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A B S T R A C T

This paper presents theoretical studies and modeling investigations on the reactive absorption of
carbon dioxide in alkanolamine solutions, specially the monoethanolamine, in a hollow fiber
membrane contactor device. The absorption mechanism was built based on mass transport con-
servation laws in all three regions involved in the process, i.e. the gas phase, the membrane barrier
and the liquid region. The gas is flown in the fiber bore in which the velocity is assumed to obey a
fully developed laminar flow, and the liquid solution is circulated counter-currently to the gas
flow in the shell side where the velocity is characterized by the Happel’s free surface model. The
rigorous model consisting of a set of highly non-linear partial differential equations is rewritten in
dimensionless form and numerically solved. The outlet gas and liquid concentrations are parame-
trically simulated with the gas and liquid flowrates (Graetz numbers) as well as inlet fresh solvent
concentrations.

Keywords: Carbon dioxide removal; Hollow fibre membrane; Reactive absorption; Numerical
simulation

1. Introduction

It has been proven that, among greenhouse gases,
carbon dioxide, although a non-toxic gas, is the largest
contributor in terms of emissions. The carbon dioxide
concentrations will certainly continue to increase in the
future as a result of fossil fuels combustion in the fields
of transport, power production and heating. The
human being high dependence on fossil fuels as energy
generators and the tremendous difficulties in their
replacement by alternative sustainable and renewable
energies constrains us to search for and develop new

techniques to reduce the polluting gases emitted by
fossil fuel combustion especially carbon dioxide.

The reasons for removing CO2 are usually of both
technical and economical concerns. The carbon dioxide
is generated in tremendous quantities by many impor-
tant industries such as chemical and petrochemical
industry, fossil fuel fired power plants, steel industry,
cement production facilities, as well as natural gas
treatment and liquefaction. The heating value of the
natural gas is negatively affected by the carbon dioxide
present in it. Besides, because of its acidity, the carbon
dioxide causes harmful corrosion in pipes and process
equipment, and acts as a catalyst poisoning in the
ammonia synthesis process [1]. However, environmental�Corresponding author
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concerns, such as global climate change, are now focused
as one of the most important and challenging envi-
ronmental issues facing the world community and
have motivated intensive research on CO2 capture and
sequestration.

Capturing carbon dioxide from industrial gas
streams by aqueous alkanolamine solutions is the most
cost-effective technology available today.

The chemical absorption in hollow fiber membrane
modules (HFMM) is an emerging hybrid technology
that involves absorption with chemical reaction. This
technique is operated over a wide range of volumetric
flow rates and concentration levels to allow the reduc-
tion of polluting gases. The noticeable advantages of
the HFMM over conventional technologies are the
physical size and weight reduction of the gas-liquid
contacting module. In addition to their flexibility,
modularity and energy efficiency, this process offers
high selectivity and appreciable transport driving force
even for low concentration levels. Furthermore, the
HFMM offers a much larger contact area per unit
volume than packed columns or tray towers, as it
overcomes the disadvantages such as entrainment and
flooding at high flowrates, and reduces foaming on
operating ones.

These contactors have been extensively investigated
by many researchers since the early 70’s in a wide
range of applications, including among other processes
the blood oxygenation, the hydrogen sulphide odor
control, the carbon dioxide removal [2–7].

In previous work, Boucif et al. [2] have numerically
simulated the absorption of carbon dioxide by typical
industrial amines in a membrane contactor where the
absorbent was flowing in the fiber bore.

