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Abstract

The present paper investigates the simulation of carbon diox-
ide removal from natural gas stream by a mixture of three
amines of diethanolamine (DEA), methyldiethanolamine
(MDEA), and 2-amino- 2-methyl-1-propanol (AMP) in a hol-
low fiber membrane contactor made from polypropylene using
finite volume method (FVM). The effect of structural parame-
ters of length and thickness of membrane and diameter of shell
on the removal efficiency was studied and the optimized values
were calculated. The calculations were made with the assump-
tion of two-dimensional symmetric geometry and compared
with those of three-dimensional one. The effect of number and
size of the meshes on the simulation results was also studied.
The simulation results were validated against the experimental
values from the literature. The results imply that the increase
in the length and decrease in the thickness of membrane
enhances the removal efficiency. As a result, higher quantities
of carbon dioxide are transferred from the shell to the mem-
brane and amine solution inside the tube which decreases the
effluent CO, of shell and increases the average concentration
of CO, in the membrane and tube sides. The changes in efflu-
ent CO, of shell with respect to amine solution concentration
and influent CO, indicate the insignificant influence of influent
CO, concentration on the removal efficiency.
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1 Introduction

The development of industrial activities has increasingly
elevated the concentration of greenhouse gases in atmosphere
during the past decades. The elevation of greenhouse gases
gives rise to global warming and environmental issues. Carbon
dioxide (CO,) adds up to about 80% of the aforementioned
gases [1]. Conventional gas adsorption equipment such as
packed, bubble and spray columns and scrubbers suffer from
drawbacks like the need for large space, high capital costs
and operational problems including liquid channeling, flood-
ing, solvent loss, foaming, etc. In contrast membrane contac-
tor technology enjoys the benefits such as, they do not suffer
from operational problems; they can be operated over a wide
range of flow rates and can be custom designed and modified;
also, membrane contactors in form of hollow fiber offer higher
surface area 1600-6500 m?*m? as compared with conventional
tray towers or packed columns with 30-330 m%*m?®. Besides,
less energy consumption, easy scale up, and independent con-
trol of gas and liquid rates are other traits than can characterize
them as a capable technology [1,2]. CO, removal by membrane
contactors has been studied since 1980’s and the researchers
have investigated factors such as solvent type, membrane mate-
rial, and modulus type etc. to improve its performance. The
membrane contactor technology benefits from both separation
processes of membrane and adsorption. Qi and Cussler [3, 4]
first implemented the idea of hollow fiber membrane contactor
(HFMC) application for the adsorption of CO, using non-wetted
polypropylene membrane with porosity of several micrometres
and aqueous sodium hydroxide as the adsorbent. Separation of
CO, by membrane contactors provides more than 70% and 66%
reductions in size and weight and up to 10 times adsorption
capacity, respectively, compared to the conventional methods
[5]. Gas phase flows in one side of HFMC (tube or shell side)
and the liquid adsorbent phase flows in the other side while
the two streams are not dispersed within each other. In case
of hydrophobic membranes (e.g. polypropylene membranes)
the gas-liquid interface forms inside the porous volume in the
vicinity of the liquid phase (non-wetted operation) [2] and the
gas diffuses in the membrane mostly because of concentration
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gradient and less likely as a result of pressure gradient, however
it depends on the applied pressure and flow velocity [6]. Zhang
et al. [7] studied the chemical adsorption of CO, by aqueous
diethanolamine (DEA) in HFMC and realized that CO, flux is
significantly influenced by influent gas velocity and merely by
influent liquid velocity. The limiting factor for the reaction rate
of CO, and DEA was the CO, concentration in the gas phase.
They found an effective length of membrane modules wherein
the removal efficiency reached a maximum value. Sohrabi et
al. [8] studied the chemical adsorption of CO, in HFMC by
finite elements method and observed the highest CO, removal
using monoethanolamine (MEA). The highest CO, removal
was obtained by first, 2-amino- 2-methyl-1-propanol (AMP)
and second, DEA in a research conducted by Saidi et al. [9] on
the effect of DEA, methyldiethanolamine (MDEA), AMP, and
mixture of DEA and MDEA on CO, removal. Their findings
imply the improvement of removal efficiency by an increase
in liquid velocity, number of fibers, temperature and decrease
in gas velocity. Wang et al. [10] utilized three alkanolamine
solutions of AMP, DEA, and MDEA as the adsorbent for their
simulation of CO, adsorption in HFMC. The results indicated
the higher capability of AMP and DEA for the adsorption of
CO, when compared to MDEA. However, their concentrations
in the solution dropped dramatically. Accordingly, a solution
of amines like DEA, MDEA and AMP has been chosen due to
better performance in removal of CO, from the standpoint of
reactivity, absorption capacity (different CO, loading factor of
absorbents), regeneration performance, higher selectivity and
synergetic effects [8, 10, 11].

