107 were documented (Saeed and Deng,
2015). This PVA-mimic enzyme membrane performs best in highly
water swollen conditions and functions even at very low CO2 partial

dx.doi.org/10.1016/j.ijggc.2016.08.017
http://www.sciencedirect.com/science/journal/17505836
http://www.elsevier.com/locate/ijggc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijggc.2016.08.017&domain=pdf
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ressures, which are particularly suitable for CO2 separation from
ue gas; these conditions fit the post-combustion CO2 emissions

eatures, e.g., low CO2 concentration and high moisture content
Ghoniem, 2011; Mulder, 2003; Olajire, 2010).

In the presence of an enzyme, CO2 hydration to produce HCO3
−

ons is catalyzed and hence separation performance is greatly
ncreased. A mimic  enzyme has similar functions and a smaller

olecule with a higher thermal stability compared with a natu-
al enzyme, and it is resilient towards high pH and impurities in
he gas phase. Even a small quantity of mimic  enzyme can signif-
cantly enhance the CO2 hydration rate (Davy et al., 2011; Floyd
t al., 2013; Satcher et al., 2011).

The catalytic mechanism of CO2 hydration promoted by Zn-
yclen can be explained in two main steps (Kulik et al., 2014): first,

 carbon dioxide molecule is attached to the Zn2+ active site to form
 meta-stable complex, and second, the complex is then attacked
y a Lewis base (OH−) to produce bicarbonate (HCO3

−). In this two-
tep process, CO2 is converted to HCO3

− and the active sites in the
imic  enzyme are left unreacted (Floyd et al., 2013; Zhang and Van

ldik, 1995). The water ligand attached to the mimic  enzyme needs
o be deprotonated (activate) to catalyze the CO2 hydration reac-
ion, and the pH of this membrane needs to be maintained higher
han the pKa of the mimic  enzyme (Hartono et al., 2014). A PVA
olution in water has a pH of around 5. To maintain the pH higher
han the pKa of the mimic  enzyme (pKa = 7.9), sodium hydroxide
NaOH) solution was added. In addition, adjusting the pH to be basic

akes the PVA-based membrane more water swollen.
One approach to tailoring a facilitated transport membrane

o further improve the separation performance is by adding
ano-fillers to the selective layer. These nano-fillers can open up
he polymer chains in the membrane to improve the facilitated
ransport effect and gas diffusion, therefore increasing the CO2 per-

eation. Nano-fillers such as CNTs, TiO2, silica, and Zeolite matrix
ave been reported to improve the CO2 facilitated transport and
eparation performance of various polymeric membranes (Ahmad
nd Hägg, 2013; Saeed et al., 2012).

As water plays an important role in the facilitated transport
f the mimic  enzyme membranes, in this work CNTs were intro-
uced into the PVA-mimic enzyme membrane matrix to improve
he water uptake in the PVA matrix and hence the membrane’s
O2 separation performance. CNTs were selected based on a pre-

iminary study, in which the addition of the hydrophilic CNTs, TiO2
anoparticles and cellulose fibrils (CFs) in a PVA membrane matrix
ere investigate, and CNTs was found the best suitable nano-filler

or the CO2 separation under humidified conditions. In addition, the
NT dispersion and CNT aggregation in polymers, especially in PVA,
ave been well documented in literature and our early work (Deng
nd Hägg, 2014). The high cost of CNTs as nano-fillers in membranes
ere usually considered as a disadvantage, but the influence of the

ost in this membrane is negligible: only a very small amount of
ano-fillers were added into the PVA matrix (e.g., approx. 1% CNTs

n PVA) in the selective layer of the composite membrane, where
he thickness is usually less than 1 �m.  Moreover, the CNTs used in
his membrane (CGCF-XTM) is commercially available with a large
cale production by Showa Denko (Denko, 2016). Nevertheless, a
ew project to replace CNTs with more hydrophilic and cheaper
lternative materials (e.g., nanocellulose fibrils) is currently on-
oing.

Many CNT-PVA membranes with excellent mechanical proper-
ies and enhanced performance have been reported in the literature
Bin et al., 2006; Chen et al., 2005; Coleman et al., 2006; Hu et al.,
012; Liu et al., 2007; Peng et al., 2007; Shirazi et al., 2011). Miaudet

t al. (2005) studied the interaction between PVA and CNTs and
howed that in PVA, fibers can be allied, and the crystallinity of PVA
an be altered above the glass transition temperature. CNTs acted
s nano-spacers to improve the separation performance while
enhouse Gas Control 53 (2016) 254–262 255

