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In this study, the recovery of carbon dioxide using an absorbent composed of 2-amino-2-methyl-
l-propanol (AMP) + monoethanolamine (MEA) + piperazine (PZ) in polytetrafluoroethylene (PTFE)
membrane contactors was investigated. Experiments were conducted using various gas flow rates, liquid
flow rates, absorbent blends, and pore size membranes. CO2 recovery increased with increasing liquid
flow rates. The blended amine absorbent had a synergistic effect on CO2 recovery. CO2 recovery increased
as the pore size of the PTFE membrane decreased. An asymmetric membrane had a better CO2 recovery
than that of symmetric membrane. Besides, membrane mass transfer coefficient and operational stability
arbon dioxide absorption
iperazine
-Amino-2-methyl-1-propanol
onoethanolamine

olytetrafluoroethylene membrane
symmetric membrane

of asymmetric membrane were enhanced. For an asymmetric membrane, the smaller pore-size side of
the membrane surface contacting the liquid phase can reduce the level of wetting of the membrane.

© 2010 Elsevier B.V. All rights reserved.
ixed absorbent
etting

. Introduction

Carbon dioxide is the most heavily emitted anthropogenic
reenhouse gas, and is believed to be responsible for increases in
he earth’s surface temperature. Half of all CO2 emissions are from
ossil fuel-burning electric power plants [1]. Therefore, the devel-
pment of a separation processes for removal and recovery of CO2
rom these emission sources is greatly needed. In general, bub-
le columns, packed towers, venturi scrubbers, and/or sieve trays
an be used to remove CO2 from process streams. The best-known
ommercial process for CO2 separation is the packed-column sys-
em; however, because of the disadvantages of the packed-column
ystem, which include flooding, channeling, and the need for large-
cale equipment, new technologies are needed.

Gas absorption membrane (GAM) processes are an alternative
O2 removal technique. Membrane contactors offer a much larger

ontact area per unit volume compared to tray and/or packed
olumns. They have the advantages of no flooding, no entrainment,
nd no foaming-limited flow rate restrictions [2,3]. However, the
dditional mass transfer resistances of membranes limit the CO2

∗ Corresponding author. Fax: +886 3 4652040.
E-mail address: sslin@nanya.edu.tw (S.-H. Lin).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.03.057
absorption rate in the membrane contactor module even though
the interfacial area of the membrane is greater than that of con-
ventional absorbers [4]. Therefore, minimization of the membrane
mass transfer resistance is an important goal in gas absorption
processes that use membrane contactors. The success of GAM tech-
nology is highly dependent on the resistance of membrane and
wetting of membrane. It is preferable to use hydrophobic mem-
branes for CO2 absorption processes due to the fact that they display
fewer wetting and swelling phenomena.

PTFE is considered one of the most suitable materials due to its
high hydrophobicity. Yeon et al. [5] investigated CO2 absorption
in poly(vinylidene fluoride) (PVDF) and PTFE hollow-fiber mem-
branes using a single absorbent MEA. Kumar et al. [6] studied CO2
capture from dilute gas streams using a novel absorbent called
CORAL in a PTFE membrane contactor. Kim and Yang [7] used
aqueous alkanolamine solutions as absorbents to separate CO2–N2
mixtures in PTFE hollow fiber membrane contactors. de Montigny
et al. [8] used polypropylene and PTFE membranes in a mem-
brane contactor for CO2 absorption. Shimada et al. [9] studied CO2

absorption using AMP with PTFE membrane. However, the broad
pore size distribution, membrane thickness and larger pore size of
commercial PTFE restrict its application in CO2 absorption. It is dif-
ficult to control the pore size of PTFE membranes, though several
methods of control have been reported, including heating, plasma