In the present work, a numerical analysis was car-
ried out to investigate the absorption of carbon dioxide
in a microporous hollow fiber membrane contactor in
which the contaminated gas stream is flowing in the
fiber bore, and the absorbent in the cartridge shell side.
The microscopic theoretical model includes the second
order reversible reactions of the soluble gas in the
absorbent based on the two-step carbamate formation
mechanism. The main objective of this work is to
develop a comprehensive theoretical mass transfer
model, which numerical solution allows the perfor-
mance evaluation of the HFMM contactor for the CO2

absorption. The paper focuses on the carbon dioxide
chemical absorption in alkanolamine solutions as absor-
bent. Although some researchers (Karoor, Mavroudi)
[8,9] reported in their results the effect of liquid flow-
rate on contactor performance in terms of gas flowrate,
their theoretical models were not clearly set. Hence-
forth, in this paper the three regions involved in the
mass transfer process are delimited, and microscopic

mass balances are set for each one of them. Further-
more, the present study, where both liquid and gas
streams are run continuously, attempts to compare the
gas and liquid flowrates effects on the absorption effi-
ciencies of the membrane contactor.

2. Theory

In a contactor module with a hydrophobic micro-
porous membrane, the absorption accompanied by a
chemical reaction is a three step process as described
in Fig. 1. The solute specie is transferred from the gas
phase to the internal pore mouth of the membrane,
then diffuses through the membrane’s pores and
finally absorbed by the solvent in the liquid solution
where the reaction takes place.

As shown in Fig. 1, and based on the driving forces
of the concentration differences, the molar mass trans-
fer flux JA of specie A is depicted as:

JA ¼ kAg CAg � Cm
Ag

� �
¼ kAm Cm

Ag � Cint
Ag

� �
¼ kAl Cint

Al � CAl

� �
¼ Kov�CA

Writing a component mass balance over the mem-
brane module as drawn in Fig. 2, assuming no change
in both gas and liquid flow rates, the inlet absorbent
being a fresh amine solution, i.e. Am½ �in,

V CO2½ �in�V CO2½ �out¼ L Am½ �out ð1Þ

Besides, the right hand side of the above expression
is merely the diffusion flux through the wall mem-
brane which is calculated usually using the logarithmic
mean concentration difference, as
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Fig. 1. Mass transfer domains and concentration profiles
across in a HFMM contactor operated on a non-wetted mode.
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J ¼ KovAT�Clm ð2Þ

Kov, the overall mass transfer coefficient, is usually
related to the serial resistances against mass transfer
in the three phases and calculated as:

1

Kov
¼ 1

kAg
þ 1

kAm
þ 1

mEkAl

The gas and liquid phase mass transfer coefficients
kAg and kAl are determined by convection and diffusion
respectively. The mass transfer resistance due to mem-
brane is determined depending on the membrane
structure and the molecular diffusion as detailed in [3].

The enhancement factor, E, expresses the effect of
the chemical reaction on the absorption and is defined
as the ratio of the chemically enhanced over the physi-
cal absorption fluxes at identical driving forces. The
enhancement factor E is determined by de Coursey
[10] as:

E ¼ �Ha2

2 E�1 � 1
� �þ Ha2

4 E�1 � 1
� �2

þ E�1Ha2

E�1 � 1
þ 1

" #1=2

where Ha stands for the Hatta number and E�1 is the
asymptotically infinite enhancement factor:

E�1 ¼ 1þ H Am½ �int

H CO2½ �int

DAm

DCO2

� �1=2

For a reactive system of CO2 with alkanolamines,
Ha is expressed as:

Ha ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kov Am½ �int DAm

q
kAl

The �Clmis expressed, analogically to heat transfer
[11] as:

�Clm ¼
CO2½ �int

out� Am½ �in
� �

� CO2½ �int
in � Am½ �out

� �

ln
CO2½ �int

out� Am½ �in
CO2½ �int

in � Am½ �out

 ! ð3Þ

with CO2½ �int
in and CO2½ �int

out being the concentrations of
the solvent solution at the gas-liquid interface of the
membrane wall. Introducing the Henry’s law to esti-
mate the liquid concentrations at the gas liquid inter-

face, i.e. CO2½ �int
in ¼ H CO2½ �in and CO2½ �int

out¼ H CO2½ �out.
After substitution and rearrangements we obtain then:

Kov ¼
L Am½ �out ln

H CO2½ �out

H CO2½ �in� Am½ �out

	 

AT H CO2½ �out� H CO2½ �in� Am½ �out

� �� � ð4Þ

3. Mathematical Model Formulation

In previous papers [2,3], the liquid was flown
inside the fiber bore and the gas velocity in the shell
side was not taken into account. These shortcomings
of these models could be overcome by considering the
mass transfer process on either side of the membrane
barrier. The mass transport is considered in all three
domains involved in the transfer process, i.e. the fiber
side, the membrane wall and the shell side of the
module in which the gas and liquid concentrations are
tied to each other at both fiber-inner wall and outer
wall-shell frontiers by the appropriate boundary
conditions.

The model considers the mass transport by convec-
tive diffusion of the gas first in the fiber bore (gas
phase), then throughout the membrane’s pores, and
finally in the shell side (liquid phase) where a reaction
with the absorbing solution is taking place. The basic
concept of this model is schematically explained in
Fig. 1. The main reason for circulating the gas inside the
fiber bore and the liquid in the shell is simply because
the gas is cleaner, and does not leave any deposit that
will cause a hole fouling. Furthermore, this flow
arrangement avoids excessive pressure drop of the vis-
cous liquid.

3.1. Assumptions

The following assumptions are made to generate
the governing equations of the CO2 and the alkanola-
mine solution microscopic mass balances:

• The steady state process is isothermal and the gas
mixture is assumed as an ideal gas
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Fig. 2. Schematic diagram of an HFFM module and Happel’s
free surface model.
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• The axial diffusion is neglected in both tube and shell
side

• The convective mass transfer in the gas-filled mem-
brane’s pores is neglected

• The absorbent liquid pressure drop in the shell side is
neglected

• A fully developed concentration profiles is assumed
in both fiber and shell sides

• Constant liquid absorbent viscosity and gas diffusiv-
ity in the liquid

3.2. Mass balances in the three areas

The module’s hollow fiber membrane is split in
three domains, as shown in Fig. 3, for each of which
a transport material balance has been set up.

3.2.1. Fiber bore domain

In the fiber bore, the steady state CO2 mass transfer
by diffusion and convection is written as:

vzf � r CO2½ �f þ r � DCO2�f r CO2½ �f
j k

¼ 0 ð5Þ

If the gas velocity in the fiber bore is assumed
to obey a fully developed parabolic profile, one
can write:

vzf ¼ 2�vzf 1� r

ri

	 
2
" #

ð6Þ

subject to the following initial and boundary
conditions:

@ z ¼ 0; ½CO2�f ¼ ½CO2�initial ¼ ½CO2�in
for any ri � r � 0

ð7Þ

@ r ¼ 0;
q CO2½ �f

qr
¼ 0 ðfor symmetryÞ

for any l � z � 0

ð8Þ

@ r ¼ ri; CO2½ �f ¼ CO2½ �m for any l � z � 0 ð9Þ

3.2.2. Polymeric membrane domain

Through the membrane pores, the steady state CO2

mass transfer is assumed to be mainly diffusive and
written as:

r � DCO2�mr CO2½ �m

 �

¼ 0 ð10Þ

subject to the following initial and boundary
conditions:

@ r ¼ ri; CO2½ �m ¼ CO2½ �f for any l � z � 0 ð11Þ

@ r ¼ ro; CO2½ �m ¼ H CO2½ �s for any l � z � 0 ð12Þ

Furthermore, the carbon dioxide concentrations in
the fiber side CO2½ �f , in the membrane’s pore CO2½ �m
and in the shell side CO2½ �s are related to each other
by the flux continuity equations at the fiber-
membrane and at the membrane-shell boundaries as:

@ r ¼ ri; DCO2�f

q CO2½ �f
qr

¼ DCO2�m
q CO2½ �m

qr
ð13Þ

@ r ¼ ro; DCO2�m
q CO2½ �m

qr
¼ DCO2�s

q CO2½ �s
qr

ð14Þ

3.2.3. Shell domain

In the shell side, the steady state reactive absorbent
mass transfer by diffusion and convection, the carbon
dioxide reaction rate based on the two step carbamate
formation model, is written for the gas and solvent
respectively as:

�zs � r CO2½ �s þ r � DCO2�Sr CO2½ �s

 �

¼ RCO2 ð15Þ

vzs � r Am½ �s þ r � DAm�sr Am½ �s
� �

¼ RAm ð16Þ

The flow in the shell side of the membrane contac-
tor, usually very complex, especially for a randomly
distributed bundle of fibers, is characterized by the
by the Happel’s [12] free surface model represented
in Figs. 1 and 2. This model, successfully used by
Gill and Bansall [13], is given as:
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Fig. 3. Three domains hollow fiber membrane scheme.
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vzsðrÞ ¼ 2�vzs 1� ro

re

	 
2
" # r

re

� �2
� ro

re

� �2
� ln r

ro

� �2

3þ ro

re

� �4
� 4 ro

re

� �2
þ ln ro

re

� �4

8><
>:

9>=
>; ð17Þ

where re is the free surface radius and defined in terms
of the packing fraction as: re ¼ rsffiffiffiffi

nf
p . The shell side

volume fraction is easily obtained as: " ¼ 1� nf
ro

rs

h i2
.

A back substitution of the reaction rate and velocity
yields:

2�vzs"
"� 1þ 1� "ð Þ r

ro

� �2
� ln r

ro

� �2

" "þ 2ð Þ þ ln 1� "ð Þ2

2
64

3
75 q Am½ �s

qz

¼ DAm�s
q2 Am½ �s

qr2
þ 1

r

q Am½ �s
qr

� �
� RCO2

RCO2 stands for the carbon dioxide reaction rate in
the liquid phase. The reaction rate is based on the two
step carbamate formation mechanism.

RCO2 ¼
k1

1þ k�1

kB Am½ �s

0
BB@

1
CCA CO2½ �s Am½ �s �

CT � Am½ �s
� �2

4Keq Am½ �s

( )
ð18Þ

In the case of MEA, the term kam Am½ � is assumed
very large compared to k�1 [14]. The reaction rate con-
stant has been calculated from the expression

log10 k1 ¼ 10:99� 2;152
T �Kð Þ , derived by Hikita et al. [15] and

valid in the range of 5–80�C, and 0.0152–0.177 kg mole/

m3 or in an Arrhenius form as k1 ¼ AR exp � ER

<T0
l

h i
,

where the second order rate constant AR ¼ 9.7744 �
1010m3/mol s, and the activation energy ER ¼
41,197.53 J/mol.

The above differential equation is subject to the
initial and boundary conditions:

@ z ¼ l; Am½ �s ¼ CT and CO2½ �s ¼ 0

for any ri � r � 0
ð19Þ

@ r ¼ ro; CO2½ �s ¼ m CO2½ �m and
q Am½ �s
qr

¼ 0

for any l � z � 0
ð20Þ

@ r ¼ re;
q CO2½ �s

qr
¼ 0 and

q Am½ �s
qr

¼ 0

for symmetry l � z � 0
ð21Þ

The outlet gas and solvent concentration, in the
fiber bore and the shell respectively CO2½ �out

f , CO2½ �out
s

and Am½ �out
s are determined as ‘‘mixing cup’’ concen-

trations, given by Skelland [16] as:

CO2½ �out
f ¼

Ð ri

0 2prvzf ðrÞ CO2½ �f drÐ ri

0 2prvzf ðrÞdr
;