maintaining a higher mechanical strength of the membranes. Bin
et al. (2006) reported a significant improvement in PVA mechani-
cal properties by the addition of multi-wall CNTs. The addition of
CNTs to a PVA membrane has also been reported to show a higher
water flux in a study of dehydration by evaporation (Hu et al., 2012;
Peng et al., 2007; Shirazi et al., 2011). A PVAm/PVA membrane con-
taining CNTs has been reported to have both high CO2 permeance
and CO2/CH4 selectivity, especially for elevated and high pres-
sure operations (Deng and Hägg, 2014). The uniformly dispersed
CNTs in the membrane reduced the compaction of the selective
layer resulted from pressurization at high pressures. Ansaloni et al.
(2015) and Zhao et al. (2014) investigated the performance of PVA
membranes containing functionalized CNTs at elevated tempera-
tures and pressures for the separation of CO2 from N2, CH4, and H2.
They investigated the effects of parameters in membrane prepa-
ration (e.g., CNT loading and membrane thickness) and separation
processes (e.g., pressure, temperature, and humidity) for the opti-
mization of the separation performance.

In this work, multi-walled CNTs were used as nano-fillers and
well-dispersed into the selective layer of a PVA-mimic enzyme
membrane to increase the volume of the water swollen in the
polymer matrix in order to enhance the CO2 transport through
the membrane, and hence to improve the CO2/N2 separation per-
formance, especially the CO2 permeance. The PVA-mimic enzyme
membranes containing different loadings of CNTs at various pH lev-
els were prepared and tested with a simulated flue gas containing
10% CO2 in N2 at various feed pressures and feed gas humidity
levels (50–100%). The effect of CNT loading in the membrane on
the water swelling capacity was  investigated. The preparation con-
ditions were optimized to reach the highest CO2 permeance and
CO2/N2 selectivity.

2. Experimental

2.1. Materials

Analytical grade Zinc perchlorate hexahydrate (in crystalline
form), 1,4,7,10-Tetraazacyclododecane (97% purity), absolute
ethanol and polyvinyl alcohol (PVA) (MW  89,000–99,000, 89%
hydrolyzed) were purchased from Sigma Aldrich. NaOH was pur-
chased from VWR. The Polysulfone (PSf) ultrafiltration membrane
(MWCO  50,000) was provided by Alfa Laval. All the chemicals and
materials were used without further purification.

The multi-walled CNTs (VGCF-XTM, diameter 15 nm,  length
1–3 �m)  were kindly supplied by Showa Denko K.K. (SDK, Japan).
A SEM and TEM images of the VGCF-XTM CNT can be found in Fig. 1
(Takahiro and Toshiya, 2015). Fig. 1(a) shows many kinks and bends
in the CNTs, probably caused by the defects and broken wall struc-
tures, which is more clearly in the TEM image in Fig. 1(b). The good
dispersion of the VGCF-XTM CNTs in the PVA/PVAm membranes
was reported in our early work (Deng and Hägg, 2014). These CNTs
can be readily distributed in water and aqueous polymer solutions.

2.2. Synthesis and characterization of the mimic  enzyme
(Zn-cyclen)

The reaction involved in the synthesis of the mimic  enzyme Zn-
cyclen is presented in Eq. (1) (Satcher et al., 2011).
(1)



256 M. Saeed, L. Deng / International Journal of Greenhouse Gas Control 53 (2016) 254–262

CNTs, reprinted from (Takahiro and Toshiya, 2015).
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Fig. 1. SEM (a) and TEM (b) images of VGCF-XTM

Cyclen in ethanol solution (5 ml)  was added with an equimo-
ar Zn (ClO4)2 ethanol solution over a period of 1.5 h. Unlike the
eactants, the produced Zn-cyclen is not soluble in ethanol, thus
t was separated from the solution by using vacuum filtration
nd then being washed several times with absolute ethanol. Mass
pectroscopy and HNMR were used to determine the molecular
omposition of the produced Zn-cyclen and to confirm its existence.

.3. Membrane preparation

PVA nanocomposite membranes containing mimic  enzyme and
ell-dispersed CNTs in a thin, dense selective layer over a PSf
orous support were prepared by dip coating. The thicknesses of
he selective layers were determined by adjusting the concen-
rations of the PVA in the casting solutions. A concentrated PVA
olution (10 wt%) was first prepared. This PVA solution was diluted
ith CNT dispersed water and sonicated for 4 h at an intensity level

f 40, and then for 1 h at an intensity level of 20 by using a soni-
ation device (Sonics Vibra-CellTM). PVA is a hydrophilic material
ith a pH value in the casting solution at 5 (acidic). As it is neces-

ary to maintain a pH value higher than the pKa of the chosen mimic
nzyme to catalyze the hydration reaction, the pH value of the PVA-
ased casting solution was adjusted to be basic by adding 0.1 M
aOH solution. The weight of the bottle containing this PVA-CNT