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:sslin@nanya.edu.tw
dx.doi.org/10.1016/j.jhazmat.2010.03.057
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Nomenclature

a gas–liquid contact area (m2/m3)
De average of diffusivity defined by Eq. (9) (m2/s)
Dg diffusivity of CO2 in the gas phase (m2/s)
Dk Knudsen diffusivity of CO2 (m2/s)
DL diffusivity of CO2 in liquid phase (m2/s)
dh hydraulic diameter of the module (m)
dp membrane pore size (�m)
E enhancement factor
He Henry’s law constant for CO2 (m3 kPa/kmol)
J flux of CO2 (kmol/m2 s)
kg gas phase mass transfer coefficient (kmol/s m2 kPa)
kL liquid film mass transfer coefficient (m/s)
KL overall liquid phase mass transfer coefficient (s−1)
km membrane mass transfer coefficient (m/s)
t membrane thickness (mm)
L membrane length (m)
P overall pressure (kPa)
Pg, Pi, Pm CO2 partial pressures in the bulk gas phase,

membrane–liquid interface, and gas–membrane
interface, respectively (kPa)

PM log-mean partial pressure of CO2 (kPa)
Pc the critical gas pressure (kPa)
QG volumetric flow rate of gas phase stream (m3/s)
QL volumetric flow rate of liquid phase stream (m3/s)
RCO2 absorption rate of reaction of CO2 (kmol/m3 s)
R gas constant (kJ/mol K)
R2 correlation coefficient
RM, RG, RL resistances for membrane, gas-film, and liquid-

film diffusion, respectively (s/m)
T absolute temperature (K)
�g velocity of gas phase (m/s)
�L velocity of liquid phase (m/s)

Greek letters
˛ penetration ratio of liquid
�g viscosity of gas (Pa s)
� density of gas phase (kg/m3)
ε membrane porosity
�M, �G, �L fractional resistances of membrane, gas-film

and liquid-film diffusion to overall resistances
defied by Eq. (13)

� fiber tortuosity

d
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m
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t

(�C) = (HCg,in − Cl,out) − HCg,out
(5)
[ ] species concentration (mol/dm3)

eposition, and sheet/film rolling and stretching [10,11]. The
heet/film rolling and stretch process is most economical method of
roduction. Highly permeable PTFE membranes have been made by
his way [10–12]. CO2 recovery of GAM is strongly dependent on the
haracteristic of membrane, such as pore size, porosity, and thick-
ess of membrane. The influence of those characteristic parameters
f membrane on the CO2 recovery is important for its application.
o the best of my knowledge, there is few report investigated the
ifference of CO2 recovery using the various PTFE membranes.

In this study, the different stretching and heating methods
as used to manufacture various PTFE membranes including sym-
etric and asymmetric membranes. CO2 recovery using various
embranes in a flat-plate membrane contactor using the aque-
us blended alkanolamines solution was investigated. The effects of
embrane characteristic, liquid flow rates, gas flow rates, blended

bsorbents, and wetting on CO2 recovery were examined. Mass
ransfer resistances were also evaluated.
Fig. 1. Film model for mass transfer across an ideal non-wetted membrane.

2. Theory

2.1. Film model

Mass transfer between gas and liquid through a flat-plate mem-
brane contactor occurs in three parts: the gas film, the membrane,
and the liquid film shown as Fig. 1 [5]. The CO2 flux per unit length
at any cross-section, J (kmol m−2 s−1), can be expressed by Eq. (1):

J = KL

(
Pg

He

)
= kg(Pg − Pm) =

(
km

RT

)
(Pm − Pi) = kLE

(
Pi

He

)
(1)

where kL, km, and kg are the mass transfer coefficients (m s−1) of
the liquid phase, membrane, and gas phase, respectively; KL is an
overall liquid phase mass transfer coefficient (m s−1); Pg, Pi, and
Pm, are the partial pressures (kPa) of CO2 in the bulk gas phase,
membrane–liquid interface, and gas–membrane interface, respec-
tively; He is Henry’s constant for CO2 (m3 kPa kmol−1); and E is
an enhancement factor for the liquid phase mass transfer coeffi-
cient due to chemical reaction [13]. In case of a fast reaction the
enhancement factor is given by Eq. (2).

