
Journal of Membrane Science 279 (2006) 301–310

Modeling and experimental study of CO2 absorption in a
hollow fiber membrane contactor

Hong-Yan Zhang a, Rong Wang b,∗, David Tee Liang b, Joo Hwa Tay a,b

a School of Civil and Environmental Engineering, Nanyang Technological University, Singapore 639798, Singapore
b Institute of Environmental Science & Engineering, Nanyang Technological University, Innovation Center (NTU), Block 2,

Unit 237, 18 Nanyang Drive, Singapore 637723, Singapore

Received 17 August 2005; received in revised form 29 November 2005; accepted 10 December 2005
Available online 19 January 2006

Abstract

In order to gain a better understanding of CO2 absorption in a hollow fiber membrane contactor, theoretical simulations have been performed to
describe CO2 capture by distilled water and aqueous diethanolamine (DEA) solutions. The studies were focused on gas phase behaviors by taking
the distributions of gas concentration and gas velocity along the flowing direction into account. The corresponding experiments were also carried
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ut in a Celgard MiniModule to verify the simulated results.
In the case of physical absorption, both simulation and experimental results indicate that CO2 flux increases with the liquid velocity, while

he inlet gas velocity has no significant effect on CO2 flux. The mass transfer resistance mainly exists on the liquid side. In the case of chemical
bsorption, the CO2 flux is significantly influenced by the inlet gas velocity while the liquid velocity has a limited effect. The analyses of CO2

oncentration profiles in the gas and liquid phases as well as DEA concentration profile in the liquid phase reveal that CO2 concentration in the
as phase serves as the rate-determining factor for the reaction between CO2 and DEA. The significant CO2 loss in the gas phase results in an
nteresting DEA concentration profile near the liquid–gas interface. There exists an effective module length Leff, which suggests that increasing
he module length is not a useful approach to enhance CO2 absorption when the module length is longer than Leff.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Carbon dioxide (CO2) has been considered to be a main con-
ributor to the global warming. More than one-third of CO2
missions come from the combustion of fossil fuels in power
lants worldwide [1]. Since we have to rely on fossil fuels to
ustain economic growth besides achieving compliance with the
yoto agreement, CO2 capture from various gas streams, partic-
larly from flue gas, has attracted extensive attentions. Among
arious techniques for CO2 capture, the process of membrane
ontactor integrated with chemical absorption has become one
f research focuses for decades because of its advantages over
he traditional gas absorption processes, such as independent
iquid and gas flow rate manipulation, much larger gas–liquid
nterfaces and the flexibility to scale up or down [2–16].

∗ Corresponding author. Tel.: +65 6794 3764; fax: +65 6792 1291.
E-mail address: rwang@ntu.edu.sg (R. Wang).

In order to understand the process of CO2 capture in the mem-
brane contactor, many theoretical and experimental studies have
been conducted to investigate the effects of various factors on the
separation efficiency of the system. Usually, physical absorption
was studied as a starting point. In the work of Kreulen et al. [8],
a mass transfer model based on the diffusion theory was devel-
oped for the liquid phase, and Graetz–Leveque equation was
employed by assuming that the mass transfer in a hollow fiber is
analogous to the heat transfer in a laminar flow through a circular
duct. The effects of the fiber diameter, liquid viscosity and liquid
velocity on the mass transfer were evaluated. Recently, Dindore
et al. [17] developed a physical absorption model for cross flow
modules by describing the gas flow with a mixing-cell model
and the liquid flow with diffusion differential equations. They
found that even for the physical absorption, the CO2 concentra-
tion distribution in the gas phase has a considerable influence
on the CO2 flux in the case of high CO2 removal.

Chemical absorption, which can find many practical appli-
cations, was also widely studied by different research groups.