olution was measured before and after sonication to determine the
oss of water by evaporation. The deionized water was added to this
olution to maintain the concentration of PVA at 2.0% by weight.
he loadings of the CNTs were calculated with respect to the PVA
n the solution. The casting solution containing 2.0 wt%  PVA and
ifferent loadings of CNTs (0.5, 1 and 1.5 wt%) with respect to the
VA was filtered by using a 5 �m PTFE porous filter to remove large
NT clusters and to ensure the continuous dispersion of the nano-
llers. PVA films containing CNTs (0.5, 1 and 1.5 wt%) were casted.
he degree of darkness in the color of the sample films increases
ith respect to CNT concentrations.

Defect free membranes containing different concentrations of
NTs were casted by dip coating on porous polysulfone (PSf) sup-
ort. A flat sheet PSf support membrane washed with deionized
ater was masked on a glass slab and dipped into the casting solu-

ion for 30 s. The coated membrane was withdrawn and held nearly
ertically to allow any extra solution to flow off evenly and form

 homogeneous and continuous film. This procedure was  repeated

wice to ensure a defect-free and consistent coating. The twice-
oated membrane was dried overnight at room temperature in a
ust-free environment and then heat treated at 110 ◦C for 1 h to
roduce a physically cross-linked membrane.
Fig. 2. Cross-section SEM picture of a PVA-CNT membrane on a PSf support.

2.4. Membrane morphology

The membrane morphology (cross-section and surface) was
examined by field emission scanning electronmicroscopy (FESEM,
Zeiss Ultra 55 Limited Edition). The cross-section samples were
prepared by fracturing the membrane in liquid nitrogen and being
coated with gold. The SEM images of the CNT/PVA-mimic enzyme
membrane surface indicates a uniform and defect-free membrane.
The thickness of the membrane can be determined from the cross-
section SEM image, as seen in Fig. 2: a casting solution containing
2 wt% PVA was  used to cast the membrane and a coating layer was
obtained with a thickness of approximately 0.83 �m.  The thick-
nesses of all the membranes were controlled by adjusting the
concentration of the PVA in the casting solution at 2.0 wt%. Multiple
samples were casted at this concentration and the selective layer
thicknesses were measured varying between 0.81 and 0.85 �m.

2.5. Swelling test

The swelling behavior of the PVA films containing CNTs in a
humidified environment was  studied at room temperature. The
experiments in a preliminary study showed that the dispersion
of more than 2.0 wt%  CNTs in a PVA solution was not stable, and
hence the CNT loadings in the PVA polymer solution were set to be

less than 2.0 wt%  in this study. The low ratio of stable CNT disper-
sion could be due to the long and entangled chains of PVA and the
high viscosity of the PVA solutions. Similar observations have been
reported in the literature. The CNT loading was thus varied at 0.5,
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.0, and 1.5 wt% in PVA, and the effect of the CNT loadings was evalu-
ted to find the optimal loading. PVA membranes with various CNTs
oading and with and without pH adjustments were cast in a Teflon
ish to produce self-supported films. The casting solution (5 ml)
as poured onto a Teflon dish and dried at 45 ◦C overnight to pro-
uce samples of similar thickness. The sample films were peeled off
rom the Teflon dish and heated at 110 ◦C for 1 h, then cooled down
o room temperature and dried in vacuum chamber at 25 ◦C for at
east 3 h to remove the absorbed moisture. Vacumn dried samples

ere quickly weighed and then placed in a well-sealed humidifica-
ion chamber with saturated water vapor (100% relative humidity
t room temperature). These samples were tested periodically to
easure the degree of water swelling by gravimetric analysis. Two

arallel samples of each type were tested to take the average value.
he degree of swelling was calculated based on a gravimetric analy-
is of the samples. Eq. (3) was used for the calculation of the degree
f swelling (Deng and Hägg, 2010).

swell  = Ws − Wd

Wd
× 100 (3)

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

.6. Permeation test

A mixed gas permeation rig specially designed for humidified
perations was  used to analyze the performance of the membrane,
he same as was used in Deng et al. (2009). The feed gases were
upplied from a premixed gas cylinder. The temperature of the flat
heet membrane cell was maintained in a thermostatic cabinet. A
at sheet module with a circular membrane (diameter of 50 mm)
as used in this work. Water saturated feed gas (10 vol.% of CO2 in
O2/N2 gas mixture) and sweep gas (Helium) streams were regu-

ated by mass flow meters and supplied to the membrane module.
 dry feed gas bypass line was used to adjust the relative humid-

ty. The feed side relative humidity was measured online by using
 humidity analyzer, placed on the retentate gas stream immedi-
te after the permeation cell. The permeate gas was  analyzed by
n online GC (MicroGC3000) to determine the gas stream compo-
ition. The feed and permeate gas flowrates were measured by the
oap bubble method, whereas the operating pressures of all the gas
treams were recorded by pressure transmitters (MKS) and logged
irectly into a computer (by Labview). The permeation experiments
ere carried out at 25 ◦C with a feed pressure varying from 1 to

 bar. The separation performance was recorded when the system
ad been stabilized.

