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Emission of sulfur dioxide (SO2) from coal power plants has to be controlled and minimized to reduce environmental
risk. This study aimed to investigate the hollow fiber composite membrane was used for the removal of SO2 from a SO2/
CO2/N2 mixed gas. Moreover, for the improvement of SO2 removal efficiency, the polyetherimide (PEI) membrane was
coated with poly(vinyl chloride)-graft-poly(oxyethylene methacrylate) (PVC-g-POEM). The PVC-g-POEM/PEI composite
hollow fiber membrane was extensively characterized by various techniques including scanning electron microscopy,
Fourier transform infrared spectroscopy, and atomic force microscopy. Experiments with permeation of SO2, CO2, N2,
and a ternary gas mixture were carried out to observe membrane behavior in response to different operating conditions.
As a result, permeance of SO2 was 105–2705 GPU and selectivity of SO2/CO2 was 3.9–175.6. From the mixed gas sepa-
ration experiment, the maximum SO2 removal efficiency reached up to 84.5%. VC 2014 American Institute of Chemical

Engineers AIChE J, 60: 2298–2306, 2014

Keywords: sulfur dioxide removal efficiency, polyetherimide, poly(vinyl chloride)-graft-poly(oxyethylene methacrylate),
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Introduction

The emission of carbon dioxide (CO2) from the combus-
tion of fossil fuels has been identified as a major contributor
to global warming and climate change. CO2 capture and
storage (CCS) has been suggested as a method to reduce
CO2 emissions from power plants. Although various proc-
esses have been investigated for the capture of CO2 from
flue gas, selective absorption using an amine-based solvent is
the most promising technology because it is well suited for
retrofitting existing plants.1 The minor components of flue
gas from coal power plants contain SOX, NOX, Hg and so
forth. In particular, emission gas from coal-power plant
which treated by wet flue gas desulfurization (FGD) system.2

In the flue gas stream, the sulfur dioxide (SO2) concentration
is in the range of 6–300 ppm after wet desulfurization.3 The
SO2 react with amine-based solvents in the CCS process to

form heat-stable salts that reduce the CO2 absorption
capacity.4 Thus, the very low concentration of SO2 concen-
tration are desirable to avoid excessive loss of costly sol-
vent.5 Therefore, the emission system requires an
enlargement of the process scale or an improvement in the
filler and the column structure to reach the emission stand-
ard. However, this requires additional supplies and equip-
ment for the circulation of liquid sorbents. Hence, many
researchers have been studying the possibilities of new,
upgraded separation process through the technology combi-
nation. In this study, suggested the membrane separation pro-
cess to achieve additional SO2 removal efficiency from the
flue gas after the first FGD. Compared to conventional sepa-
ration process, the membrane process has economical advan-
tages because of its process compaction and low-energy
demand. Furthermore, this method can flexibly respond to
operating conditions and is easy to control.6–8 Many
researchers have accordingly studied SO2 permeation proper-
ties using polymeric membranes. In 1975, Felder et al.9

investigated the permeation of SO2 through various poly-
mers. They summarized the effects of gas pressure,
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humidity, and membrane plasticization on SO2 permeabil-
ities. In addition, Yampol’skii et al.10 studied the permeabil-
ity of SO2 through a continuous and asymmetrical polyvinyl
trimethylsilane membrane at various operating conditions
(pressure and temperature). Scholes et al.11 investigated SO2

permeability and SO2/CO2 selectivity for a number of poly-
meric membranes. Recently, Ren et al.12 reported research
work on sour gas (CO2, H2S, and SO2) separation from a
nonpolar gas using a flat sheet composite membrane that
was prepared with polyetherimide (PEI) and poly(ether-b-
amide) (PEBAX). PEBAX shows high sour gas permeability
and a high selectivity for polar gas/nonpolar gas separation
because it contains a hydrophilic polyethyleneoxide segment
in the polymer chain.

