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Chemical absorption of carbon dioxide was studied theoretically using hollow-fiber mem-
brane contactors in this work. A 2D mathematical model was developed to study CO2 trans-
port through hollow-fiber membrane contactors. The model considers axial and radial
diffusion in the membrane contactor. It also considers convection in the tube and shell side
with chemical reaction. The finite element method (FEM) was used to solve the model
equations. Modeling predictions were validated with the experimental data obtained from
literature for CO2 absorption in amine aqueous solutions as solvent. The modeling predic-
tions were in good agreement with the experimental data for different values of gas and
liquid velocities. The liquid solvents considered for this study include aqueous solutions
of monoethanolamine (MEA), diethanolamine (DEA), N-methyldiethanolamine (MDEA),
2-amino-2-methyl-1-propanol (AMP) and potassium carbonate (K2CO3). The simulation
results indicated that amine aqueous solutions were better than K2CO3 aqueous solution
for CO2 absorption. Also simulation results revealed that the removal of CO2 with aqueous
solution of MEA was the highest among the amines solvents. The hollow-fiber membrane
contactors showed a great potential in the area of CO2 absorption.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Expansion of industrial activities has resulted the amount of greenhouse gases to increase in the atmosphere. This has
caused the global warming, which in turn has resulted in serious environmental problems [1]. It is reported that half of
the CO2 emissions are mostly generated by industry and power plants using fossil fuels. Carbon dioxide which is emitted
from fossil fuel, natural and refinery off gases and many other sources is representing about 80% of greenhouse gases
[2,3]. From the global environmental perspective, it is important to separate CO2 from gas mixtures to avert the threat of
global warming, thereby attaining the carbon emission reduction targets set out by the Kyoto Agreement. Meanwhile, the
CO2 concentrations are about 3–5% in gas-fired power plants and 13–15% in coal plants [3].

Current carbon dioxide separation processes are based on physical and chemical processes including, absorption, adsorp-
tion, cryogenic and membrane technologies [3,4]. The separation of CO2 through ordinary processes experiences a number of
shortcomings such as channeling, flooding, entraining, foaming, and also high capital and operating costs. Therefore, many
researchers have studied the possibilities of enhancing the efficiency of these processes to reduce the effect of their problems
[3].
. All rights reserved.
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Nomenclature

A cross section of shell (m2)
C0 inlet CO2 concentration (mol/m3)
C concentration (mol/m3)
CCO2-membrane CO2 concentration in the membrane (mol/m3)
CCO2-shell CO2 concentration in the shell (mol/m3)
CCO2-tube CO2 concentration in the tube (mol/m3)
Ci concentration of any species (mol/m3)
Ci-tube concentration of any species in the tube (m2/s)
Cin absorbent concentration at the inlet (mol/m3)
Cinlet inlet concentration of CO2 in the shell (mol/m3)
Coutlet outlet concentration of CO2 in the shell (mol/m3)
D diffusion coefficient (m2/s)
DCO2-membrane diffusion coefficient of CO2 in the membrane (m2/s)
DCO2-tube diffusion coefficient of CO2 in the tube (m2/s)
Di-tube diffusion coefficient of any species in the tube (m2/s)
Ji diffusive flux of any species (mol/m2.s)
k reaction rate coefficient of CO2 with absorbent (m3 /mol.s)
K equilibrium constant
L length of the fiber (m)
m physical solubility (–)
n number of fibers
P pressure (Pa)
Qin inlet gas flow rate (ml/min)
Qout outlet gas flow rate (ml/min)
r1 tube inner radius (m)
r2 tube outer radius (m)
r3 inner shell radius (m)
r radial coordinate (m)
R module inner radius (m)
Ri overall reaction rate of any species (mol/m3 s)
S gas–liquid interfacial area (m2)
t time (s)
T temperature (K)
Tl liquid temperature (K)
Tg gas temperature (K)
u average velocity (m/s)
Ug gas velocity (m/s)
Ul liquid velocity (m/s)
V velocity in the module (m/s)
Vz-shell z-velocity in the shell (m/s)
Vz-tube z-velocity in the tube (m/s)
z axial coordinate (m)
Z ionic charge (–)