The selectivity (�) was calculated from the permeance of the
O2 (PCO2 ) and (PN2 ), as expressed in Eq. (4) (Wijmans, 2003).

 = PCO2

PN2

(4)

The permeance of the gas was reported in units of
m3(STP)/(m2 h bar)]. For a convenient comparison of the results,
he unit conversion table of some commonly used gas permeance
nits is given in Table 1.

. Results and discussion

PVA membranes containing 0–1.5 wt% CNTs were prepared with
he pH value in the casting solution adjusted to be 5, 9 and 12 to

tudy their effect on the performance of the membrane. The con-
entration of the mimic  enzyme in the membrane casting solutions
as 0.005 mmol/g PVA; this has already been optimized in our
revious work (Saeed and Deng, 2015).
Fig. 3. Swelling behavior of PVA membranes with and without CNT loadings, at pH
5  and pH 12 under fully humid conditions at 25 ◦C.

3.1. Effect of CNT loadings on the degree of water swelling

The effect of CNT loadings on the swelling degree (water uptake)
of membrane was first studied and optimized. Four sets of sam-
ple films with and without CNTs at pH 5 and 12 were placed in a
humidified environment at room temperature for several days to
investigate their swelling conditions during the process. A gravi-
metric analysis of these samples was  conducted periodically to
determine their degree of swelling based on the weight gain. The
degree of swelling was calculated based on Eq. (4). The percentage
of water swelling in the four samples is plotted with time in Fig. 3.

As presented in Fig. 3, it can be seen that the degrees of water
swelling of all sample films increase with time. The PVA sample
without pH adjustment seems reached its equilibrium state at the
end of the test, i.e. 96 h, while the other three samples tend to
approach their respective equilibrium degrees of swelling, but at
different rates. The PVA sample shows the lowest water swelling
capacity, while the sample of PVA with the addition of CNTs shows
a much quicker increase in the degree of swelling with time, and a
higher degree of swelling at the end of the test, suggesting a higher
equilibrium water uptake. By the addition of 1.0 wt% CNTs with
respect to PVA, the degree of swelling increases by approximately
30% after 96 h. By adjusting the pH from 5 to 12, the degree of
swelling of the CNTs/PVA sample increases dramatically from 130%
to 210%. These results clearly show that the addition of CNTs can
significantly improve the water swelling capacity of PVA, and the
effect of CNT addition on the degree of swelling is more prominent
in the PVA samples made at pH 12 as compared to the samples
made at pH 5. The increases in the degree of swelling implies that
the addition of the CNTs may  have positive effect to water solubility
in the PVA matrix, which results in an increase in water uptake of
the membrane.

The kinetic of the swelling in the PVA and PVA/CNT samples
at pH 5 and 12 was studied by using a simple analysis based on
the second order equation: the equilibrium swelling degrees of
the samples with the swelling–time curve can be evaluated, as
expressed in Eq. (5) (Mohan et al., 2005). The integration of Eq.
(5) over the limits S = S0 at t = t0 and S = S at t = t gives Eq. (6):

dS

dt
= kS(Seq − S)2 (5)

t

S
= 1

kSSeq
2

+ (
1

Seq
)t (6)
where S is the swelling degree at time t, kS is the swelling rate con-
stant and Seq denotes the theoretical equilibrium swelling degree.

The t/S versus t graphs for the PVA and PVA/CNT samples were
plotted in Fig. 4 based on the swelling–time curve in Fig. 3, and then
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Table 1
Permeance unit conversion table.

GPU m3(STP)/m2 bar h mol/m2 Pa s m3(STP)/m2 Pa s

GPU 1 0.00274 3.38E−10 7.60E−12
m3(STP)/m2 bar h 365.5 1 1.24E−07 2. 78E−09
mol/m2 Pa s 2.96E+09 8.09E+06 1 0.0225
m3(STP)/m2 Pa s 1.32E+11 3.60E+08 44.5 1

Fig. 4. Time/swelling degree (t/S) as a function of time (t) for PVA and PVA/CNT at
pH 5 and 12.

Table 2
Swelling kinetic study data.