CO2½ �out
s ¼

Ð re

ro
2prvzsðrÞ CO2½ �s drÐ ro

ro
2prvzsðrÞdr

and Am½ �out
s ¼

R re

ro
2prvzsðrÞ Am½ �s drR re

ro
2prvzsðrÞdr

The model equations, rewritten in dimensionless
form and listed in Appendix A, were solved using the
direct linear system solver UMFPACK of COMSOL
Multiphysics Modeling version 3.5, a very friendly
used software package licensed from COMSOL Inc.,
Burlington, Massachusetts. COMSOL Multiphysics
Modelling, a powerful computer software, uses the
finite element method to solve fluid flow, mass and
heat transport, as well as many other engineering
problems. A comprehensive account of COMSOL
Multiphysics Modeling is available in Zimmerman
[17]. And very recently, an extensive overview of
many of the choices provided by this software has
been presented by Finlayson [18], by means of differ-
ent illustrations on how to solve complicated
problems.

4. Results and discussion

The absorption accompanied by chemical reaction
in a microporous hollow fiber membrane contactor
with the module characteristics summarized in Table 1
and the CO2-MEA system physico-chemical properties
listed in Table 2 is studied in this paper. The three

Table 1
Characteristics of the hollow fiber contactors used in this
study

Characteristics Module 2

Fibers material Polypropylene (PP)
Polymer nature Microporous
Fiber inner diameter (mm) 330
Fiber outer diameter (mm) 360
Thickness d (mm) 15
Average pore size rp (mm) 0.6
Porosity (�) 0.4
Tortuosity (t ¼ ð2� "Þ2=") 6.4
Number of fibers 1,930
Active module length (mm) 200
Shell inner diameter (mm) 35
Inner contact area (m2) 0.4
Outer contact area (m2) 0.4363
Void fraction (f) 0.204
Surface to volume fraction (m2/m3) 2,300
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dimensionless gas phase carbon dioxide concentration
profiles are displayed and the gas and liquid flowrates,
as well as fresh solvent concentration on gas and liquid
phase solute and solvent are presented.

The solute concentration distribution is represented
in Fig. 4 in all three domains of the contactor: the fiber
bore, the membrane barrier and the shell side. The gas
mixture is admitted to the fiber lumen of the contactor
at its maximum solute concentration, whereas the sol-
vent enters the module from the opposite side, and
flows in a countercurrent flow pattern. Due to the

difference in concentration, and as the gas stream flows
through the fiber lumen, the solute is moving toward
the membrane at the pore mouth of which it is
absorbed by the moving solvent.

Fig. 5 presents the dimensionless radial concentra-
tion profile of the gas solute in the fiber, membrane and
shell compartments of the hollow fiber contactor. It is
observed that the solute concentration is almost
constant in the fiber domain, and then it drastically
decays when crossing the membrane barrier, and

Table 2
Physico-chemical parameters of the CO2-MEA chemical absorption at 298.14 �K

Designation Symbol Value Reference

Reaction rate constant (mol/m3.s) k1 10 10:99�2152=Tð Þ=1; 000 [10]

Equilibrium constant (mol/m3) Keq 172:97 [10]

Partition coefficient (dimensionless) m ¼ 1=H 2:82 � 10�6=<T
� �

exp �2; 044=Tð Þ [20]

Diffusivity of CO2 in the fiber (m2/s) DCO2 f 1.855 � 10�5 [19]

Diffusivity of CO2 in the PP (m2/s) DCO2 m 1.855 � 10�5 (�/t) [Estimated]
Diffusivity of CO2 in the shell (m2/s) DCO2 s (2.35 � 10�6/RT) exp(�2,199/T) [20]

Fig. 4. 3D solute concentration profiles in all three domains (½CO2�in ¼ 5:0 mol
�

m3 CT ¼ 1; 200 mol
�

m3; L ¼ 100 cm3
�

mn;

V ¼ 10 cm3
�

mn).
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finally decreases smoothly in the shell side where the
absorbent solution is moving. The reason of such
behavior is that the solute diffusion coefficient in the
fiber lumen is much higher than those in both the
membrane and shell compartments. Consequently,
the solute mass transfer encounters a much lower
resistance in the gas phase within the fiber bore than
those in the membrane and liquid phase flowing in
the shell side.