E = (krCbDL)1/2

kL
(2)

where kr is the second-order reaction rate constant (m3 (kmol s)−1);
Cb is the bulk concentration of active component (kmol m−3); DL is
the CO2 diffusion coefficient in liquid phase (m2 s−1).

The overall resistance in liquid-phase mass transfer through
the flat-plate membrane contactor can be derived by Eq. (1) and
expressed by Eq. (3) [14]:

1
KL

=
(

1
kg

)(
1

He

)
+

(
1

km

)(
RT

He

)
+

(
1

EkL

)
. (3)

If the flows on both sides are assumed as ideal plug-flow, the
average driving force on gas phase is log-mean concentration dif-
ference of the CO2 solute [5]. The overall mass transfer coefficient,
KL, can be obtained by Eq. (4):

KLa = RCO2

(�C)M
(4)

where RCO2 is the CO2 absorption rate per unit volume of the con-
tactor (kmol m−3 s−1) and a is the gas–liquid contact area (m2 m−3).
The logarithmic mean concentration difference of CO2, �CM can be
calculated as follows:
M In[(HCg,in − Cl,out)/(HCg,out)]

where Cg,in and Cg,out are the CO2 concentrations at the gas inlet and
outlet, respectively. Cl,out is the CO2 concentration at liquid outlet.
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Table 1
Characteristics of various PTFE membranes.

PTFE Mean pore size (�m) Porosity Thickness (mm) Stretching frequency Stretching rate (m/min) Contact angle (	)

Symmetric (a) 0.116 0.41 0.11 1 2 113.4
Symmetric (b) 0.29 0.52 0.17 2 1 118.9
Symmetric (c) 0.43 0.33 0.17 1 2 123.4
Symmetric (d) 0.72 0.38 0.092 1 2
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Symmetric (e) 1.3 0.39 0.084
Asymmetric (5, 260 ◦C) (f) 0.27 0.51 0.17
Asymmetric (5, 300 ◦C) 0.25 0.51 0.17
Asymmetric (5, 340 ◦C) (g) 0.22 0.51 0.17

.2. Individual gas-film mass transfer coefficients

The individual mass transfer coefficient of the liquid phase, kL,
an be predicted with Eq. (6) [2,15]:

kLdh

DL
= 1.62

(
d2

h
vL

LDL

)1/3

(6)

here dh is the hydraulic diameter of the module (m), vL is the
elocity of liquid phase (m s−1), and L (m) is the membrane length,
nd DL is the diffusivity of CO2 in liquid phase (m2 s−1).

The individual mass transfer coefficient of the gas phase has
een correlated to Eq. (7) [16]:

kgdh

Dg
= 0.023

(
dh�vg

�g

)0.8(
�g

Dg�

)0.33

. (7)

here Dg is the diffusivity of CO2 in the gas phase (m2 s−1), vg is
he velocity of gas phase (m s−1), �g is the viscosity of gas (Pa s), �
s the density of gas phase (kg m−3).

The membrane mass transfer coefficient is predicted using Eq.
8). Here, the effective diffusivity is calculated from the harmonic

ean, as shown in Eq. (9).

m = Deε

t�
(8)

1
De

= 1
Dk

+ 1
Dg

(9)

here De is the effective of diffusivity (m2 s−1) defined by Eq. (9),
k is the Knudsen diffusivity of CO2 (m2 s−1), ε is the porosity of

he membrane, � is the fiber tortuosity and t is the thickness of the
embrane (m).
Based on the values for the membrane in Eq. (8), km,gas filled

as estimated to be approximately 3.7 × 10−3 m s−1. In the case
f liquid-filled pores, the effective diffusivity is similar to that
f CO2 in solution (1.49 × 10−9 m2 s−1), and km,liquid filled is about
.93 × 10−7 m s−1. If the pores are partially filled with liquid, then
m can be calculated from the average fractional depth of liquid
enetration ˛, as in Eq. (10):