376-7388/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Kreulen et al. [9] established a model to describe CO2 absorption
by a hydroxide solution. By assuming constant gas concentra-
tion, they simulated the local CO2 flux and local enhancement
effect as a function of the fiber length. However, as for the effect
of liquid or gas velocity on the CO2 flux, no theoretical results
were given to compare with the experimental data. Lee et al.
[18], Kumar et al. [19], Yeon et al. [20] and Wang et al. [21]
also built up similar models for CO2 removal by amine solu-
tions or hydroxide solutions with the assumption of constant
CO2 concentration in the gas phase or using pure CO2. Since
the CO2 concentration in the gas phase was assumed to remain
unchanged in the contactor, the effect of gas phase on the CO2
absorption was not well understood. Efforts to understand the
effects of gas behavior on the mass transfer are on going. Dif-
ferent from above cases, Karoor et al. developed a differential
model for both liquid and gas phases. However, the mass trans-
fer could not be well predicted by the model for the system of
CO2/N2 mixture [7,22]. Hoff et al. [23] assumed the gas phase
as a plug flow in the simulation. Probably because of low CO2
concentration in the gas phase, the gas flow rate was not found
to have an obvious effect on the mass transfer coefficient, which
is different from the results presented by Kreulen et al. [9]. In
summary, despite many efforts taken to develop various models,
the gas phase behavior in the chemical absorption has not been
given much attention in the most of process simulations.

In this paper, a numerical simulation was performed to
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Table 1
Kinetic parameters of reaction between CO2 and DEA at 298 K

DEA concentration (mol m−3) 150–2500

k2 (m3 mol−1 s−1) 2.375

k2kH2O

k−1
(m6 mol−2 s−1) 2.20E-06

k2kDEA
k−1

(m6 mol−2 s−1) 4.37E-04

Reference [31]

was derived as [27–31]:

rA= [DEA][CO2]
1
k2

+ 1
(k2kH2O/k−1)[H2O]+(k2kOH−1/k−1)[OH−1]+(k2kDEA/k−1)[DEA]

(3)

where the effect of hydroxyl ion (OH−1) can be neglected with-
out causing a substantial loss of accuracy [27] and the kinetic
parameters are listed in Table 1.

2.2. Model development

A numerical model was developed to describe CO2 capture
from the mixture of CO2/N2 by distilled water or an aque-
ous DEA solution. As shown in Fig. 1, there are three mass
transfer regions for CO2 absorption in a membrane contactor:
mass transfer in the liquid phase, mass transfer in the gas phase
and mass transfer through the membrane. The liquid absorbent
was assumed to flow in the lumen of the membrane while the
gas mixture of CO2/N2 with 20/80 volume ratio flows in the
shell side co-currently. Since the fiber length is not very long,
the co-current flow arrangement can simplify the calculation
tremendously. Following assumptions have been adopted: (1) a
steady state and isothermal condition have been achieved; (2) the
axial diffusion is negligible; (3) a fully developed parabolic liq-
u
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escribe both physical and chemical absorptions of CO2 from
O2/N2 mixture using distilled water and a 2 M aqueous
iethanolamine (DEA) solution as the absorbent, respectively.
he study was focused on the gas phase behavior where the
istributions of gas concentration and gas velocity along the
ow direction were taken into account in the modeling. The
orresponding experiments were also carried out in a Celgard
iniModule to verify simulated results.

. Theory

.1. Reaction mechanism

Zwitterion mechanism has been commonly accepted as the
eaction mechanism between CO2 and primary or secondary
mines. Originally proposed by Caplow [24] and reintroduced
y Danckwerts [25], the mechanism can be represented as two
teps as follows [24,25]:

O2 + R1R2NH
k2�
k−1

R1R2NH+COO− (1)

1R2NH+COO− + B
kb−→R1R2NCOO− + BH+ (2)

n the first step, CO2 reacts with DEA to form zwitterions, which
re deprotonated by the bases denoted as B in the solution in the
econd step. In the aqueous DEA solution, the bases are DEA,
ater and hydroxyl ion [26].
Based on the assumption of quasi-steady-state condition for

he zwitterions concentration, the rate of CO2 reaction with DEA
id velocity profile is presented within the lumen of the hollow
ber; (4) ideal gas behavior is valid for gas phase; (5) Henry’s

aw is applicable.

ig. 1. Mass transfer regions in hydrophobic membrane contactors for CO2

bsorption.
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Table 2
Physical properties of CO2 in water and 2 M aqueous DEA solution

Absorbent Component Solubility (mol/mol) Diffusivity (m2/s) Viscosity (Pa s)

Water CO2 0.833 1.92E-9 8.90E-4
2 M aqueous DEA solution CO2 0.765 1.047E-9 1.90E-3

DEA – 4.967E-10

2.2.1. Mass transfer in the liquid phase
Based on above assumptions, the conservation equation for

the mass transfer in the liquid phase can be derived as

vz

∂CA

∂z
= DA

∂2CA

∂r2 + DA

r

∂CA

∂r
− rA (4)

vz

∂CB

∂z
= DB

∂2CB

∂r2 + DB

r

∂CB

∂r
− rB (5)

where the subscripts of A and B denote CO2 and DEA, respec-
tively. The liquid axial velocity profile is given as

vz = 2UL

[
1 −

( r

R

)2
]