This study aims to develop the composite membrane using
for separation of low concentration of SO2 from the mixed
gas. Poly(vinyl chloride)-graft-poly(oxyethylene methacry-
late) (PVC-g-POEM) was synthesized via the atom transfer
radical polymerization (ATRP) method using direct initiation
of the secondary chlorines of PVC. The flat sheet PVC-g-
POEM membrane performed high permeability and selectiv-
ity to polar/nonpolar gas mixture separation due to the ether
group in POEM.13

For large scale applications, the hollow fiber configuration
is more beneficial than the flat sheet membrane because of
its higher packing density, good self mechanical support, and
easy handling during the module fabrication and process
operation.14,15 The composite membrane composed of a
thick, porous, nonselective support layer, and a thin selective
layer has some advantages over the asymmetric materials
and each layer can be manipulated independently to obtain
optimal separation performance.16 Ideally, the selective layer
which is usually an expensive high performance polymer,
controls the flux and selectivity of the composite membrane.
The porous support substrate is to provide the mechanical
strength for the selective layer in high operational pressure,

and it does not contribute to the transport of the gas. The
most attractive aspect of composite structures is their
potential for minimizing cost because an only small quantity of
the high performance polymer is utilized for its formation.17

In this study, a hollow fiber composite membrane was pre-
pared by PVC-g-POEM coating on a PEI substrate. PEI was
chosen for the preparation of a hollow fiber membrane (HFM)
substrate because it is composed of aromatic imide units and
provides stiffness, chemical resistance, and flexible ether link-
ages which in turn offer good ability to easily fabricate the
HFM.18,19 The manufactured PVC-g-POEM/PEI hollow fiber
composite membrane was characterized using scanning elec-
tron microscopy (SEM), Fourier transform infrared spectros-
copy (FTIR), and atomic force microscopy (AFM). Then, the
gas permeation properties were investigated by single gas per-
meation and mixed gas separation experiment.

Experimental

Fabrication of PEI HFM

HFM were produced by a dry/wet phase inversion
method.20 The dope solution composed with 25.0 wt % PEI
(Ultem 1000, General Electric), 62.5 wt % N-
methylpyrrolidone (NMP, Merck, Germany), and 12.5 wt %
ethanol (SAMCHUN PURE CHEMICAL, Korea). The
detailed description of spinning procedures has been elabo-
rated elsewhere.21 In this work, the dope solution and inter-
nal coagulant (DI water) were passed through a double pipe
spinneret having 0.12/0.6 mm inner/outer diameter and the
air gap maintained at 2.0 cm.

Preparation of PVC-g-POEM/ PEI hollow fiber
composite membrane

Poly (vinyl chloride) (PVC) is one of the most widely
used vinyl polymers in the world because of its low cost,
easy process ability, and recyclability. However, PVC

Figure 1. Schematic diagram of gas permeation experiment apparatus.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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membranes exhibit low permeability for gas separation due
to their high chain compactness and the low segmental
motion of the polymeric chain.22 PVC synthesized with
POEM presents high affinity for polar gases such as SO2.
The PVC-g-POEM synthesis method was explained in else-
where.23 A nascent PEI HFM was coated with PVC-g-
POEM (POEM 86 wt %, Mw 5 155,819 g mol21) to enhance
the permeability and selectivity.24 The synthesized graft
copolymer (2.0 wt %) was dissolved in acetone at 313 K for
8 h. After cooling the solution at room temperature, it was
coated on the outer surface of PEI HFM using a continuous
coating system. The nascent PEI HFM was passed through
the PVC-g-POEM coating solution and dried at 343 K.

Characterization of the membranes

The fiber was examined by scanning electron microscope
(SEM, S-4700, Hitachi). Hollow fiber samples were fractured
in liquid nitrogen and coated with gold using a sputter coater
before the SEM observation. Measurement of the FTIR to
understand the surface chemistry of the composite membrane
was performed using an ALPHA-P Spectrometer with a dia-
mond ATR cell (Bruker) at 600–4000 cm21. AFM was used
for the verification of morphology changes caused by PVC-
g-POEM coating. The values of roughness were obtained
using a Nanoman AFM system (Veeco) in tapping mode.

Gas permeation measurement

The experimental setup for the single gas permeation and
the mixed gas separations are shown in Figure 1. Two hun-
dred pieces of composite hollow fibers were potted to form a
module. The fibers were 26-cm long, and the effective area
of the membrane was 718.8 cm2. To determine the single
gas permeance, the module was permeated with pure gas
SO2 (99.98%, SAFETY GAS, Korea), CO2 (99.5%,
SAFETY GAS, Korea), and N2 (99.999%, SAFETY GAS,
Korea) with a range in pressure difference of 50–500 kPa
and temperature of 303–343 K. Because of the condensabil-
ity of SO2, its permeance was measured until 250 kPa. The
physical properties of the single gases are listed in Table 1.