1
km

= ˛

km,liquid filled
+ 1 − ˛

km,gas filled
(10)

. Experimental methods

.1. Materials

The PZ, MEA, and AMP were purchased from Aldrich Chemicals

o. The various pore sizes and symmetric and asymmetric PTFE
embranes were made by the Research and Development Cen-

er for Membrane Technology (CMT). Details of the membranes
re listed in Table 1. All chemicals were used without any further
urification.
2 2
2 1 112.9
2 1 114.2
2 1 119.2

3.2. Symmetric PTFE membrane stretching process

The performing and paste extrusion, and stretching processes
were described in detail in our previous study [17]. After the PTFE
fine powder was extruded into a rod, the rod was rolled in one direc-
tion into a sheet with a thickness of 0.2 mm and the lubricant was
completely vaporized at 75 ◦C. Both the extruding and the rolling
operations were carried out at room temperature. The major objec-
tive is increasing the membrane porous distribution and reducing
the pore size. The rolled sheet was stretched uniaxially at different
stretching oven temperatures (320 ◦C) and stretching ratios (50 or
100%). The stretching ratio is defined as:

Stretching ratio = Ls

Lo − 1
× 100% (11)

where Ls is the length of the stretched membrane, Lo is the original
length of the sheet before stretched. The stretching frequency of
1 represents that the membrane is stretched with 100% stretching
ratio in only one stretching process. However, stretching frequency
of 2 represents the membrane achieves with 50% each time in two
stretching processes. That is in order to better understand how the
stretching ratio affects the membrane morphology under different
processing conditions.

3.3. Asymmetric heating process

After stretching process, the stretched membrane was treat-
ing by asymmetric heating system shown in Fig. 2(a). The heating
side (260, 300, 340 ◦C) at the top of the system and the opposite
is the cooling side (5 ◦C). The membrane passes the asymmetric
heating system without stretch in 20 s. The membrane surface fac-
ing the heating side was melted and changed its pore size. The
membrane surface facing the cooling side maintained their original
characteristic including the pore size and pore size distribution. So
an asymmetric membrane had two different pore-size membrane
surfaces. However a symmetric membrane was the stretched mem-
brane treated in the same temperature on both sides (5, 5 ◦C) and
has the same pore-size membrane surfaces.

3.4. Membrane characterization

Surface morphology was analyzed using a field emission SEM
(Hitachi S-4800). For the measurement of the mean pore size, a cap-
illary flow porometer (Porous Materials Inc. (PMI, CFP-1500A) was
used to analyze the pore size distribution. First, a PTFE membrane
sample was cut into a piece 5 cm in diameter and wetted using
Porewick1 solution (Porous Materials Inc.). Porewick1 is a standard
wetting solution whose surface tension is adjusted to 16 dyne/cm.
Then the fully wetted sample is placed in the sample chamber and

the chamber is sealed. Gas (nitrogen gas) is then allowed to flow
into the chamber behind the sample. When the pressure reaches
the point where it overcomes the capillary action of the fluid within
the largest pore, the bubble point was found. After determination
of the bubble point, the pressure was increased and the flow rate
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ig. 2. (a) Schematic of stretching operation with asymmetry heating system and
b) experimental set-up.

as measured until all pores were empty and the sample was con-
idered dry. Gas pressure and flow rates through the dry sample
ere also measured. The pore diameter is calculated according to

he following equation [3].

p = 4
 cos 	

Pc
(12)

here dp is the pore diameter, 
 is the surface tension of the wetting
olution, 	 is the contact angle of the wetting solution, and Pc is the
ritical gas pressure. The Pc is the minimum pressure to be applied
n the liquid to enter the pores of the membrane.