(6)

The initial and boundary conditions are

z = 0, CA = 0, CB = CB0 (7)

r = 0,
∂CA

∂r
= 0,

∂CB

∂r
= 0 (8)

r = Ri, CA = HCAM,Ri ,
∂CB

∂r
= 0 (9)

where a symmetry in the radial direction of hollow fibers and
non-volatile DEA are assumed. The Henry’s law is applied to
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Fig. 2. Schematic diagram of the liquid and gas flow in a hollow fiber.

Under the operation pressure (normal pressure), the ideal gas
law is applied to the gas phase:

P

RT
�UGAG = �nAG (12)

Combining Eqs. (11) and (12), the CO2 removal rate in the seg-
ment can be derived as

�nAG = �CAGUGAG

1 − RT
P

�CAG − RT
P

CAG
(13)
onnect CO2 interfacial concentrations in the liquid and mem-
rane phase. The physical properties (solubility and diffusivity)
f CO2 in water and 2 M aqueous DEA solutions are listed in
able 2, which were cited or calculated with the methods intro-
uced in the reference [32].

.2.2. Mass transfer in the gas phase
The gas flow in the shell side of the membrane contactor can

e configured as fluid envelope around the fiber (Fig. 2) and
here is no interaction between fibers. The dimension of the free
urface can be estimated by Happel’s free surface model [33]:

e =
(

1

1 − ε′

)1/2

R0 (10)

onsidering that the CO2 diffusivity in gas phase is much higher
han that in liquid phase [34], it is reasonable to assume the
as flow as plug flow, which implies that the gas velocity and
oncentration distributions in the radial direction can be ignored
n the shell side. For a segment with a length of �z in the axial
irection (Fig. 3), the mass balance can be written as

nAG = CAG�UGAG + �CAGUGAG + �CAG�UGAG

(11)
 Fig. 3. Schematic diagram of mass transfer in gas phase.



304 H.-Y. Zhang et al. / Journal of Membrane Science 279 (2006) 301–310

Fig. 4. Computation flow chart.

2.2.3. Mass transfer in the membrane phase
In the membrane phase, the mass transfer rate in a segment

with a length of �z can be expressed by

�nAM = εDG

τ

CAG,av − CAM,Ri

R0 − R
2πR �z (14)

where �nAM is equal to �nAG based on mass conservation.

2.3. Numerical scheme

Along the axial direction, the fiber was divided into many
small segments with an equivalent length of �z. In each segment,
a set of partial differential equations (Eqs. (4)–(9)) was used to
describe the mass transfer in liquid phase while Eqs. (13) and
(14) were employed to describe the mass transfer in the gas
phase and membrane phase, respectively. In order to reduce the
partial differential equations to ordinary differential equations, a

method of line (MOL) [7,9,35] was applied and the discretization
was carried out in the radial direction.

By giving a guessed value of the gas phase CO2 concentra-
tion at the outlet of the first segment, �nAG and CAM,R were
calculated via Eqs. (13) and (14). Then the ordinary differential
equations can be solved with their initial and boundary condi-
tions which contained CAM,R using MATLAB. After obtaining
the concentration profiles of CO2 and DEA at the inlet and
outlet of the segment, the CO2 mass transfer rate �nAL in the
liquid phase can be calculated by integrating the CO2 concentra-
tion along the radial direction. Since CO2 loss in the gas phase
(�nAG) should be equal to the gain in the liquid phase (�nAL),
the initially guessed value of the gas phase CO2 concentration at
the outlet of the first segment was adjusted until the difference
between �nAG and �nAL was acceptable. Similar procedures
were taken to calculate the following segments. The algorithm
is given schematically in Fig. 4.
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Table 3
Specifications of the membrane contactor used

Module length (mm) 188
Fiber o.d. (�m) 300
Fiber i.d. (�m) 220
Fiber length (mm) 113
Number of fibers 1100
Pore size (�m) 0.04
Porosity 0.40
Contact area (m2) 0.09

3. Experimental

A Celgard microporous hollow fiber MiniModule® 0.75 × 5,
which was kindly provided by Celgard Inc., was used as a contac-
tor in this study. The hollow fibers in the module were X-50 type
and made of polypropylene. The characteristics of the membrane
contactor are listed in Table 3. A 99.5% grade DEA purchased
from Merck was dissolved in distilled water to prepare aqueous
2 M solutions.