Greek symbols
m volumetric flow rate of gas phase (m3/s)
/ module volume fraction
g CO2 removal efficiency
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Recently, new processes using gas–liquid membrane contactors as gas absorption devices have been a subject of great
interest. In these processes, the membrane contactor mainly acts as a physical barrier between two phases (gas and liquid)
without significant effect in selectivity. Among the different membrane geometries available for this type of process, hollow-
fiber membrane contactors (HFMCs) have a place of choice because they have a very high surface/volume ratio. These de-
vices offer a great number of advantages upon other classical gas absorption devices such as dispersion columns [4]. The
interfacial mass transfer area is much higher and better controlled, whereas the hydrophilicity or hydrophobicity of the
membrane determines the position of the interface between the gas feed and the liquid absorbent. The greatest interest
of hollow-fiber membrane contactors is that they allow a dispersion free contact. In addition, the velocities of both phases
can be chosen independently, neither flooding nor unloading problems arise [4,5].
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Extensive researches about the hollow-fiber membrane contactors have been conducted since Qi and Cussler first studied
these devices [3,5]. Using polypropylene hollow-fiber membrane, Kreulen et al. [6] investigated the chemical absorption of
CO2 into water/glycerol liquid mixtures as absorbent. They studied the hollow-fiber membrane as gas–liquid contactors in
the case of both physical and chemical absorption. The separation of CO2 from offshore gas using HFMC was studied by Falk-
Pederson and Dannstrom [7], who optimized the process with respect to sizes, weight, and costs [3]. Many authors have
studied the use of HFMCs for absorption of CO2 in a hydroxide solution [8], the CO2 removal in membrane using amino acid
salts [9]. Qi and Cussler [5] studied development of a theory of the operation of HFMCs, and calculated mass transfer coef-
ficients in liquid phase. They also obtained the overall mass transfer coefficients, including resistances in both liquid and
membrane, and compared the performance of hollow fibers with that of packed towers [3].

Other authors [10] investigated the separation of CO2 and SO2 from CO2/N2 and SO2/air gas mixtures, using water as an
absorbent in a parallel module employing microporous polypropylene hollow fibers. A similar process has been recently
studied by Zhang et al. [11] for co-current gas–liquid contact in a parallel hollow-fiber module. In both studies, the authors
assumed negligible axial diffusion, which may not be a good assumption, especially for low gas velocities. Kim and Yang [12]
studied the separation of CO2/N2 mixtures using hollow-fiber membrane contactors theoretically and experimentally.
Although there was an agreement between the model predictions with experimental results, the authors assumed a linear
decrease of gas flow rate for the simulation purposes [3].

Thus, there is a need for a comprehensive mathematical model that can provide a general simulation of the chemical and
physical absorption in HFMCs. The main purpose of this study is to develop and solve a 2D mathematical model for absorp-
tion of CO2 in HFMCs. Axial and radial diffusion inside the shell, through the membrane, and within the tube side of the
membrane contactor is considered in the model equations. Convection in the shell and tube as well as chemical reaction
is also considered. The aim of the simulation is to predict the concentration of gas components in the membrane contactor.
The influence of various process parameters on the mass transfer of CO2 is investigated. Physical and chemical absorption for
‘‘non-wetted mode”, where the membrane pores are filled with the gas mixture, are considered in this work. Chemical
absorption is considered for absorption of CO2 in aqueous solutions of alkanolamines and potassium carbonate. The model
is then validated using experimental data obtained from literature for the absorption of CO2 in amine aqueous solutions.
2. Model developments

A comprehensive two-dimensional mathematical model was developed for the transport of carbon dioxide through hol-
low-fiber membrane contactors (HFMCs). In this work, the separation of CO2 from CO2/N2 gas mixture using amines and car-
bonate aqueous solutions as absorbents in a parallel flow hollow-fiber membrane contactor is studied. Fig. 1 shows this
membrane contactor. The model was based on ‘‘non-wetted mode” in which the gas mixture filled the membrane pores
for countercurrent gas–liquid contacts. The liquid absorbent flows from the tube side (Fluid #1), whereas the gas feed
(CO2 and N2) is fed to the shell side (Fluid #2) of membrane contactor. Laminar parabolic velocity distribution was used
for the liquid flow in the tube side; whereas, the gas flow in the shell side was characterized by Happel’s free surface model
[13]. Axial and radial diffusion inside the shell, through the membrane, and within the tube side of the membrane contactor
were considered in the model equations.
2.1. Model equations