.5. Absorption of carbon dioxide

The experimental setup is shown in Fig. 2(b). Gas containing
–9.5% CO2 (balance N2) was obtained by two mass flow con-
rollers (Brooks Instrument Co., 5850E). The gas was introduced
nto a packing column (i.d. = 5 cm, length = 30 cm) and mixed com-
letely. The gas was fed into one side of the membrane in the
odule (wide = 13.7 cm, length = 13.8 cm) until a steady state was

eached, then the absorbent was supplied to the other side. All
he experiments were conducted in counter-current and one-
hrough operations. Pressure gauges and valves were present to
ontrol the flow rates and ensure that a positive pressure of about
4–35 kPa was maintained on the aqueous side of the membranes.
he absorbents used in the system consisted of 0.015 mol dm−3

Z, 0.01–0.06 mol dm−3 MEA, and 0.01–0.06 mol dm−3 AMP. The
as flow rate was varied between 200 and 500 cm3 min−1, and
he liquid flow rate was varied between 200 and 450 cm3 min−1.
he gases exiting the absorber were sampled and analyzed with
Thermal Conductivity Detector for Gas Chromatography (GC-
4B; Shimadzu) at steady state (ca. 15–20 min). The device can
e used for detecting CO2 concentrations ranging from 1 ± 0.01%
o 10 ± 0.01% CO2 stream. Each experiment was duplicated at least
nder identical conditions. The reproducibility of the concentration
easurements was largely within 5%.
Materials 179 (2010) 692–700 695

4. Results and discussion

4.1. Effect of stretching and heating parameters on the
characteristic of PTFE membrane

A porous PTFE membrane was formed after the extrudate passes
through the rolling and stretching process. From the SEM images
shown in Fig. 3, it can be observed that the pore structure of
those membranes was fibril-like and the nodes appear regularly
in the space along the stretching direction. The pore size and shape
of membrane were influenced by the stretching frequency and
stretching rate. A smaller stretching rate would make the shape
of pore more fibrillar and uniform. The more stretching frequency
would lead the nonporous part to become smaller (for example,
Fig. 3(b) and (e)) i.e. the more stretching frequency would form
a membrane with a higher porosity (Table 1). On the contrary, a
larger stretching rate and few stretching frequency formed a less
regular pore configuration (Fig. 3(c)) and lower porosity shown in
Table 1. The pore size distributions of them were shown in Fig. 4. It
can be seen that a larger stretching rate would form a broader pore
size distribution as shown in Fig. 4(a), (c), (d), and (e).

The symmetric membrane with the 0.29 �m pore size was cho-
sen to pass the asymmetric heating system at various heating
temperature (260, 300, 340 ◦C). Fig. 5(a) showed the SEM image
of the cooling side (5 ◦C) of membrane surface and Fig. 5(b)–(d)
showed the 260, 300, 340 ◦C-heated membrane surfaces, respec-
tively. It can be seen that the heating process made the membrane
surface melt and that resulted in a decrease of the pore size of the
membrane surface. The change of pore size distribution by asym-
metric heating was also shown in Fig. 4(f) and (g). Comparison with
the original one in Fig. 4(b), (f) and (g), we found that the pore
size distribution shift to the smaller one. It meant that an increase
of the smaller pore sizes on the side of heated membrane surface
was found by asymmetric heating process. Such trend was more
apparent at a higher heating temperature (340 ◦C). However it is
important to realize the thickness of melted membrane by heating
because that the melted thickness affects the resistance of mass
transfer in the membrane. A cross-sectional image of the asym-
metric membrane (5, 340 ◦C) was shown in Fig. 6. The bottom of
SEM image was the side of the heated membrane (340 ◦C) and
the top one is the side facing cooling system. The white-color part
shown in bottom of image in Fig. 6 was the melted part of mem-
brane, which revealed a dense structure. The thickness of melted
layer of the membrane seemed much smaller than the non-melted
part. For a symmetric membrane (mean pore size 0.29 �m), the
mean pore size of the heated side of the membrane was reduced,
and was strongly dependent on the heating temperature (260, 300,
340 ◦C). The mean pore size of the heated side of heated membrane
surfaces decreased from 0.27 to 0.22 �m when the heating temper-
ature increased from 260 to 340 ◦C (Table 1). This is due to the fact
that the level of melt was different at different heating tempera-
tures on the membrane surface. Such trend had ever reported in
earlier paper [17]. The characteristics of the membrane were influ-
enced by the stretching conditions, such as stretching temperature,
stretching rate, stretching direction, and lubricant content [17]. The
asymmetric heating process decreased both the pore size and the
pore size distribution [17].