The experimental setup is schematically presented in Fig. 5.
CO2/N2 mixture with a volume ratio of 20/80 was used as the
feed gas while the N2 saturated distilled water or aqueous 2 M
DEA solution was used as the absorbent. In this study, the gas
always passed through the shell side and the liquid flowed co-
currently through the lumen side of the hollow fibers.

In a typical experiment, the feed gases were introduced into
the system from compressed gas cylinders and the flow rates
were adjusted by mass flow controllers (Brooks Instrument MFC
5850). The gas pressures were indicated by the pressure gauges
at the shell inlet and outlet. The gas volume flow rates at the
inlet and the outlet were measured by a digital bubble meter.

The compositions of the inlet and the outlet gas streams were
analyzed using a Varian Micro GC continuously.

A digital variable flow gear pump (Tuthill) was used to con-
trol the liquid flow and pumped the liquid into the lumen side
of hollow fibers from a 10 l container. The pressures at the inlet
and the outlet of the lumen side were recorded. The liquid flow
rate was also checked at the outlet at regular intervals. The CO2
concentration of the outlet liquid was measured by a CO2 elec-
trode (Thermo Orion model 95-02) to verify the mass balance
via the gas analysis. The measurement range of the electrode
was 4.4–440 ppm CO2 with a maximum error of ±2%.

For each run of experiment, the system was operated for at
least half an hour to ensure that a steady state has been achieved
before any data collection. All the experiments were conducted
at the room temperature of 25 ◦C.

4. Results and discussion

4.1. CO2 absorption with water

The physical absorption of CO2 from CO2/N2 (20/80 in
volume ratio) mixture was simulated by neglecting the reaction
rates: rA and rB in Eqs. (4) and (5). As shown in Fig. 6, the
calculated CO2 flux (JCO2 ) increases with the liquid velocity
(UL), which is in good agreement with experimental data (the
d
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Fig. 5. Experimental setup of CO
eviation is less than 8%). In contrast, the inlet gas velocity
as no significant effect on JCO2 . It implies that in the case
f physical absorption, the mass transfer resistance mainly
xists on the liquid side. To further understand it, the CO2
oncentration profiles in the liquid phase at three different
iquid velocities are presented in Fig. 7. From this figure it can
e seen that the higher the liquid velocity, the lower the CO2

rption in a membrane contactor.



306 H.-Y. Zhang et al. / Journal of Membrane Science 279 (2006) 301–310

Fig. 6. Effect of the liquid velocity on CO2 flux at different inlet gas velocities
(feed gas: 20/80 CO2/N2 mixture; absorbent: distilled water).

concentration profile is. This is because when distilled water
is supplied at a higher speed, the consumed distilled water is
replaced by more fresh water, resulting in a lower average CO2
concentration in the liquid phase. Thus, the driving force for
CO2 transfer is increased, leading to a higher CO2 flux.

4.2. CO2 absorption with 2 M aqueous DEA solutions

In the case of 2 M aqueous DEA solutions being used as
the absorbent, the CO2 absorption from the CO2/N2 mixture
is enhanced by the chemical reaction. Figs. 8 and 9 show the
axial gas CO2 concentration and gas velocity distributions for
both chemical and physical absorptions, respectively. It can be
seen that at the same operating conditions, the gas CO2 concen-
tration and gas velocity in the chemical absorption drop about
90% and 20% each throughout the fiber, which are much higher
than 20% and 5% of the counterparts in the physical absorp-
tion. It demonstrates that chemical absorption is more effective
to remove CO2.

The effect of liquid velocity on CO2 flux is presented in
Fig. 10. As shown in this figure, experimental data match the
simulation results quite well. It was also noticed that the CO2
flux (JCO2 ) changes with the liquid velocity (UL) in a way dif-

F
0

Fig. 8. CO2 concentration distribution along the fiber in the gas phase (feed
gas: 20/80 CO2/N2 mixture; absorbent: 2 M aqueous DEA and distilled water,
UL = 0.15 m/s, UG,in = 0.073 m/s).

Fig. 9. Gas velocity distribution along the fiber (feed gas: 20/80 CO2/N2

mixture; absorbent: 2 M aqueous DEA and distilled water, UL = 0.15 m/s,
UG,in = 0.073 m/s).