A mass transfer model is developed for a segment of a hollow fiber, as shown in Fig. 2b. The gas mixture (CO2 and N2)
flows with a fully developed laminar velocity in the shell side and the liquid absorbent flows with laminar flow in the tube
side. Fig. 2c shows the cross sectional area of the hollow-fiber membrane contactor. Based on Happel’s free surface model
[13], only portion of fluid surrounding the fiber is considered and may be approximated as circular cross section. Therefore,
the hollow-fiber membrane contactor consists of three sections: tube side, membrane, and shell side. The steady state two-
dimensional mass balances are carried out for all three sections of membrane contactor. The gas mixture (CO2 and N2) is fed
Fig. 1. A parallel flow hollow-fiber membrane contactor [4].



Fig. 2. (a) Model domain, (b) a schematic diagram for hollow-fiber membrane contactor and (c) cross sectional area of the membrane contactor and circular
approximation of portion of the fluid surrounding the hollow fibers.
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to the shell side (at z = L), while the absorbent is passed through the tube side (at z = 0). CO2 is removed from the gas mixture
by diffusing through the membrane and then is absorbed in the liquid solvent.

The model is built considering the following assumptions:

(1) Steady state and isothermal conditions.
(2) Fully developed parabolic liquid velocity profile in the hollow fiber.
(3) Ideal gas behavior is imposed.
(4) The Henry’s law is applicable for gas–liquid interface.
(5) Laminar flow for gas and liquid flow in the contactor.
(6) Non-wetted mode in which the gas mixture filled the membrane pores.

2.1.1. Concentration equations for the shell side
The continuity equation for each species in a reactive absorption system can be expressed as [14]:
@Ci

@t
¼ �ðr � CiVÞ � ðr � JiÞ þ Ri; ð1Þ
where Ci, Ji, Ri, V and t are the concentration, diffusive flux, reaction rate of species i, velocity and time, respectively. Either
Fick’s law of diffusion or Maxwell–Stefan theory can be used for the determination of diffusive fluxes of species i [3].

The continuity equation for steady state for CO2 in the shell side of membrane contactor for cylindrical coordinate is ob-
tained using Fick’s law of diffusion for estimation of diffusive flux:
DCO2-shell
@2CCO2-shell

@r2 þ 1
r
@CCO2-shell

@r
þ @

2CCO2-shell

@z2

" #
¼ Vz-shell

@CCO2-shell

@z
: ð2Þ
It is suggested that Happel’s free surface model can be used to characterize the out hollow fibers velocity distribution [13].
Although the flow in the real hollow-fiber modules is not absolutely according with Happel’s model, Happel’s model has
been extensively used for the hollow-fiber membrane contactors. The laminar parabolic velocity distribution in the outside
of hollow fibers is [13]:
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Vz-shell ¼ 2u 1� r2

r3

� �2
" #

� ðr=r3Þ2 � ðr2=r3Þ2 þ 2 lnðr2=rÞ
3þ ðr2=r3Þ4 � 4ðr2=r3Þ2 þ 4 lnðr2=r3Þ

; ð3Þ
where u, r3, r2 represent the average velocity, radius of free surface (Fig. 2a) and fiber outer radius, respectively. r3 can be
defined as:
r3 ¼
1

1� /

� �1=2

r2; ð4Þ
in which / is the volume fraction of the void. It can be calculated as follows:
1� / ¼ nr2
2

R2 ; ð5Þ
where n is the number of fibers and R is the module inner radius.
Boundary conditions for shell side are given as:
at z ¼ L; CCO2-shell ¼ C0 ðInlet boundaryÞ; ð6Þ

at r ¼ r3;
@CO2-shell

@r
¼ 0 ðSymmetry boundaryÞ; ð7Þ

at r ¼ r2; CCO2-shell ¼ CCO2-membrane ðMicroporous membraneÞ: ð8Þ
2.1.2. Membrane equations
The steady-state continuity equation for the transport of CO2 inside the membrane, which is considered to be due to dif-

fusion alone, may be written as:
DCO2-membrane
@2CCO2-membrane

@r2 þ 1
r
@CCO2-membrane

@r
þ @

2CCO2-membrane

@z2

" #
¼ 0: ð9Þ
Boundary conditions are given as:
at r ¼ r2; CCO2-membrane ¼ CCO2-shell; ð10Þ
at r ¼ r1; CCO2-membrane ¼ CCO2-tube=m ðbase on Henry’s lawÞ; ð11Þ
where m is the solubility of CO2 in the solution.
2.1.3. Tube side equations
The steady-state continuity equation for the transport with chemical reaction of CO2 and absorbent in the tube side,

where CO2 is absorbed and reacts with the solvent may be written as:
Di-tube
@2Ci-tube

