
Theoretical and experimental studies of CO2 absorption by the amine
solvent system in parallel-plate membrane contactors

Chii-Dong Ho a,⇑, Luke Chen b, Li-Chen a, Jing-Wei Liou a, Li-Yang Jen a

a Energy and Opto-Electronic Materials Research Center, Department of Chemical and Materials Engineering, Tamkang University, Tamsui, New Taipei 251, Taiwan
bDepartment of Water Resources and Environmental Engineering, Tamkang University, Tamsui, New Taipei 251, Taiwan

a r t i c l e i n f o

Article history:
Received 30 August 2016
Received in revised form 7 October 2016
Accepted 25 November 2016
Available online xxxx

Keywords:
Carbon dioxide absorption
MEA solvent
Membrane contactor
Mass transfer
Conjugated Graetz problem

a b s t r a c t

The absorption efficiency of CO2 in ethanolamine (MEA) solvent system of a parallel-plate membrane
contactor with both concurrent- and countercurrent-flow operations was investigated theoretically
and experimentally. A two-dimensional modeling equation for predicting the concentration distribution
and total absorption rate was developed, and the analytical solution for the resultant partial differential
equations is obtained using the separated variables method with an orthogonal expansion technique. The
theoretical predictions of the absorption efficiency, total absorption rate, average Sherwood number and
concentration distributions were presented graphically with the mass-transfer Graetz number, inlet CO2

concentration, and both gas feed and absorbent flow rates as parameters.
� 2016 Elsevier B.V. All rights reserved.

1. Introduction

Membrane technology has been extensively applied to liquid/
liquid and gas/liquid systems and widely used in many separation
processes [1,2] such as gas absorption and metal ions removal due
to the advantages of low energy consumption, a large mass transfer
area, continuous operations, and the flexibility to scale up. The
application of membrane contactor to gas absorption process is
aiming to allow the soluble gas mixture components being selec-
tively absorbed in the solvent on membrane surface of liquid phase
[3,4]. When applied in CO2 absorption, previous studies has proved
some materials such as PMSQ aerogel, Al2O3/SiO2-FAS used for
membrane contactor for CO2 absorption are durable and reusable
[5,6]. The hybrid silica aerogel and highly porous PVDF/siloxane
nanofibrous membranes were proved to enhance the CO2 absorp-
tion flux significantly [7,8]. The separation efficiency of membrane
gas absorption process depends on the distribution coefficient of
gas solute in the two-phase system in which a gradient exists in
the compositions of the gas and liquid flowing streams.

Mathematical treatments and experimental work were carried
out to study the influences of mass transfer efficiency of CO2

absorption based on physical absorption [9,10]. A more efficient
absorption process is chemical absorption by amine liquid
solutions as chemical absorbents with the use of hydrophobic

microporous membrane to allow CO2 being selectively absorbed
on the membrane surface of liquid phase. The two-dimensional
mathematical formulation of such a coupled boundary value prob-
lem in the membrane contactor is referred to as the conjugated
Graetz problem associated mutual boundary conditions [11,12],
and the analytical solution of such a conjugated Graetz problem
was obtained by using the orthogonal technique and separated
variables method [13,14]. The purpose of this study is to develop
the mathematical formulation for a parallel-plate membrane con-
tactor gas absorption in MEA solvent system and to obtain the
solutions analytically then to verify with experimental data. The
CO2 concentration in MEA absorbent stream, absorption rate and
absorption efficiency was investigated theoretically and experi-
mentally with the MEA absorbent flow rate, gas mass flow rate
and inlet CO2 concentration in the gas stream as parameters under
both concurrent- and countercurrent-flow operations.

2. Theory

A parallel-plate two subchannels flow separated by a mem-
brane gas-liquid contactor with length L, width B, distances
between membrane and upper or lower plate are Wa and Wb,
respectively, as shown in Fig. 1. The thickness of the hydrophobic
microporous membrane is d and gas feed and absorbent flow were
passed through different subchannels. The overall mass transfer
process includes three steps. First, the solute gas transfers into
the membrane surface from the bulk gas phase. The solute then
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diffuses through the membrane pores. Finally, it transfers into the
bulk liquid via the membrane–liquid interface. The velocity distri-
butions and the conservation equations of mass may be described
once the following assumptions were made: (a) steady state and
fully developed flow in each subchannel; (b) negligible axial diffu-
sion and conduction; (c) isothermal operation and constant physi-
cal properties; (d) the applicability of Henry’s law; (e) the chemical
reaction is very fast and the equilibrium state is reached.

2.1. Countercurrent-flow operation

The velocity distributions and the dimensionless equations of
mass transfer for each subchannel may be written in terms of
the dimensionless variables as

vaðgaÞ ¼ �vað6ga � 6g2
aÞ ð1Þ

vbðgbÞ ¼ ��vbð6gb � 6g2
bÞ ð2Þ

and
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The boundary conditions required for solving Eqs. (3) and (4)
are
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Nomenclature

B conduit width, m
C concentration in the stream, mole/m3

Da ordinary diffusion coefficient of CO2 in N2, m2/s
Db ordinary diffusion coefficient of CO2 in MEA solution,

m2/s
dmn coefficient in the eigenfunction Fa;m
E the accuracy of the experimental results
emn coefficient in the eigenfunction Fb;m
Fm eigenfunction associated with eigenvalue km
Gz mass-transfer Graetz number
H dimensionless Henry’s law constant
IM absorption efficiency
J average absorption flux, mol=s � cm2

K overall mass transfer coefficient defined
k mass transfer coefficient
kn local mass transfer coefficient of CO2

L conduit length, m
Nexp the number of experimental measurements
Nrep the number of experimental measurements repeated
Nsam the number of analytical and experimental data com-

pared samples
Q volumetric flow rate of conduit, m3/s

Sm expansion coefficient associated with eigenvalue km
Shn local Sherwood number
Sh average Sherwood number
v velocity distribution of fluid, m/s
�v average velocity of fluid, m/s
W distance between two parallel plates, m
x transversal coordinate, m
z longitudinal coordinate, m

Greek letters
d thickness of the membrane, m
e porosity of the membrane
g dimensionless transversal coordinate, x/W
km eigenvalue
n longitudinal coordinate
x absorption rate, mol/s
w dimensionless concentration

Subscripts
a in the gas feed flow channel
b in the liquid absorbent flow channel

Fig. 1. Parallel-plate membrane gas-liquid contactor.
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