Gas permeation rate was measured using a bubble flow
meter. Gas permeance can be described by the universal
equation

P5
Qp

A � Dp
(1)

where Qp is the gas permeation rate through the membrane,
Dp is the gas pressure difference across the membrane, and A
is the effective membrane area. Permeance (P) was expressed
in gas permeation unit (GPU) was defined as Eq. 2

1GPU 5131026 cm 3ðSTPÞ
cm 23 cm Hg 3 s

(2)

The ideal selectivity was determined by taking the ratio of
the pure gas permeances

ai=j5Pi=Pj (3)

For separation of a gas mixture, a SO2/CO2/N2 mixture of
200 ppm of SO2, 11.98% of CO2, and N2 balanced gas was
used. The effects of various operating conditions such as pres-
sure, temperature, and stage cut were investigated. All meas-
urements were recorded when the system reached a steady
state at specific conditions. The pressure and retentate flow rate
were managed by a back pressure regulator. The buffer tank
was installed behind the pump in order to minimize pulsation.
A gas analyzer (A02020, The ABB, Germany) was used to
detect the concentration of SO2 and CO2 at the permeate and
retentate stream. The mixed gas was fed to the shell side of the
HFM and a vacuum pump were connected to the permeate
stream that provided the required vacuum (20 kPa) to minimize
the pressure drop developed during the permeation experi-
ments. The flow rate of the permeate stream will be less than
that of the feed stream so that the ideal energy consumption of
a vacuum pump on the permeate side will be less than that of a
feed compressor for the same pressure ratio.25 A permeate
pressure of <20 kPa may not be feasible with state-of-the-art
industrial scale vacuum pumps.26 As shown in Eq. 4, stage cut
can be expressed as the ratio of permeate flow rate and feed
flow rate. Feed flow rate can be expressed as the sum of the
retentate flow (QR) and permeate flow rate (QP)

h5
QP

QP1QR

(4)

The separation factor (p) can be calculated as Eq. 5

p5
ðCi=CjÞPermeate

ðCi=CjÞFeed

(5)

where Ci and Cj represent the concentrations of gas i and j,
respectively. The separation factor is the ratio of the composi-
tions of components i and j in the permeate stream relative to
the composition ratio of these component in the feed stream.

The SO2 removal efficiency (g) can be calculated by Eq. 6

gð%Þ5ð12
Ci;R

Ci;F
Þ3100 (6)

where Ci,F and Ci,R are the concentrations (ppm) of the SO2

in the feed and retentate streams, respectively.

Results and Discussion

Characterization of composite membranes

In this study, the dry/wet phase inversion method was
used to fabricate HFM. The structure and the geometrical
characteristics of the produced HFM were studied by SEM
as shown in Figure 2. The produced fiber typically has an
asymmetric structure (Figure 2a); a dense top layer sup-
ported by porous, sponge, and finger-like substructure. The
PVC-g-POEM selective layer provides high selectivity with
a low resistance to permeance of polar gases while the
porous substructure provides mechanical strength to the fiber

Table 1. Physical Properties of SO2, CO2, and N2

Molecular
Weight (g mol21)

Kinetic
Diameter (Å)

Critical
Temperature (K)

Critical Volume
(cm3 mol21)

Critical Pressure
(kPa)

SO2 64.1 3.60 430.8 122.0 7780
CO2 44.0 3.30 304.0 93.9 7290
N2 28.0 3.64 126.2 89.8 3360
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for high-pressure application.27 The inner and outer diame-
ters of the HFM are 261 and 429 mm, respectively. The dis-
tinguishable boundary between the coating layer and the
substrate is noted. The morphological changes before and
after the coatings of PVC-g-POEM are shown in Figures 2b,
c, respectively. A selective coating layer (�0.1 mm) was
clearly seen on the outer surface of PEI substrate membrane
as illustrated in Figure 2c.