@r2 þ 1
r
@Ci-tube

@r
þ @

2Ci-tube

@z2

" #
¼ Vz-tube

@Ci-tube

@z
� Ri; ð12Þ
where i refer to CO2 or absorbent and Ri is reaction rate between CO2 and absorbent.
The velocity distribution in the tube is assumed to follow Newtonian laminar flow [14]:
Vz-tube ¼ 2u 1� r
r1

� �2
" #

; ð13Þ
where u is average velocity in the tube side.
Boundary conditions for tube side:
at z ¼ 0; CCO2-tube ¼ 0; Cabsorbent ¼ Cin ðInlet boundaryÞ; ð14Þ

at r ¼ r1; CCO2-tube ¼ m� CCO2-membrane;
@Cabsorbent-tube

@r
¼ 0 ðnon-wetted modeÞ; ð15Þ

at r ¼ 0;
@CCO2-tube

@r
¼ @Cabsorbent-tube

@r
¼ 0 ðSymmetryÞ: ð16Þ
2.2. Reaction rate of CO2 with amines

See Tables 1 and 2.



Table 1
Rate expression of amines.

Aqueous amine solution R(mol m�3 s�1) Reference

MEA and DEA kCCO2
CAmine

1þ1=ððkH2 OÞ=ðk�1ÞCH2 OÞþððkBÞ=ðk�1ÞCBÞ
[15,16]

MDEA and AMP kCCO2 CAmine [17,18]

Table 2
Kinetic parameters at 303 K.

Amine k (m3 mol�1 s1) kkH2 O/k�1 (m6 mol�2 s�1) kkB/k-1 (m6 mol�2 s�1) Reference

MEA 8.98 1.16 � 10�5 2.41 � 10�3 [15]
DEA 4.36 8.50 � 10�6 1.30 � 10�3 [16]
AMP 7.39 � 10�1 [17]
MDEA 8.40 � 10�3 [18]
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2.3. Reaction rate for CO2 absorption into K2CO3 aqueous solution

The reaction rate for CO2 absorption into carbonate solutions has been reported by Dindore et al. [19]. When the potas-
sium carbonate is dissolved in water it is ionized into the potassium ion (K+) and carbonate ion (CO2�

3 ) [19]. The bicarbonate
ion (HCO�3 ) and hydroxyl ion (OH�) are then generated by the inverse of reaction (18) in the following reaction scheme [19].
The various reactions taking place during the absorption of carbon dioxide into the aqueous potassium carbonate solution
are given below [19]
CO2 þ OH� $k1 HCO�3 ð17Þ

HCO�3 þ OH� $k2 CO2�
3 þH2O ð18Þ

2H2O$k3 H3Oþ þ OH� ð19Þ

CO2 þ 2H2O$k4 HCO�3 þH3Oþ ð20Þ
CO2 þ CO2�

3 þH2O$ 2HCO�3 ð21Þ
Reactions (17) and (20) are rate controlling reactions [20,21]. Reaction (17) is practically irreversible for the pH values great-
er than 10 [19]. Reaction (20) is much slower and only of importance in solutions with pH values less than 8 [22,23]. The
reactions (18) and (19) involve only proton transfer and can be considered as instantaneous so that they can be assumed
to be at equilibrium [19,20]. Reaction (21) is the overall reaction of carbon dioxide absorption in aqueous carbonate solution.
The corresponding equilibrium constants of the reactions are defined as follows [19]:
K1 ¼
½HCO�3 �
½CO2�½OH�� ; ð22Þ