Fig. 6 depicts dimensionless solute concentration in
the gas phase throughout the length of the hollow fiber
module at different gas flowrate values. It is clearly
observed that the outlet dimensionless solute concen-
tration (& ¼ 1) in the gas stream is decreasing when the
gas flowrates are gradually decreased, i.e. the solute
removal rate is improving at higher residence times
of the solute in the gas phase.

Conversely, as clearly shown in Fig. 7, the liquid
flowrate has an opposite effect on this dimensionless
solute concentration in the gas stream. When the liquid
absorbent is moving slower in the shell side, the solute
gas concentration at the outer surface of the fiber along
the module length is increasing, resulting in a lower
concentration gradient at the interface, therefore a poor
removal rate (Fig. 8).

Fig. 9 exhibits the dimensionless solute concentra-
tion in the liquid phase along the fiber contactor at dif-
ferent liquid flowrates. It is observed from the figure
that the outlet dimensionless solute concentration

(& ¼ 0) in the liquid absorbent is enriched when
increasing the moving liquid flowrates in the shell
compartment. However, the dimensionless outlet

Fig. 5. Carbon dioxide concentration profiles in the radial
direction (½CO2�in ¼ 5:0 mol

�
m3, CT ¼ 1; 200 mol

�
m3,

L ¼ 100 cm3
�

mn, V ¼ 10 cm3
�

mn).

Fig. 6. Gas phase CO2 concentration throughout the fiber at
different gas flowrates V (½CO2�in ¼ 5:0 mol

�
m3,

CT ¼ 1; 200 mol
�

m3, L ¼ 100 cm3
�

mn).

Fig. 7. Gas phase CO2 concentration throughout the fiber at
different liquid velocities L (½CO2�in ¼ 5:0 mol

�
m3,

CT ¼ 1; 200 mol
�

m3, V ¼ 10 cm3
�

mn).
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solvent concentration is leaner for decreasing liquid
absorbent flowrates, which implies an increased solute
to solvent contact time, hence improving reactive
absorption at the gas liquid interface. The effect of
the inlet solvent concentration on the outlet solute con-
centration in the fiber bore is depicted by Fig. 10 which
reveals that the gas phase carbon dioxide sequestration
is favored by richer fresh amine solution.

5. Conclusion

A comprehensive momentum and mass transport
mathematical model has been developed to simulate
gas absorption accompanied by chemical reaction in
hollow fiber membrane contactors. The dimensionless
governing differential equations in all three con-
tactor domains (fiber, membrane and shell) have been
numerically solved and simulated over influencing
process parameters.

The modeling results of the investigated system
(carbon dioxide gas absorption in monoethanolamine
as a solvent), indicate that the solute removal rate in the
fiber is positively affected by increasing the liquid
absorbent flowrate in the shell and decreasing the gas
stream flowrate.

Fig. 8. Liquid phase CO2 concentration throughout the shell
at different liquid velocities L (½CO2�in ¼ 5:0 mol

�
m3,

CT ¼ 1; 200 mol
�

m3, V ¼ 10 cm3
�

mn).

Fig. 9. Solvent MEA concentration throughout the shell at
different liquid velocities L (½CO2�in ¼ 5:0 mol

�
m3,

CT ¼ 1; 200 mol
�

m3, V ¼ 10 cm3
�

mn).