The AFM analysis was carried out to the observation of
coating layer. Figure 3 presents the typical AFM images of
the surface topography before (Figure 3a) and after (Figure
3b) dynamically coating with PVC-g-POEM. The nodules
are characterized by the high peaks seen as bright regions in
the AFM images.28 After coating on the surface of support
membrane, the belt-like structure can be observed as shown
in Figure 3. The surface roughness parameters of PEI sup-
port and PVC-g-POEM coated membrane obtained from
AFM images are summarized in Table 2. The roughness
parameters expressed in terms of the mean roughness (Ra),
the mean-square roughness (Rq), and the mean difference

between highest peak and lowest valley (Rz). The values of
roughness parameter (Ra, Rq, and Rz) were increased with
PVC-g-POEM coating due to the surface enrichment of
PVC-g-POEM. The surface of composite membrane formed
has a “ridge-and-valley” morphology that gives quantita-
tively rougher surface morphology.29

The FTIR spectra of PEI substrate and PVC-g-POEM com-
posite membrane are displayed in Figure 4. PEI substrate has
two strong peak for the imide carbonyl group at 1778 and 1721
cm21. Also, it exhibits characteristic at 1356 and 744 cm21

(CAN stretching and bending) and at 1236 cm21 (aromatic ether
CAOAC).30 The composite membrane exhibited the strong
stretching band in 2875, 1720, and 1103 cm21 due to graft
copolymerization of coating solution. These bands result from
the stretching vibration modes of methyl (CH2), carbonyl
(C@O), and ether bond (CAOAC) of POEM, respectively.19

Single gas permeance of composite membrane

Figure 5 presents the permeance of single gas according
to pressure and temperature. The permeance of SO2

Figure 2. SEM images of the PEI HFM.

(a) Overall cross-section, (b) partial cross-section of PEI substrate, and (c) PVC-g-POEM/PEI composite membrane. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 3. AFM images of the HFMs.

(a) PEI substrate and (b) PVC-g-POEM/PEI composite membrane. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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enhanced up to 2705 GPU at 250 kPa. In contrary, it
decreased steeply with an increasing temperature from 303
to 343 K. Usually, gas solubility increases with the increas-
ing condensability characterized by critical temperature
while the gas diffusivity decreases with the increase of criti-
cal volume.31 Although SO2 has a larger kinetic diameter
than CO2, it has higher critical temperature that means it can
be easy to penetrate through the membrane. Permeance of
SO2 increased steeply at 303 K due to the plasticization.
According to the “plasticization phenomenon,” a condensa-
ble gas usually causes swelling of the polymer matrix and
reduces the interaction between the adjacent segments of
polymer chains, consequently increasing the segmental
mobility and free volume. As a result, an increase in perme-
ance is commonly observed.32 Typically, as gas critical tem-
perature increases, activation energies of permeation
decrease monotonically.33

In the case of CO2 and N2, as shown in Figure 5b, the
permeance of CO2 increased with increasing pressure while
that of N2 was essentially independent of pressure. How-
ever, the permeances of both CO2 and N2 were enhanced
with increasing temperature. As a result, the selectivity of
SO2/CO2 increased with pressure, whereas it showed the
opposite trend in the case of temperature, as shown in
Figure 6.

Basically, the transport of a gas through the polymeric
membrane can be described in terms of a solution-diffusion
mechanism.34 Solubility is a thermodynamic parameter and
gives a measure of the amount of penetrant sorbed by the
membrane under equilibrium conditions. As the permeability
depends on both solubility and diffusivity, parameters must
be involved to understand the temperature effect.35 Tempera-
ture dependency of permeance can be explained through the
Arrhenius relation shown in Eq. 7

P5P0 exp 2
EP

RT

� �
(7)

P0 denotes a pre-exponential factor and EP is the activa-
tion energy (kJ mol21) for permeation. The activation energy
for permeation comprises of the activation energy for diffu-
sion and the heat of sorption

DEP5DED1DHS (8)

Table 2. Surface Roughness Parameters of PEI Support and

PVC-g-POEM/PEI Composite Membrane

Roughness

Membrane Ra (nm) Rq (nm) Rz (nm)

PEI support 2.68 4.82 35.41
PVC-g-POEM/PEI 4.16 5.11 56.23

Figure 4. FTIR spectra of PEI and PVC-g-PEOM/PEI
composite membrane.

Figure 5. Single gas permeance according to pressure
and temperature difference.