K2 ¼
½CO2�

3 �
½HCO�3 �½OH�� ; ð23Þ

Kw ¼ ½H3Oþ�½OH��; ð24Þ

K4 ¼
½HCO�3 �½H3Oþ�
½CO2�

: ð25Þ
2.4. Physical and chemical properties

The distribution coefficient of CO2 in pure water was taken from Versteeg and Van Swaaij [24]:
Mw;CO2 ¼ 3:59� 10�7RT exp
2044

T

� �
: ð26Þ
The solubility of gas in aqueous electrolytic solutions was estimated using the method presented by Weisenberger and
Schumpe [25]. The distribution coefficient for CO2 in aqueous solution of potassium carbonate was determined using Eqs.
(26) and (27)
log
mw;G

mG

� �
¼ ð0:0959þ hGÞ½Kþ� þ ð0:0839þ hGÞ½OH�� þ ð0:0967þ hGÞ½HCOþ3 � þ ð0:1423þ hGÞ½CO2�

3 �; ð27Þ
where the ionic concentrations are in kmol m�3. hG is the gas specific constant and is given for CO2 in following equation:
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hG ¼ �0:0172� 3:38� 10�4 ðT � 298:15Þ: ð28Þ
The diffusivity of CO2 in pure water, Dw;CO2 was taken from Versteeg and Van Swaaij [24]
Dw;CO2 ¼ 2:35� 10�6 exp
�2119

T

� �
ð29Þ
The diffusion coefficients of gases into aqueous electrolyte solutions were estimated by the method suggested by Ratcliff and
Holdcroft [26]
D
Dw
¼ 1� ð0:154½K2CO3� þ 0:0723½KHCO3�Þ; ð30Þ
where concentrations are in kmol m�3.
An expression for the forward rate constant, k1, as a function co-electrolytes concentration was presented by Pohorecki

and Moniuk [27]
log
k1

k11
¼ 0:22ð0:5½Kþ�Z2

Kþ Þ þ 0:22ð0:5½OH��Z2
OH� Þ þ 0:085ð0:5½CO2�

3 �Z
2
CO�2

3
Þ; ð31Þ
where k11 (m3 kmol�1 s�1) is the rate constant for infinitely dilute solution.
log k11 ¼ 11:916� 2382
T

: ð32Þ
The effect of HCO�3 on the value of k1 has not been reported, hence its influence on the forward rate constants was neglected.
Since the reactions (18) and (19) involve only proton transfer and can be considered as instantaneous, these reactions

were assumed to be at equilibrium.
The reaction rate constant of the reaction of water with carbon dioxide, k4, as a function of temperature is given by Shar-

ma and Danckwerts [22]. The reaction is first order with respect to the concentration of the carbon dioxide
K4 ¼ 329:850� 110:54 log T � 17265:4
T

: ð33Þ
The equilibrium constant of the reaction (17), K1 (m3 kmol�1), can be determined by the combination of the equilibrium for
reaction (20) and reaction (19). The equilibrium constant for the reaction (18), K2 (m3 kmol�1), at infinite dilution is reported
by Hikita et al. [20]
log K12 ¼
1568:94

T
þ 0:4134� 0:006737T: ð34Þ
The effect of the electrolyte concentration on K2 is given by Hikita et al. [20] and Roberts and Danckwerts [21]
log
K2

K12
¼ 1:01

ffiffiffiffiffiffiffiffiffi
½Kþ�

p
1þ 1:49

ffiffiffiffiffiffiffiffiffi
½Kþ�

p þ 0:061½Kþ�: ð35Þ
The solubility product, Kw (kmol2 m�6), was taken from Tsonopolous et al. [28].
log Kw ¼
5839:5

T
þ 22:4773 log T � 61:2062

� �
: ð36Þ
The equilibrium constant of reaction (20), K4 (kmol m�3) is reported in Sharma and Danckwerts [22]
log K4 ¼
�3404:7

T
þ 14:843� 0:03279T: ð37Þ
2.5. Numerical solution of model equations

Dimensions of the hollow-fiber membrane contactor are used for the numerical simulation: 1.5 � 10�4 m, the inner ra-
dius of tube (r1), 2.0 � 10�4 m, the outer radius of tube (r2), and 5.2 � 10�4 m, the inner radius of shell (r3), for membrane
contactors mainly used to separate gas mixtures. The membrane length used for the numerical simulations is L = 0.8 m
and the number of fibers (n) were 100. The numerical simulations are realized for a large range of inlet flow rates at the tube
and shell sides, which can be obtained with these membrane devices. A range of inlet flow rates at the shell and tube sides
from 10 to 600 ml/min were chosen and used for simulation. The inlet concentration of CO2 in the gas phase for all of cases is
10 vol.% and inlet concentration of absorbent is 10 wt.%. Two typical values of diffusion coefficients are used in the simula-
tion: that of the carbon dioxide in the nitrogen and carbon dioxide in the aqueous solvent.