Fig. 10. Gas phase CO2 concentration throughout the fiber
at different fresh MEA concentrations CT (½CO2�in ¼
5:0 mol

�
m3, L ¼ 100 cm3

�
mn, V ¼ 10 cm3

�
mn).
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Symbols

AT total surface area of gas liquid contact (m2)
CT total inlet solvent concentration (mol/m3)
DCO2�f diffusion coefficient of (CO2) specie in the

fiber side (m2/s)
DCO2�m diffusion coefficient of (CO2) specie in the

membrane (m2/s)
DCO2�s diffusion coefficient of (CO2) specie in the

shell side (m2/s)
DCO2�K continuum Knudsen diffusion coefficient

of (CO2) specie (m2/s)
E enhancement factor
GrAf dimensionless Graetz number of specie A

(CO2) in the fiber side
GrAs dimensionless Graetz number of specie A

(CO2) in the shell side
GrBs dimensionless Graetz number of specie B

(MEA) in the shell side
H dimensionless Henry’s law constant (–)
Ha dimensionless Hatta number
JA molar mass transfer flux of specie A (mol/s)
kCO2�f gas film mass transfer coefficient of A

(CO2) specie (m/s)
kCO2�s liquid film mass transfer coefficient of A

(CO2) specie (m/s)
kCO2�m membrane mass transfer coefficient of A

(CO2) specie (m/s)
kam forward second order reaction rate con-

stant (m3/mole.s)
k1 forward second order reaction rate con-

stant (m3/mole.s)
k�1 reverse second order reaction rate constant

(m3/mole.s)
kov overall reaction constant
Keq equilibrium constant (–)
Kext external mass transfer coefficient (m/s)
Kov overall mass transfer coefficient (m/s)
L liquid flow rate (m3/s)
L active membrane fiber length (m)
M partition coefficient
MA solute molecular weight (kg/mol)
N number of fiber in the bundle (–)
R radial coordinate
ri inner fiber radius (m)
ro outer fiber radius (m)
re free surface radius (m)
rp mean pore radius (m)
< ideal gas constant (8.314 Pa m3/mol K)
ShAf dimensionless Sherwood number of specie

A (CO2) in the fiber (–)
ShAm dimensionless Sherwood number of specie

A (CO2) in the membrane (–)

ShAs dimensionless Sherwood number of specie
A (CO2) in the shell side (–)

T temperature in �K
V gas flow rate (m3/s)
vzðrÞ radius dependant velocity in the z direction
�vzf mean average velocity in the fiber in the z

direction (m/s)
�vzs mean average velocity in the shell in the z

direction (m/s)
z axial contactor coordinate

Greek symbols

FAf dimensionless concentration of CO2 in the
fiber lumen

FAm dimensionless concentration of CO2 in the gas
gas-filled membrane pores

FAs dimensionless concentration of CO2 in the
shell side

FBs dimensionless concentration of the liquid
absorbent in the shell side

& dimensionless longitudinal coordinate
� dimensionless radial coordinate in the tube

domain
" fiber bundle to shell packing fraction
c extent of specie removal
d membrane thickness
t membrane’s pore tortuosity

Subscripts

f fiber
m membrane
s shell
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Appendix A:
Dimensionless Form of the Modeling Equations

Introducing the new independent and dependant
variables:

& ¼ z

l
; � ¼ r

re
; FAf ¼

CO2½ �f
CO2½ �in

; FAm ¼
CO2½ �m
CO2½ �in

;

FAs ¼
CO2½ �s
CO2½ �in

; FBs ¼
Am½ �s
CT

The mass transport governing equations in all three
domains along with their corresponding initial and
boundary conditions are rewritten in a dimensionless
form.