Slope Intercept Seq Ks × 104 (g
gel/g water)/h

PVA at pH5 0.0064 0.298 156 1.37
1%  CNT in PVA pH5 0.0053 0.233 189 1.20
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Fig. 5. Effect of CNT loading in a PVA membrane (at pH 5) on the CO permeance
PVA at pH12 0.005 0.109 200 2.29
1%  CNT in PVA pH12 0.0039 0.078 256 1.95

he theoretical equilibrium swelling (Seq) values and the swelling
ate constant (kS) of the samples were calculated from the constants
f the linear equations shown in Fig. 4. The data from the analysis
an be found in Table 2.

The theoretical equilibrium swelling degrees of the PVA/CNT
amples with 1% CNT prepared at pH 5 and pH 12 were 189% and
56%, respectively, which are approx. 20–30% higher than those
or the PVA samples prepared at the same conditions (around 156%
nd 200%, respectively). The swelling rate constants (kS) for the
VA/CNT samples are slightly lower than that of the PVA samples,
mplying that it is faster for PVA samples to reach the swelling equi-
ibrium. The addition of CNTs can increase the equilibrium swelling
egree to a certain extent, but its influence to the swelling rate is
ot significant. These results suggest that the addition of CNTs can-
ot accelerate the membrane swelling process, but it is believed
an provide extra nano-spaces for water condensation inside the
olymer matrix and hence the PVA/CNT samples reach a higher
quilibrium swelling degree.

.2. Effect of CNT loadings on the CO2/N2 separation performance

The separation performance of a PVA membrane containing
NTs (0.5–1.5%) was studied to determine the optimal CNT loading.
ig. 5 shows the effect of CNTs on the separation performance of a
embrane without pH adjustment (i.e., pH = 5). As can be seen, the
O2 permeance increases with the increase of the CNT loading, and
eaches the highest CO2 permeance of 0.34 m3(STP)/(m2 bar h) at
he CNT loading of 1.0 wt%, which is nearly doubled of that of the
VA membrane without CNTs. A further increase in the CNT load-
2

and  CO2/N2 selectivity. Fully humidified feed gas containing 10% CO2 in N2 at 1.2
bara  and 25 ◦C.

ing from 1.0 wt%  to 1.5 wt%, however, results in a notable drop in
the CO2 permeance. Meanwhile, the CO2/N2 selectivity decreases
monotonically with an increase in CNT loading, but the effect is not
significant: only an approximately 10% decrease was  recorded from
a CNT loading of 0–1.0 wt%. The increase in CO2 permeance with the
CNT loading suggests that the addition of the VGCF-XTM CNTs has
positive influence to the CO2 transport in this membrane. This may
be due to the enhancement of water uptake capacity in the CNT-
PVA matrix. Nevertheless, the presence of CNTs and the enhanced
water swelling capacity did not lead to the facilitated transport of
CO2, as the CO2/N2 selectivity did not increase.

When the CNT loading is increased from 1.0% to 1.5 wt% with
respect to PVA, an obvious decline in separation performance can
be observed. The CO2 permeance for the PVA membrane contain-
ing 1.5 wt% CNTs was  found to be appreciably lower than that of
membrane containing 1.0 wt% CNTs. The CO2/N2 selectivity of the
PVA membrane containing 1.5 wt%  CNTs is also slightly lower than
all other tested membranes. This is believed to be due to the more
occupied gas diffusion path by the dispersed CNTs in the PVA matrix
at a higher CNT loading. The CNTs used in this work has a very low
density (0.08 g/cm3), which is 15 times lower as compared to the
density of the PVA film (1.2–1.3 g/cm3). An increase in CNT loading
from 1.0 to 1.5 in weight percentage with respect to PVA would
result in a very large increase in terms of the volume percent-
age. The benefit again by the enhanced water swelling from the
increased CNTs is thus counterweighed.

Experiments confirm that the addition of well-dispersed CNTs in
the PVA membrane is an effective method to enhance water uptake
and hence the separation performance in this membrane, especially
the CO2 permeance. The mass transfer resistance in a CO2-selective
membrane is generally presented with the CO2 permeance: a mem-
brane with a higher CO2 permeance contributes a lower CO2 mass
transfer resistance to the separation system. As the CO2 perme-
ance in the CNT enhanced mimic enzyme membrane significantly
increases by adding the nano fillers and mimic enzymes, the mass
transfer resistance of the membrane largely decreases, which can

effectively reduce the total energy consumption in the CO2 separa-
tion process: Energy consumption and the cost have been the main
obstacles in using CO2 capture membrane processes.
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ig. 6. Effect of pH on the CO2 permeance and CO2/N2 selectivity of a PVA membrane
ontaining 1.0 wt% CNTs. Fully humidified feed gas containing 10% CO2 in N2 at 1.2
ara and 25 ◦C.