The dimensionless model equations related to shell, membrane and tube side with the appropriate boundary conditions
were solved using COMSOL software, which uses finite element method (FEM) for numerical solutions of model equations.
The finite element analysis is combined with adaptive meshing and error control using numerical solver of UMFPACK. This
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solver is an implicit time-stepping scheme, which is well suited for solving stiff and non-stiff non-linear boundary value
problems.

UMFPACK is the default linear system solver. It solves general systems of the form Ax = b using the unsymmetric-pattern
multifrontal method and direct LU factorization of the sparse matrix A. When using UMFPACK as a preconditioner, it can also
be provided a drop tolerance in the range 0–1. A value of 0.01 means that it drops matrix entries smaller than 1% of the max-
imum value in each column of the LU factors. Doing so reduces the size of the factors and reduces memory requirements.
However, the dropping occurs only when writing the LU factors and it does not affect the rest of the factorization process.
In contrast, in the incomplete LU preconditioner the element dropping affects the rest of the factorization process, which
leads to a more memory-efficient preconditioner [29].

An IBM-PC-Pentium4 (CPU speed is 2800 MHz) was used to solve the set of equations. The computational time for solving
the set of equations was about 30 min.

Fig. 3 shows a segment of the mesh used to determine the gas transport behavior in hollow-fiber membrane contactor
(HFMC). It should be pointed out that the COMSOL mesh generator creates tetrahedral that are isotropic in size. A large num-
ber of elements are then created with scaling. A scaling factor of 800 (the fiber length is 800 mm) has been employed in z-
direction due to large difference between r and Z. COMSOL automatically scales back the geometry after meshing. This gen-
erates an anisotropic mesh around 1015 elements.
3. Results and discussion

3.1. CO2 absorption into amine aqueous solutions
3.1.1. Concentration distribution of CO2 in the contactor
Fig. 4 presents the concentration distribution (C/C0) of CO2 in the shell, membrane and tube side of the membrane cont-

actor. The gas mixture flows from one side of the contactor (z = L) where the concentration of CO2 is the highest (C0), whereas
Fig. 3. Magnified segment of the mesh used in the numerical simulation. There are 1015 elements in total for the whole HFMC domain. z-Direction scale
factor = 800. The three domains from left to right are fiber side, membrane and shell, respectively.



Fig. 4. A representation of the concentration distribution of CO2 (C/C0) in the membrane contactor for the absorption of CO2 in MEA. Gas flow rate = liquid
flow rate = 200 ml/min; CO2 inlet concentration = 10 vol.%; amine (MEA) inlet concentration = 10 wt.%; n = 100; R = 0.5 cm; r1 = 0.15 mm; r2 = 0.20 mm;
r3 = 0.52 mm; L = 80 cm.
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the liquid solvent (MEA) flows from the other side (z = 0) where the concentration of CO2 is assumed to be zero. As the gas
flows through the shell side, it moves to the membrane due to the concentration difference, and then it is absorbed by the
moving solvent.

3.1.2. Effect of liquid flow rate on the CO2 absorption
The percentage removal of CO2 can be calculated from the equation below:
% removal CO2 ¼ 100
ðm� CÞinlet � ðm� CÞOutlet

ðm� CÞinlet
¼ 100 1� Coutlet

Cinlet

� �
; ð38Þ
where m and C are the volumetric flow rate and concentration, respectively. Coutlet is calculated by integrating the local con-
centration at outlet of shell side (z = 0):
Coutlet ¼
RR

Z¼0CðrÞdARR
Z¼0dA

: ð39Þ
The change in volumetric flow rate is assumed to be negligible and thus % CO2 removal can be approximated by Eq. (37).
In Fig. 5, the CO2 outlet concentration in gas phase (shell side) is plotted as a function of absorbent flow rate or velocity for

several absorbents and Fig. 6 illustrates the variation of the percentage removal of CO2 as a function of liquid flow rate or
velocity. As the absorbent flow rate increases, the mass transfer rate of carbon dioxide into the liquid solvent increases be-
cause the concentration gradients of CO2 and absorbent in the liquid increase, thus the CO2 outlet concentration in gas de-
creases (Fig. 5) and the percentage removal of CO2 increases (Fig. 6).