Figure 6. SO2/CO2 ideal selectivity according to pres-
sure and temperature difference.
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Diffusivity always increases with increasing temperature,
that is, the energy of activation for diffusion is positive
(DED> 0). Conversely, solubility increases with decreasing
temperature, that is, the heat of solution is negative
(DHS< 0).36

Figure 7 presents an Arrhenius plot of single gas perme-
ance at 303 K and 250 kPa operating pressure. The slope of
the linear fitting curve was used to calculate their activation
energy for permeation. The activation energies of the gases
were 259.1 kJ mol21 of SO2, 16.1 kJ mol21 of CO2, and
10.2 kJ mol21 of N2, respectively. The negative activation
energy indicates that the solution is dominant in the permea-
tion of SO2. In other words, an increase of temperature leads
to a decrease of permeance, as shown in Figure 5a. The free
volume of the polymeric membrane was affected by the
inherent condensability of the penetrant.

For condensable gases, the heat of sorption term is nega-
tive and the solubility decreases with increasing temperature.
Therefore, an increase of temperature induces a decrease of
SO2 solubility due to the large heat of sorption, which domi-
nates the permeation process of SO2. However, the values of
permeance for CO2 and N2 increase exponentially with
increasing temperature. This indicates that the temperature
dependence of permeance for CO2 and N2 in this membrane
is dominated by diffusion.37 However, the experimental data
show that the activation energy of CO2 decreased despite its
high critical temperature because the increase in the CO2 dif-
fusivity compensated the decrease of the solubility parameter
at the given experimental conditions.38 In contrast to the
activation energy of N2, that of CO2 decreased with pressure
(Table 3). The condensable gases such as SO2 and CO2, dif-
fusion processes are always enhanced as the increase of tem-
perature. However, the increase of temperature will lead to
an increase of the saturated vapor pressure of condensable
gases, resulting in their lower activity.12 An increase of oper-
ating pressure induces stronger plasticization of the polymer

chain, followed by a fractional free volume increase with a
decrease of diffusion activation energy. This indicates that
the permeation of CO2 under investigation shows that diffu-
sivity was controlled at low pressure and solubility was con-
trolled at higher pressure.39

Mixed gas separation of composite membrane

Figures 8 and 9 present the results of a mixed gas separa-
tion experiment as a function of the retentate flow rate and
pressure difference at a fixed temperature of 303 K. Accord-
ing to Eq. 4, an increase of the retentate flow rate suggests a
reduction of the stage cut. At fixed pressures, the stage cut
decreased as the retentate flow rate increased due to the
increasing feed flow rate. Otherwise, when the stage cut
increases, the concentration of the gas with low permeance
increases because the driving force of penetrants against the
membrane increases.40 Therefore, the concentrations of SO2

and CO2 in the retentate stream were enhanced with an
increased retentate flow rate and vice versa, whereas the con-
centration of N2 decreased as shown in Figure 8.

The permeate flow rate was enhanced due to an increase
of permeate driving force. Also, the flexibility of the poly-
mer chains was increased by the plasticization effect, which
occurs due to condensable gas in the mixture, and thus the

Figure 7. Arrhenius plot of single gas permeance.

Table 3. Activation Energy of Composite Hollow Fiber

Membrane (Unit: kJ/mol)

Penetrant 100 kPa 200 kPa 250 kPa 400 kPa 500 kPa

SO2 245.9 255.4 259.1 – –
CO2 18.2 17.1 16.1 14.8 13.8
N2 10.0 10.1 10.2 10.3 10.3

Figure 8. Experiment results of SO2 removal efficiency
and CO2, N2 concentration in retentate
stream depending on the pressure difference.

Figure 9. Experiment results of separation factor
depending on the pressure difference.
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permeation flux increased.41 The effect of operating pressure
on the gas permeance and selectivity can be verified from
single gas experiment results. Similarly, SO2 removal effi-
ciency was improved and the concentration of CO2 in the
retentate stream was decreased due to the increase of operat-
ing pressure while the retentate flow rate was maintained.

Figure 9 illustrates the results of the separation factor,
estimated from Eq. 5. The separation factor is defined as
the change of gas concentration of species that permeate
faster than others in the mixed gas between the feed and
permeate stream. It is important to well distinguish between
ideal selectivity and the separation factor. The ideal selec-
tivity calculated from the pure gas permeances measured in
ideal conditions and it represents a property of the material.
The separation factor indicates the actual performance of
the membrane module and it depends on the operating con-
ditions such as pressure, temperature, stage cut, and mixture
composition.42 The separation factors are significantly
lower than ideal selectivities of the pure gases due to the
competition for sorption sites by the penetrants. The avail-
ability of sorption sites for each component is reduced due
to the presence of the other components; thus, the permea-
tion rate for each component is also decreased in compari-
son with the corresponding pure gas permeation rate.43,44