As a significant drop in membrane separation performance was
btained by increasing the CNT loading to over 1.0 wt%, the optimal
NT loading with respect to PVA was determined to be 1.0 wt%  CNTs

n this membrane.

.3. Effect of pH on the CO2/N2 separation performance

The effect of pH on the separation performance of a PVA mem-
rane containing the optimal loading of CNT (1.0 wt%) is presented

n Fig. 6. It can be seen that both the CO2 permeance and the CO2/N2
electivity increase with the increase of the pH value. By adjust-
ng the casting solution from pH 5 to 12, the CO2 permeance of
his membrane increased from 0.34 to 0.44 m3(STP)/(m2 bar h) (25%
ncrease) and the selectivity increased from 52 to 60 (13% increase).

The above results suggest that the separation performance of
he water swollen CNT/PVA membrane can be improved by adding
NTs and increasing the pH value to be basic (by the addition of
he NaOH solution). The improvements can be attributed to the
ncrease of water swelling capacity in the membrane, which may
ncrease the chain flexibility and the free volume in the PVA matrix
nd eventually results in an increase in the CO2 permeance. The
esults also show that the addition of CNTs and adjustment of the
H can only contribute to the increase in CO2 permeance with-
ut fundamental impact on CO2/N2 selectivity, suggesting that
he CO2 transport mechanism through water swollen PVA is still
olution-diffusion: the CO2/N2 selectivity is not above the theoretic
electivity (approx. 60) calculated from the solubility and diffusiv-
ty values of CO2 and N2 in water at the operating conditions. It also
uggests that although the membrane is prepared at pH 12, the per-
ormance cannot be maintained in a CO2 rich gas stream over time,
s the CO2 will react with the basic moieties and tend to drop the
H value in the system. With the presence of mimic enzyme, how-
ver, the CO2 hydration occurs selectively with H2O according to
he mimic  enzyme catalytic mechanism (Davy, 2009; Saeed and
eng, 2015; Satcher et al., 2011). The reversible CO2 hydration is
uick and without consuming the basic moieties, thus the pH value
an be maintained, and the selectivity can be increased.

.4. Effect of relative humidity on the CO2/N2 separation
erformance

The water swollen in this membrane not only opens up the PVA
olymer network and increases the gas/ion diffusivity, but most
mportantly, it also attaches to the mimic  enzyme as a tempo-
ary ligand to complete the catalytic hydration cycle. By adding
NTs to the membrane, the water swelling capacity of the PVA
elective layer increases (see Fig. 3). The excess water favors the
Fig. 7. Effect of relative humidity on the CO2 permeance (a) and CO2/N2 selectivity
(b) of a PVA-mimic enzyme membrane with and without 1.0 wt% CNTs at pH 12.
Feed gas containing 10% CO2 in N2 at 1.2 bara and 25 ◦C.

activation of the mimic  enzyme to promote the CO2 facilitated
transport. Relative humidity in the feed side of the membrane was
found strongly influence the water swelling degree of the mem-
brane (Deng and Hägg, 2010). The effect of relative humidity in the
feed gas (50–100%) on the CO2 permeance and CO2/N2 selectivity
of the PVA-mimic enzyme membranes with and without CNTs was
studied, which confirms the influence of CNT addition, as presented
in Fig. 7.

Fig. 7 shows the effect of relative humidity on the CO2 per-
meance and CO2/N2 selectivity of a mimic  enzyme promoted PVA
membrane with and without the addition of 1.0 wt% CNTs. As can
be seen in Fig. 7, the relative humidity in the feed gas has a very
strong influence on the CO2 separation performance. Both PVA-
mimic  enzyme membranes with and without CNT loading show
clear increase in CO2 permeance as well as CO2/N2 selectivity
with increasing relative humidity, which suggests that the mimic
enzyme-based PVA membrane should operate under fully humid-
ified conditions to take advantage of the mimic enzyme catalytic
function in the CO2 hydration reaction to improve the CO2/N2 sep-
aration performance.

The plots in Fig. 7 also show that the effect of the relative humid-

ity on the performance in the membranes with and without CNT
loading is different. The CO2 permeances of both membranes in
Fig. 7(a) are quite similar in the low relative humidity range, i.e.,
when relative humidity is lower than 80%, where the CO2/N2 selec-
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Fig. 8. Effect of pressure on the CO2 permeance (a) and CO2/N2 selectivity (b) of a
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ivities of both membranes are also similar. When the relative
umidity increases to be 80% and above, the difference in CO2 per-
eance becomes significant in the membranes with and without

NT loading. As mimic  enzyme requires a water ligand to func-
ion, the separation performance qualitatively reflects the water
ptake in the mimic  enzyme membranes. Based on the separa-
ion performance, it is reasonable to assume that the rate of water
welling in both membranes was similar in the range of low humid-
ty (<80%), but at higher humidity level, more water was  retained
n the membrane containing CNTs, most likely due to the nano-
pacer effect resulted from the nano-size structure of the CNTs. The
ree volume increase mechanism and Solubility increase mecha-
ism in nanocomposite membranes can explain the nano- spacer
ffect (Cong et al., 2007).