Fig. 10. Effect of the liquid velocity on CO2 flux at inlet gas velocity of 0.041 m/s
(feed gas: 20/80 CO2/N2 mixture; absorbent: 2 M aqueous DEA solution).
ig. 7. CO2 concentration profile in the liquid phase at liquid velocities of 0.20,
.30 and 0.60 m/s (feed gas: 20/80 CO2/N2 mixture; absorbent: distilled water).
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Fig. 11. Effect of the gas velocity on CO2 flux at liquid velocity of 0.15 m/s
(feed gas: 20/80 CO2/N2 mixture; absorbent: 2 M aqueous DEA solution).

ferent from that of physical absorption. In the regime of very
low liquid velocity (UL < 0.05 m/s), the CO2 absorption flux
increases with the liquid velocity. This is probably due to the sig-
nificant depletion of active amines in the solution. With a further
increase of the liquid velocity, the supply of the active amines
is accelerated and the depletion could be mitigated effectively.
Thus in the regime where the liquid velocity is relatively high
(UL > 0.1 m/s), the CO2 flux is almost not affected by the liquid
velocity. From the viewpoint of applications, the high velocity
regime is ideally suitable for the operation of membrane contac-
tors and therefore, our subsequent studies were focused on this
regime.

The impact of inlet gas velocity (UG,in) on the CO2 flux (JCO2 )
is depicted in Fig. 11. Modeling results predict that the increase
of gas velocity could effectively enhance the CO2 mass transfer,
which is confirmed by experiments. To gain an insight into this
observation, the CO2 concentration profiles in the gas and liquid
phases as well as DEA concentration profiles were examined,
as the CO2 mass transfer is influenced not only by the gas phase
CO2 concentration but also by the liquid phase DEA concentra-
tion [9,14,20].

Fig. 12 shows gas phase CO2 concentration profiles in the
axial direction at different inlet gas velocities. It can be seen
that CO2 concentration decreases considerably from the inlet to
the outlet of the membrane module. However, when more CO2
is introduced into the module, the depletion of CO is slowed
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Fig. 12. Gas phase CO2 concentration distribution in the axial direction at dif-
ferent inlet gas velocities (feed gas: 20/80 CO2/N2 mixture; absorbent: 2 M
aqueous DEA, UL = 0.15 m/s).

Fig. 13. Liquid phase CO2 concentration profile in radial direction (feed
gas: 20/80 CO2/N2 mixture; absorbent: 2 M aqueous DEA, UL = 0.15 m/s,
UG,in = 0.073 m/s).

Fig. 14. Liquid phase DEA concentration profile in the lumen of a hollow fiber
(feed gas: 20/80 CO2/N2 mixture; absorbent: 2 M aqueous DEA, UL = 0.15 m/s,
UG,in = 0.073 m/s).
2
own. As a result, the higher the inlet gas velocity, the greater
he average CO2 concentration in the gas phase throughout the
odule. As for the CO2 concentration in the liquid phase, there

s a steep drop near the liquid–gas interface at the membrane wall
r/R → 1) while it is almost zero in the rest of the liquid phase,
s illustrated in Fig. 13. It indicates that most of amine solutions
re still intact in the liquid phase, which is confirmed by the
EA concentration profile shown in Fig. 14. Although the DEA

oncentration drops significantly near the membrane wall in the
nlet regime, the overall depletion rate of DEA is much smaller
han that of CO2 in the gas phase as shown in Fig. 12. As such, the
EA concentration can be considered almost unchanged except
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Fig. 15. Liquid phase DEA concentration profile with constant CO2 concen-
tration in gas phase (feed gas: 20/80 CO2/N2 mixture; absorbent: 2 M aqueous
DEA, UL = 0.15 m/s, UG,in = 0.073 m/s).

in the area adjacent to the liquid–gas interface in the inlet regime.
It implies that DEA has sufficient capacity to absorb CO2. There-
fore, it is reasonable to assume that the reaction between CO2
and DEA is pseudo first order and the CO2 concentration in
the gas phase serves as the rate-determining factor. This also
explains why the effect of increasing liquid velocity on CO2
flux is limited. Similar conclusion was also drawn in literature
[9]. Since a higher inlet gas velocity makes a higher average
CO2 concentration in the gas phase, a higher CO2 flux is thus
anticipated.