The behavior of CO2 absorbed in various amines is also represented in Figs. 5 and 6. It can be seen from Fig. 5 that the
variation of CO2 outlet concentration initially is a strong and decreasing and also later is weak but decreasing function of
the liquid velocity [16]. This decrease is rather sharp especially for the cases of MEA, AMP and DEA having high reaction rate
for CO2. The sharpness of the decreasing trend gradually decreases with the amines having lower reaction rates. There is no
significant variation in the concentration for the case of MDEA because of low reaction rate compared to the other amines
[16]. Fig. 5 also clearly reveals the fact that the aqueous solution of MEA has the highest CO2 absorption flux followed by
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AMP, DEA and MDEA in sequence, which is again justified from the reaction kinetics of amines with CO2. Further, more
amine is consumed due to continuous supply of CO2 with increase in the membrane length resulting in drop in amine con-
centration, which in turn leads to drop in CO2 flux as the reaction rate is a function of amine concentration. This is partic-
ularly so as in the present study CO2 concentration in the gas phase at the gas–liquid interface is assumed constant and the
reaction rate is the dominating factor over other transport and physico-chemical properties [16].

Fig. 7 represents the concentration profiles of four alkanolamines in liquid phase along the length of the HFMC. There is
significant drop in concentrations for all the amines used for the absorption of carbon dioxide. Depletion of MEA is the high-
est because of the highest reaction rate of MEA with CO2 than that of DEA, AMP and MDEA [16]. Depletion of MDEA is the
least due to its low reaction rate compared to other amines. Therefore, from the above discussion it can be concluded that,
CO2 removal in amines follows the sequence MEA > AMP > DEA > MDEA irrespective of the concentration of CO2 in the gas
phase [16].
3.1.3. Effect of axial diffusion
We considered axial diffusion in the mass transfer equations. Adding the axial diffusion term in the mass transfer equa-

tions, increases accuracy of the model. The effect of axial diffusion in the gas phase is presented in Fig. 8. The figure indicates
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the average CO2 concentration along the membrane contactor for different values of Peclet number (Pe = (Vgas L)/Dgas). The
Peclet number was changed by changing the gas flow rate (velocity) with the gas–liquid volumetric flow rate ratio kept con-
stant at 0.5. Neglecting axial diffusion results in a much smaller CO2 concentration along the length of the contactor and thus
higher removal rate at low values of Pe number (Pe = 15) because at low Pe number, fast axial diffusion results in more uni-
form concentration profiles along the contactor length. However, this difference becomes less as the value of Pe number in-
creases (Pe = 60) [3].
3.2. CO2 absorption into K2CO3 aqueous solution
3.2.1. Effect of gas and liquid flow rate on the removal of CO2

Fig. 9 shows the percentage removal of CO2 as a function of liquid flow rate for a constant gas inlet flow rate. It can be seen
from the figure that as the liquid velocity increases the gas outlet concentration of carbon dioxide decreases. This indicates
the increase in the removal rate of carbon dioxide with the liquid flow rate.

The percentage removal of CO2 in the gas phase of membrane contactor for different values of gas flow rates (the effect of
convection term) is presented in Fig. 10. As expected, the increase in the gas flow rate reduces the residence time in the
membrane contactor, which in turn reduces the removal rate of CO2 in the contactor [3]. The percentage removal of CO2 de-
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creases from 40% to 33% when the gas flow rate in the membrane contactor changes from 100 ml/min to 500 ml/min. Also
Fig. 10 indicates that gas flow rate dose not greatly affect the CO2 removal in the membrane contactor.

It can be seen from the figures that the absorption is a strong function of the liquid velocity when the liquid velocity is
relatively low. However, at higher velocities the absorption is less dependent on the liquid velocity. The figures show that
absorption of carbon dioxide in amines aqueous solutions is higher than that in carbonate solution because the reaction rate
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Fig. 10. Effect of gas flow rate on the percentage removal of CO2 for the absorption of CO2 in K2CO3. Gas pressure = 121.3 kPa; temperature = 298 K; n = 100;
R = 0.5 cm; liquid flow rate = 100 ml/min.