A CO2 permeance of 0.98 m3 (STP)/(m2 bar h) is obtained at the
aximum relative humidity in the PVA-mimic enzyme membrane
ith 1.0 wt% CNT loading, whereas that of the counterpart mem-

rane without CNT loading is only 0.65 m3 (STP)/(m2 bar h), which
s more than 30% lower. Both membranes have similar CO2/N2
electivity at the same relative humidity when relative humidity is
ower than 80%, but the selectivity increases more in the PVA-mimic
nzyme membrane with CNT loading, maybe due to the increased
ater uptake from nano-spacer effect and that more accessible
ater favors the function of water for the catalytic effect for CO2

acilitated transport.

.5. Effect of feed gas pressure on the CO2/N2 separation
erformance

The CO2/N2 separation performances of the PVA and the PVA-
imic  enzyme membranes with and without CNTs were tested at

arious feed pressures(1–4 bara) to study the effect of pressure
n CO2 permeance and CO2/N2 selectivity. The results are plotted
ith operating pressures as x -axis in Fig. 8. Fig. 8(a) shows the
O2 permeances of the four membranes. It can be seen that the

nfluence of the feed pressure on the CO2 permeance is different in
he membranes with and without mimic  enzyme. Both PVA-mimic
nzyme membranes exhibit a dramatic decline in CO2 permeance
ith increasing feed pressures, while the PVA membranes without
imic  enzyme show a relatively stable CO2 permeance. The CO2/N2

electivity of these membranes have a similar trend, as shown in
ig. 8(b), where the CO2/N2 selectivity of two PVA membranes with
nd without CNT loading are nearly the same at various pressures.

From Fig. 8(a) it can be also seen that the effect of the addi-
ion of CNTs in PVA membranes with and without mimic enzyme
s different. In the PVA membrane without mimic enzyme, the
O2 permeance decreases slightly with an increase in feed pres-
ure, which may  be attributed to the compaction of the membrane
nder pressure. Polymeric membranes are usually subjected to
ompaction due to the pressure difference between feed and per-
eate gas streams. This effect becomes intensified in highly water

wollen membranes. The addition of CNTs may  reduce the com-
action and thus maintain a higher water uptake in the membrane.
he PVA membrane with CNT loading can therefore maintain a
etter separation performance even at higher feed gas pressures.
s expected, the addition of CNTs increases the CO2 permeance
f the PVA membrane, which becomes more significant at higher
ressures. Nevertheless, in these two membranes, the influence of
either CNT addition nor pressure change on the membrane separa-
ion performances is significant. This indicates that CO2 separation
n these two membranes is mainly based on the solution-diffusion
echanism, in which gas permeance is determined by the solu-
ility and diffusivity of the gas in the membrane that theoretically
o not change with the change of feed gas concentration or partial
ressure.
PVA membrane with and without CNTs and mimic enzyme at pH 12. The humidified
feed gas contains 10% CO2 in N2, at 25 ◦C.

However, both the CO2 permeance and CO2/N2 selectivity in the
two PVA membranes containing mimic  enzyme clearly decrease
with the increase in feed pressure: this trend is considered a char-
acteristic feature of facilitated transport membranes resulted from
the saturation of the CO2 carriers at high CO2 partial pressures,
which has been reported by many researchers working with facili-
tated transport membranes (Deng and Hägg, 2014; Saeed and Deng,
2015; Sandru et al., 2010; Yao et al., 2012). This suggests that
the transport mechanisms of the membranes with and without
mimic  enzyme are different. In the mimic  enzyme membranes it is
believed that the transport of CO2 through the water swollen PVA
film is facilitated by the mimic  enzyme catalyzed CO2 hydration
reaction, as the CO2 molecules absorbed the membrane are hydrol-
ysed in the presence of mimic  enzyme and transport through water
swollen domains as bicarbonate ions. At a higher feed pressure, the
equilibrium concentration of CO2 or HCO3

− in the membrane is
higher, which may  have caused the deactivation of some catalytic
sites in the mimic  enzyme and a reduction in CO2 separation per-
formance, as mimic  enzyme is a catalyst that is deactivated in a
bicarbonate rich environment (Floyd et al., 2013). The decreasing
trend in CO2 peremance with an increase in feed pressure indicates
that the CNT enhanced PVA-mimic enzyme membrane is most suit-
able for the removal of CO2 from gas streams with a low CO2 partial
pressure, as in the case of post-combustion CO capture.
2

The results show that the addition of 1.0 wt% of CNTs in both
PVA and PVA-mimic enzyme membranes can improve the CO2
separation performance. The improvement is more significant
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Table  3
Comparison with the literature data.