4.2. Performance comparison of CO2 recovery across various flat
membranes
4.2.1. Effect of different blended absorbents on CO2 recovery
Table 2 showed the CO2 recovery (C/C0) using different aque-

ous blended alkanolamine solutions in a flat-plate PTEF membrane
contactor with 0.29 �m symmetric membrane. C/C0 is the CO2
concentration remaining at outlet divided by the initial CO2



696 S.-C. Chen et al. / Journal of Hazardous Materials 179 (2010) 692–700

0.116

c
t
o
o
[

4

s
A
t
e
r
b
0
p
w
p

T
C

Fig. 3. SEM images of various PTFE membranes surface (a)

oncentration. Table 2 indicated that using an aqueous solu-
ion of 0.03 M MEA + 0.03 M AMP + 0.015 M PZ as an absorbent
ffers the best CO2 recovery. A synergistic effect was found in
ur system, the phenomenon previously reported in literature
18–22].

.2.2. Effect of mean pore size on CO2 recovery
Fig. 7 showed the CO2 recovery with various mean-pore-

izes symmetric membranes using the 0.03 M MEA + 0.03 M
MP + 0.015 M PZ aqueous solution as an absorbent. We found

hat CO2 recovery increased with decreasing the mean pore size
xcept the case with the 0.116 �m-membrane. The low CO2
ecovery of 0.116 �m-membrane likely resulted from the mem-

rane porosity of 0.116 �m-membrane was lower than that of
.29 �m-membrane (Table 1). Usually, the wetting of a membrane’s
ore occurs by the liquid stagnant layer inner the fiber’s pores,
hich depends on the pressure difference of the gas and liquid
hases at the membrane’s end, namely, critical pressure. This Pc

able 2
O2 recovery using different blended amine solutions.

MEA (M) AMP (M) CO2 recovery (%)

0.06 0.0 70
0.03 0.03 76
0.0 0.06 70
�m, (b) 0.29 �m, (c) 0.43 �m, (d) 0.72 �m, and (e) 1.3 �m.

plays an important role in determining the wetting of membrane
and the stability of the gas–liquid interface. In general, according
to Eq. (12), the larger pore size would lower the critical pres-
sure between the gas and liquid phase. The low critical pressure
means an increase of wetting of membrane pore, which work as a
kind of membrane resistance. If the operation pressure larger than
Pc, the breakthrough of membrane will occur. In other words, a
higher Pc of the system displays a higher stability of the system.
Therefore, it is expected that a pore with smaller diameter would
reveal a less wetting with absorbents, which leads a higher CO2
recovery.

4.2.3. The effect of asymmetric heating on the CO2 recovery
The effect of asymmetric heating of the membrane on CO2 recov-

ery was shown in Fig. 8. It can be seen that CO2 recovery using
an asymmetric membrane (5, 300 ◦C) was larger than that using
a symmetric membrane (5, 5 ◦C). Further, the CO2 recovery of the
membrane contactor using the smaller pore-size side of the mem-
brane facing the gas and liquid phases was also examined as shown
in Fig. 8. As Fig. 8 shows, the CO2 recovery of the membrane con-

tactor using the side of heated membrane surface contacting the
liquid phase was larger than that facing the gas phase. This is due
to the fact that the wetting of membrane with a smaller mean pore
size was lower than that with a larger mean pore size. It would be
evidenced in Section 4.3.