1. Mass balance in the fiber bore

GrAf
1� �2
� �

2

qFAf

q&
þr � �rFAf½ � ¼ 0 ðA1Þ

subject to the normalized initial and boundary conditions:

@ & ¼ 0; FAf ¼ 1 ðA2Þ

@ � ¼ 0;
qFAf

q�

����
�¼0

¼ 0 ðA3Þ

@ � ¼ ri

re
¼ �1; FAf ¼ FAm ðA4Þ

2. Mass balance through the membrane pore

r � �rFAm½ � ¼ 0 ðA5Þ

subject to the normalized boundary conditions:

@ � ¼ ri

re
¼ �1; FAm ¼ FAf; and

qFAf

q�

����
�¼�1

¼ a1
qFAm

q�

����
�¼�2

ðA6Þ

@ � ¼ ro

re
¼ �2; FAm ¼ HFAs;

and
qFAm

q�

����
�¼�1

¼ a2
qFAs

q�

����
�¼�2

ðA7Þ

with a1 ¼
DCO2�m

DCO2�f
and a2 ¼

DCO2�s

DCO2�m

3. Mass balance in shell side

GrAs

2p �ð Þ
qFAs

q&
þr � �rFAs½ � ¼ � b1GrAs

4
�CO2 ðA8Þ

GrBs

2p �ð Þ
qFBs

q&
þr � �rFBs½ � ¼ � b2GrBs

2
�CO2 ðA9Þ

where the involved variables and rate of reaction are
determined as:

Table 3
Dimensionless groupings definition

Designation Symbol Expression

Graetz number of CO2 in fiber side GrAf �vzf d
2
e

lDCO2�g

Graetz number of CO2 in shell side GrAs �vzsd
2
e

lDCO2�Am

Graetz number of MEA in shell side GrBs �vzsd
2
e

lDAm�w

Reaction parameter of MEA in the fiber b1 k1lCT

�vzs

Reaction parameter of CO2 in the fiber b2 k1lm CO2½ �in
�vzs

Reaction parameter relative to the equilibrium b3 4Keqm½CO2�in
Arrhenius dimensionless number gR ER

<T0
l
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p �ð Þ ¼ " "þ 2ð Þ þ 2 ln 1� "ð Þ
" "� 1þ 1� "ð Þ�2 � 2 ln �
� � ðA10Þ

and �CO2 ¼ FAsFBs � 1�FBsð Þ2
b3FBs

h i

subject to:

@ & ¼ 1; FAs ¼ 1; FBs ¼ 0 ðA11Þ

@ � ¼ ro

re
¼ �2; FAs ¼ mFAm; and

qFBs

q�

����
�¼�2

¼ 0 ðA12Þ

@ � ¼ 1;
qFAs

q�

����
�¼1

¼ 0; and
qFBs

q�

����
�¼1

¼ 0 ðA13Þ

The new dimensionless parameters derived are
listed in Table 3.

Note that the dimensionless term
�vzsd

2
o

DAgl is the Graetz
number based on the external fibre diameter and the
gas velocity in the shell side of the contactor.

The outlet mixing cup concentration rewritten in a
dimensionless form is:

FAfo ¼ 4

Z �1

0
�ð1� �2ÞFAfd� and

FAso ¼
4 f� 1ð Þ

R 1

�2
� "� 1ð Þ þ 1� "ð Þ�2 � 2 ln �
� �

FAsd�

1� "ð Þ f� 1ð Þ2 fþ 1ð Þ2�2 2f2 lnf� f2 þ 1
� �

FBso ¼
4 f� 1ð Þ

R 1
�2
� "� 1ð Þ þ 1� "ð Þ�2 � 2 ln r�
� �

FBsd�

1� "ð Þ f� 1ð Þ2 fþ 1ð Þ2�2 2f2 lnf� f2 þ 1
� �

The extent of the soluble gas removal c which
expresses the percentage of the solute in the gas stream
that was recovered is defined as:

In the fiber bore cCO2;f ¼
CO2½ �inf � CO2½ �out

f

CO2½ �inf
¼ 1� FAfo

and, similarly in the shell, for the solute

cCO2;s ¼
CO2½ �ins � CO2½ �out

s

CO2½ �ins
¼ 1� FAso, and the solvent

cAm;s ¼
Am½ �ins � Am½ �out

s

Am½ �ins
¼ 1� FBso:
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