Membrane Feed gas Selectivity Permeance Reference

Composition Pressure, kPa  ̨ m3 (STP)/m2bar h

PVAm/PVA-CNTs 10% CO2 in CH4 200–1000 45 0.35–0.15 Deng and Hägg (2014)
PVAm/PVA 10% CO2 in N2 200–1000 174–66 0.58–0.13 Deng et al. (2009)
PVAm/PPO 10% CO2 in N2 200–1000 120k60 0.998–0.10 Sandru et al. (2010)
DNMDAM-TMC/PS 20% CO2 in N2 200–1000 70–56 0.47–0.27 Yu et al. (2010)
PVI-Zn complex 1 15% CO2 in N2 200–1600 75–50 1.23–0.82 Yao et al. (2012)
PVI-Zn complex 2 15% CO2 in N2 200–1600 65–40 0.95–0.41 Yao et al. (2012)
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PVA/mimic enzyme 10% CO2 in N2 100–300 

CNTs + PVA 10% CO2 in N2 100–300 

CNTs + PVA/mimic enzyme 10% CO2 in N2 100–300 

n PVA membranes containing mimic  enzyme. An approxi-
ately 30% increase occurs at 1.2 bara. The increase in CO2

ermeance at a higher pressure is lower (e.g., an increase of
.23 [m3 (STP)/(m2 bar h)] at 2 bara, and approximately 0.14 [m3

STP)/(m2 bar h)] at 3 bara); however, the ratio of the increase due
o the addition of CNTs is quite similar, at around 30%. This sug-
ests that in the mimic  enzyme membrane the decrease in CO2
ermeance with the increasing pressure is not resulted from com-
action, but mainly due to the reduced facilitated effect at higher
eed pressures. The CO2 permeance of a PVA-mimic enzyme mem-
rane containing CNTs at 1.2 bara was determined to be 0.98 [m3

STP)/(m2bar h)] with a CO2/N2 selectivity of around 120. By adding
NTs to a mimic  enzyme membrane the separation performance of
he PVA membrane increased appreciably.

The CNT-enhanced PVA-mimic enzyme membrane shows a
O2/N2 separation performance comparable to some high per-

ormance membranes reported in recent years, as presented in
able 3 from the comparison of the separation performance of
his membrane with some state-of-the-art CO2 facilitated transport

embranes and nanocomposite membranes.

. Conclusions

A CNT-enhanced water swollen PVA-mimic enzyme nanocom-
osite membrane was developed and optimized. The addition of
NTs to a PVA-mimic enzyme membrane results in a higher degree
f swelling, which improves the separation performance in this
acilitated transport membrane. Membranes with CNTs loading
howed a higher degree of water swelling, CO2 permeance and
O2/N2 selectivity. The mimic  enzyme catalyzes the CO2 hydration
o facilitate CO2 transport in the membrane. Water is an important
omponent of the CO2 hydration cycle, which plays a vital role in
he facilitated transport. By the addition of only 1.0 wt% CNTs to a
VA-mimic enzyme membrane, the separation performance signif-
cantly improved; a CO2 permeance of up to 0.98 m3 (STP)/m2bar h
nd CO2/N2 selectivity of up to 120 were documented.

The results indicate that this mimic  enzyme-based nanocom-
osite membrane has the potential to become a highly efficient
nd practical solution for post-combustion CO2 capture. Moreover,
his membrane is simple to prepare. The amount of mimic  enzyme
n this membrane is very low, and other two main raw materials,
uch as PVA and NaOH, are easily accessible at a very low cost. How-
ver, as the separation performance of the current membrane is still
ot being competitive compared to a commercial amine absorption
rocess, more effort will be put to optimize nanofillers to pro-
ote the facilitated transport and/or maintain the pH conditions,

or instance to employ more hydrophilic nano fibers or nanofillers
ith surface modified functional groups; these are now the main
ask in an on-going project in our group. Techno-economic analy-
is, including the cost estimation of the membrane fabrication and
he operation of the membrane separation process using the CNT
nhance mimic  enzyme membrane, gives important information
107–79 0.69–0.49 Saeed and Deng (2015)
60–55 0.44–0.26 This work
120–70 0.98–0.49 This work

for the feasibility of the industrial scale application, which will also
be conducted in the future work.
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