S.-C. Chen et al. / Journal of Hazardous Materials 179 (2010) 692–700 697

F , (c) 0
a

4

r
s
i
h
s
e
s
i
C

4

s
o
[

(6)). Using Eq. (10), the values of the wetting ratio (˛) are calculated
if km,liquid filled and km,gas filled are known (calculated by Eq. (8)) and
shown in Table 3. As shown in Table 3, km increased with decreasing
wetting ratio ˛. A small wetting ratio means that few liquid phase

Table 3
Wetting ratio of ˛ and km for various PTFE membranes.
ig. 4. Pore size distribution of various PTFE membranes (a) 0.116 �m, (b) 0.29 �m
symmetry heating 0.29 �m (5, 340 ◦C).

.2.4. Effect of operating parameters on CO2 recovery
Figs. 7 and 8 also show the effect of liquid flow rates on CO2

ecovery using 0.03 M MEA + 0.03 M AMP + 0.015 M PZ aqueous
olution as an absorbent. CO2 recovery appears to increase with
ncreasing liquid flow rate. This increase occurs because that a
igh velocity in the liquid phase reduces the resistance of the
tagnant-layer diffusion under laminar flow. However, CO2 recov-
ry decreases with increasing gas flow rate under the conditions
tudied (Fig. 9). It is due to fact that the retention time of gas phase
n membrane contactor is short at a high gas flow rate. Actually, the
O2 absorption flux increases with increasing gas flow rates (Fig. 9).

.3. Comparison of wetting ratios for various PTFE membranes
According to Eq. (4), if we changed various gas flow rate at con-
tant liquid flow rate, the second and third terms in right hand
f Eq. (4) would be a constant. As described in our earlier paper
23], the Wilson plot of 1/KL vs. X = 1/[Hev0.83

g ] would be a lin-
.43 �m, (d) 0.72 �m, (e) 1.3 �m, (f) asymmetry heating 0.29 �m (5, 260 ◦C), and (g)

ear line. Fig. 10 (R2 = 0.98) showed the Wilson plots for symmetric
(0.29 �m) and asymmetric (0.25 �m) PTFE membranes contactors
with 0.03 M MEA + 0.03 M AMP + 0.015 M PZ solution. The high R2

indicates the correctness of this method. From the intercepts b
(b = 1/EkL + 1/km(RT/He)) in Fig. 10 (i.e. the value of 1/KL when X = 0),
we can obtain the measured km if kL was known (calculated by Eq.
0.03 M MEA + 0.03 M AMP + 0.015 M PZ

PTFE membrane km × 104 (m/s) ˛ × 103

Symmetric (0.29�m) 1.5 3.72
Asymmetric (0.25 �m) (5, 300 ◦C) 3.0 0.73
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Fig. 5. SEM images of symmetric and asymmetric heated membrane surface (a) 0.29 �m (cooling side), (b) 0.27 �m (facing 260 ◦C side), (c) 0.25 �m (facing 300 ◦C side), and
(d) 0.22 �m (facing 340 ◦C side).

Fig. 6. SEM image of cross-section of asymmetric heated membrane (5, 340 ◦C).

Fig. 7. CO2 recovery using various pore-size PTFE membranes with 0.03 M
MEA + 0.03 M AMP + 0.015 M PZ solution at QG = 200 cm3/min.

Fig. 8. CO2 recovery at various liquid flow rates using different PTFE membranes.

Fig. 9. CO2 recovery at various gas flow rates using symmetric PTFE membranes.
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Fig. 10. The Wilson-Plot of 1/KL vs. X (0.03 M MEA + 0.03 M AMP + 0.015 M PZ solu-
tion, QL = 200 cm3/min).