Table 3
Module parameters of Yan et al. [30]’s experiments.

Parameter Value

Fiber inner diameter (lm) 344
Fiber outer diameter (lm) 442
Fiber porosity (%) 45
Module inner diameter (cm) 8
Fiber length (cm) 80
Number of fibers 7000
Packing density (%) 21.4
Gas inlet pressure (kPa) 105
Temperature (K) 298
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and solubility of carbon dioxide in amines aqueous solutions is greater than carbonate solution that increases both physical
and chemical absorption of carbon dioxide in amines.
4. Model validation

The model was validated using the results obtained experimentally by Yan et al. [30]. They reported experimental data for
separation of CO2 from flue gas by a hollow-fiber membrane contactor. In this section we compare the simulation results
with the experimental values to validate the model.

In this process, the CO2 removal efficiency (g) and mass transfer rate (JCO2
) were used to describe the process as follow

[30]:
Fig. 12.
CO2 vol
g ¼ Q in � Cin � Qout � Cout

Q in � Cin
; ð40Þ

JCO2 ¼
ðQ in � Cin � Q out � CoutÞ � 273:15� 1000

22:4� Tg � S
; ð41Þ
where g is the CO2 removal efficiency, %; JCO2
is the mass transfer rate of CO2, mol/(m2 h); Qin and Qout are the gas flow rates at

the inlet and the outlet, respectively, m3/h; Cin and Cout are CO2 volumetric concentrations in the gas phase at the inlet and
outlet, respectively; Tg is the real temperature of the gas phase, K; S is the gas–liquid interfacial area, m2 [30]. Cout is calcu-
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lated by integrating the local concentration at the outlet of shell side (z = 0). The module parameters of Yan et al.’s experi-
ments are listed in Table 3.

The mass transfer rate of CO2 along the membrane contactor for different values of liquid velocities is presented in Fig. 11.
Increasing liquid velocity increases the mass transfer rate of CO2 in the membrane [30]. The CO2 removal efficiency along of
the contactor for different values of gas velocity is presented in Fig. 12. As expected, the increase in the gas velocity reduces
the residence time of gas phase in the contactor, which in turn reduces the removal rate. Figs. 11 and 12 also show that mod-
el predictions are in good agreement with the experimental values for different values of gas and liquid velocities [30].
5. Conclusions

Chemical absorption of CO2 in hollow-fiber membrane contactors was studied in this work. A 2D mathematical model
was developed to describe absorption of CO2 in the hollow-fiber membrane contactors. The model was based on solving
the conservation equations for three sections of contactor. The finite element method (FEM) was used to solve the differen-
tial equations. Absorption of CO2 in amines and carbonate aqueous solutions was simulated in this work. The solvents con-
sidered for simulation included aqueous solutions of monoethanolamine (MEA), diethanolamine (DEA), N-
methyldiethanolamine (MDEA), 2-amino-2-methyl-1-propanol (AMP) and potassium carbonate (K2CO3). The simulation re-
sults indicated that amine aqueous solutions were better than K2CO3 aqueous solution for CO2 absorption because of high
solubility and reaction rate of CO2 with amines. Also simulation results showed that the removal of CO2 with aqueous solu-
tion of MEA was the highest among the amines solvents. The model was validated with the experimental results obtained
from literature for absorption of CO2 in amine aqueous solutions. The modeling predictions were in good agreement with the
experimental data for different values of gas and liquid velocities. The simulation results for the absorption of CO2 in liquid
solvents indicated that the removal of CO2 increased with increasing liquid velocity in the membrane contactor.

The results in this study confirm that the 2D mathematical model developed is able to predict the performance of the
hollow-fiber membranes. The numerical simulation can take into account complex chemical reactions. Thus the model
can be used to predict the mass transfer performance of the gas–liquid hollow-fiber membrane contactors for other reactive
as well as non-reactive systems simply by changing the physical and kinetic parameters. Furthermore, the mass transfer
model developed here represents a design and optimization tool for multi-component membrane gas separation processes.
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