From Fig. 14, it was also noticed that there exists a concen-
tration valley near the membrane wall in the inlet regime, where
the DEA concentration decreases tremendously then increases
along the rest of the module. In contrast, in the area far away from
the liquid–gas interface, the DEA concentration only slightly
decreases along the axial position. This is believed to be caused
by the strong chemical reaction between DEA and CO2 in the
near-wall inlet regime, where both DEA and CO2 have high-
est initial concentrations. Due to the significant CO2 loss in the
gas phase, the reaction rate tends to decrease greatly in the fol-
lowing area which in turn resulted in much less consumption
of DEA. Meanwhile, in the radial direction, the DEA diffusion
towards the interface also facilitates the recovery of DEA loss.
Consequently, the DEA concentration shows a trend of gradual
increase after initial decrease in the first several segments.

To confirm that such a DEA concentration profile is mainly
r
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Fig. 16. The percentage of absorbed CO2 over total absorbed CO2 at different
axial positions (feed gas: 20/80 CO2/N2 mixture; absorbent: 2 M aqueous DEA,
UL = 0.15 m/s).

at different inlet gas velocities. From Fig. 16, it was interest-
ing to find out that the CO2 absorption is mainly conducted
in the front segments near the inlet. For example, when UG,in
is 0.032 m/s, CO2 is mainly absorbed in the segments up till
z/L = 0.6 while the CO2 absorption is negligible in the rest seg-
ments. Therefore, there exists an effective length Leff to reflect
this observation. Nevertheless, the effective length varies with
the gas inlet velocity as shown in Fig. 16. Although increasing
the gas velocity can increase the effective length, approximately
20% of the total segments have little absorption capacity under
current conditions. This reminds us that increasing the length of
the membrane module is not an effective approach to enhance
CO2 absorption when the membrane module is longer than Leff.

5. Conclusion

Theoretical modeling and experiments have been performed
to study the physical and chemical absorptions of CO2 using
distilled water and 2 M aqueous DEA solutions as the absorbent,
respectively. All the experiments were carried out in a Celgard
MiniModule membrane contactor.

In the case of physical absorption, both simulation and exper-
imental results indicate that CO2 flux increased with the liquid
velocity, while the inlet gas velocity has no significant influence
on CO2 flux. The mass transfer resistance mainly exists on the
l
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esulted from significant CO2 loss in the gas phase, a compara-
ive simulation test was performed where the CO2 concentration
hange in the gas phase is ignored. As presented in Fig. 15,
he DEA concentration decreases monotonically along the axial
irection in the area adjacent to the liquid–gas interface where
constant CO2 concentration is assumed throughout the fiber.

According to Fig. 12, the CO2 concentration decreases grad-
ally along the membrane module. Thus, the fiber was divided
qually into 20 segments to calculate the percentage of the
bsorbed CO2 in each segment over the total absorbed amount
iquid side.
The CO2 absorption has been enhanced greatly in a 2 M DEA

queous solution. The CO2 flux is influenced significantly by the
as velocity while the liquid velocity has a limited effect on the
O2 transfer. The analyses of the CO2 concentration profiles in

he gas and liquid phases as well as the DEA concentration pro-
le indicate that the CO2 concentration in the gas phase serves
s the rate-determining factor for the reaction between CO2 and
EA. The significant drop of CO2 concentration in the inlet

egime also results in an interesting DEA concentration profile
ear the liquid–gas interface. There exists an effective module
ength Leff, which suggests that increasing the module length



H.-Y. Zhang et al. / Journal of Membrane Science 279 (2006) 301–310 309

is not a useful approach to enhance CO2 absorption when the
module length is longer than Leff.
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Nomenclature

AG cross sectional area for gas flow in a mass transfer
segment (m2)

CA concentration of carbon dioxide in liquid phase
(mol m−3)

CAG concentration of carbon dioxide in gas phase
(mol m−3)

CAM concentration of carbon dioxide in membrane
phase (mol m−3)

CAM,Ri concentration of carbon dioxide at Ri position in
membrane phase (mol m−3)

CB concentration of DEA in liquid phase (mol m−3)
CB0 concentration of DEA in liquid phase at inlet

(mol m−3)

Greek letters
ε membrane porosity
ε′ shell-side void volume fraction of a hollow fiber

module
τ tortuosity of membrane pores

Subscripts
A carbon dioxide
av average
B diethanolamine
G gas phase
in inlet
L liquid phase
M membrane phase
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