Table 4
Fractional resistance of each step in the membrane contactor.

QG (cm3/min) 100 150 200 250 300

Asymmetric membrane (5, 300 ◦C) 0.25 �m
�L (%) 48.1 50.7 52.3 53.7 54.7
�M (%) 28.0 29.5 30.6 31.3 31.9
�G (%) 23.8 19.7 17.0 14.9 13.4

Symmetric membrane (5, 5◦C) 0.29 �m
�L (%) 37.6 39.2 40.2 40.9 41.5

Q
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t
i
a
p
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b
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f
t
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fi
t
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[

�M (%) 43.8 45.6 46.8 47.6 48.3
�G (%) 18.5 15.1 12.9 11.3 10.1

L = 200 cm/min, E = 20, He = 3630 kPa m/kmol.

lls into the membrane pore, which makes a high mass transfer
oefficient km. It is because that the mass transfer rate of CO2 is
uch higher in gas phase than that in liquid phase. In our case,

he smaller pore-size membrane has a lower wetting ratio under
dentical conditions, which leaded the higher CO2 recovery. So the
symmetric heating is an easily feasible method to enhance the
erformance of membrane in GAM technology.

.4. Analysis of resistance of mass transfer

To compare the mass transfer resistances in the flat-plate mem-
rane contactor, we express the overall resistance as 1/KL, as in Eq.
2). The fractional resistance of each step in the overall process can
e calculated, for example, �M in the hollow fiber module, by Eq.
13):

M = RM

RG + RM + RL
. (13)

RM, RG, and RL represent the resistances of the membrane, the
as film, and the liquid film, respectively (the terms (1/km)(RT/He),
1/kg)(1/He), and 1/EkL). The fractional resistances calculated by
q. (13) for different gas flow rates for asymmetric and sym-
etric membranes are shown in Table 4. Comparison of these

actional resistances shows the rate-controlling steps. In our cases,
he gas film resistance never dominates in the ranges studied.
he membrane resistance is only important when using a sym-
etric membrane. Instead, the diffusion resistance of the liquid

lm always dominated in our systems. The diffusion resistance of

he liquid film increased with increasing gas flow rates. Compari-
on of membrane resistance of those membranes, the membrane
esistance of the asymmetric membrane is smaller than that of sym-
etric membrane. It is due to that the asymmetric membrane has
smaller wetting ratio than the symmetric membrane. The high

[

[
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diffusion resistance in the liquid film was noted by Rangwala [2].
He investigated the CO2 absorption rate using a PP hollow fiber
membrane contactor (X-10). In an air–CO2–aq. DEA (0.5 M) system,
Rangwala found the fractional resistance of the membrane and the
liquid phase to be 20% and 46.2%, respectively.

5. Conclusions

Gas absorption processes for removing CO2 in various
hydrophobic flat-plate PTFE membrane contactors were investi-
gated. CO2 recovery increases with increasing liquid flow rates.
The blended alkanolamines absorbent has a synergistic effect
on CO2 recovery (0.03 M MEA + 0.03 M AMP + 0.015 M PZ > 0.06 M
MEA + 0.015 M PZ = 0.06 M AMP + 0.015 M PZ). A PTFE membrane
formed in a low stretching rate and high stretching frequency
would lead a narrow pore size distribution and high membrane
porosity. The pore size distribution of membrane would be nar-
rowed by asymmetric heating. The CO2 recovery is enhanced via
asymmetric heating treatment. For an asymmetric membrane, the
smaller pore-size surface of membrane contacting the liquid phase
reduces the level of wetting for the GAM process. The PTFE mem-
brane with asymmetric heating increases not only the membrane
mass transfer coefficient but also provided high stability because of
its high Pc. It is thus feasible to improve the performance of the gas
absorption membrane (GAM) via asymmetric heating treatment.
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