The separation factors increased with increasing retentate
flow rate, because N2 has a lower permeation rate than the
other components. Conversely, the separation factors
decreased with the pressure increase. As mentioned before,
permeate driving force in the membrane process is
enhanced by increasing the pressure. As a result, it gener-
ates coercive permeation, and all of the species in the mix-
ture gas are thereby easily permeated. In addition, the N2

portion of 88 vol % in the feeding mixture gas interrupts
the permeation of other gases. Therefore, the concentration
of N2 in permeate stream increased relative to that of SO2.
This is also shown in the calculation of SO2/CO2 separation
factor.

Figures 10 and 11 present the mixed gas separation
results depending on the retentate flow rate and tempera-
ture difference at 200 kPa of operating pressure. Figure 10
shows that the SO2 removal efficiency reduced with
decreasing temperature. In the results of single gas perme-

ation experiments, the permeance of SO2 was decreased
with increased temperature whereas that of N2 was
increased. However, the mixed gas separation result shows
that the concentration of SO2 was enhanced in the perme-
ate stream by increasing the operating temperature. This
result can be explained by taking competitive sorption and
concentration polarization into account. Concentration
polarization means that a concentration gradient is build-
ing up due to depletion of the more permeable component
and accumulation of the less permeable species in the
boundary layer adjacent to the membrane.41 The permea-
tion properties of the gas mixture were dominated by dif-
fusivity because the gas was mainly composed of N2.
Increasing the temperature significantly affected the diffu-
sivity of each gas in the mixture as shown in Figure 7.
Permeation flux was increased by temperature due to an
enhancement of N2 diffusivity.45 Elevated temperatures
increase the N2 flux which reduces the effect of the con-
centration polarization. With the effect of concentration
polarization reduced, more SO2 and CO2 can permeate
through the membrane. As a result, the SO2 removal effi-
ciency improved as the temperature increased.

Figure 11 shows the separation factor of gas pairs using
the mixed gas. The cause of these tendencies can be con-
firmed by the single gas activation energy results. The acti-
vation energy of SO2 had a negative value, whereas the
other gases (CO2 and N2) showed positive values at 200 kPa
of operating pressure as listed in Table 3. Therefore, the con-
centration of SO2 in the permeate stream was decreased and
also, the separation factor of SO2/N2 and SO2/CO2 were
decreased according to increasing temperature. The permea-
tion of SO2 is significantly affected by presence of other
penetrant because it contains relatively low concentration
(200 ppm) in the mixed gas.46 Hence, the SO2 concentration
in the permeate stream significantly affected by the effect of
penetrant competition, gas phase nonideality, plasticization
phenomena, and gas polarization.

Conclusions

In this study, a PEI HFM was produced by the dry/wet
phase inversion method. The nascent membrane was coated
with PVC-g-POEM, which was synthesized by ATRP. The
composite membrane was characterized by SEM, FTIR, and
AFM. Pure gas of SO2, CO2, and N2 were tested to calculate

Figure 10. Experiment results of SO2 removal effi-
ciency and CO2, N2 concentration in reten-
tate stream depending on the temperature
difference.

Figure 11. Experiment results of separation factor
depending on the pressure difference.
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single gas permeance. The results indicate that the perme-
ance of SO2 increased under the operating pressure while
that of N2 was essentially independent of any pressure
change. However, selectivity decreased with increasing tem-
perature due to the different permeation mechanisms. The
permeance of SO2 was affected by solubility, whereas CO2

and N2 were dominated by diffusivity under the operating
conditions. These results can be predicted from the Arrhe-
nius equation.

SO2 (200 ppm), 12% of CO2, and a N2 balanced mixed
gas was used for the separation test, here removal efficiency
was evaluated a function of the operating pressure, tempera-
ture, and retentate flow rate, respectively. SO2 removal effi-
ciency improved according to increasing pressure due to the
enhancement of the permeate flux. Moreover, increasing
temperature had a significant effect on the diffusivity of sin-
gle gases in the mixture. The effect of compatible sorption is
mitigated by suppression of concentration polarization. Con-
sequently, increasing pressure and temperature advanta-
geously affected SO2 separation from the SO2/CO2/N2 mixed
gas, and the SO2 removal efficiency consequently reached
84.5%.
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