2 Model development

Hollow fiber membrane contactor comprises three sections:
shell, membrane, and tube. The amine solution (liquid phase)
flows in the tube side while the natural gas containing CO, flows
in the shell side in the opposite direction. The CO, removal pro-
cess includes three steps: the diffusion of gas component from
the gas bulk to the external surface of the membrane, the diffu-
sion in the membrane pores, dissolution in the solvent (adsor-
bent) and chemical reaction. The schematic diagram of the
membrane modulus and its physical specifications are presented
in Fig. 1 and Table 1 respectively. The following assumptions
were made for the mathematical modelling of the membrane:

1. The diffusion of other components of natural gas in the
membrane is excluded.
CO, concentration variations and its partial pressure in
the tube side are assumed to be negligible.
Isothermal condition is prevailed throughout the modulus.
. The fluids flow is fully developed and laminar (Reynolds

number less than 100).

6. At the initial conditions, the shell and tube sides are sup-
posed to be full of gas and amine solution, respectively.
Therefore, there are effluents from both sides since the
beginning of the simulation process.

7. The gas phase is assumed to be an ideal gas.

The Henry’s law governs the gas-liquid equilibrium.

Table 1 Specifications of membrane modulus used for modeling

Parameter Value
Shell length (mm) 400-200-100
Shell diameter (mm) 12-10-8
Membrane thickness (mm) 0.6-0.4-0.2-0.1
Membrane length (mm) 400-200-100
Porosity 0.6
Tortuosity 3.5

Gas flow

Amine flow

Fig. 1 Shematic Diagram of Holow Fiber Membrane Contactor

The total continuity (mass conservation), motion (momen-
tum conservation), and CO, partial continuity equations are
presented in equations of (1), (2), and (3) respectively:

p

—+V. =0 1
= TV (pu) (1
ou
p5+p(u-V)u:V-[—pI+r]+F )
8CCO2
+V- (_DC()ZVCC()Z ) TU, . vCC()2 = RC()z (3)

ot

Where p is the fluid density (kg/m?), u is the velocity vector
(m/s), p is the pressure (Pa), I is the identity matrix, p is the
dynamic viscosity (kg/(m.s)), F is the body force (N/m*) which
is equal to zero in the present system, ¢, is the CO, concen-
tration (mol/m’), D, is the diffusivity of CO, (m*s), and R, is
the rate of reaction with amine (mol/m?.s).

5. The membrane is assumed to be impermeable to the 2.1 Tube Side
amine solution which is mostly correct for polypropylene Carbon dioxide partial continuity equation (3) in the tube
membranes side at steady state conditions takes the form of Eq. (4):
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Where D
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solution) phase, c,, is the concentration of CO, in the liquid

C02,1
phase, and u, is the liquid axial velocity profile which can be

calculated from Eq. (5) for laminar flow in hollow fibers [12]:

U, =2, [l —(f) ] (5)

Where G, is the liquid average velocity, r is the radial dis-
tance from the central axis, and r, is the fiber internal radius.
The boundary conditions for the solution of Eq. (4) are shown
in Egs. (6) to (9) under the assumptions of symmetry along the
fiber radius and the non-volatility of the adsorbent:

z= O’ Ccoz,l = 0’ Camine,i = Camine,iO (6)
z=1L, Ncoz = Cc'ozul (7)
r=0, anz,l =0, 8camine,i =0 (8)
or or
oc . .

_ _ amin,i __
r=r, Ccnz,l - Hccoz,m’ or =0 (9)
Where ¢ Aminet 1S the concentration of amine type I, Coonm 18

the CO, concentration at the membrane-liquid interface, N, is
the CO, advective molar flux (mol/m*s), and H is the Henry’s
law constant. Henry’s law was used to describe the equilibrium
concentration of solute at the membrane-liquid interface and
liquid phase given the fact that the CO, concentration is very
low in the liquid phase and it’s consumed quickly in the chemi-
cal reaction. The initial concentrations of each amine type were
set to 0.5 mol/m’. The diffusivity of CO, in amine solution may
be predicted by Eq. (10) [13]:

~ 2119
D, =2.35x10 6exp[—Tj (10)

Where T is the absolute temperature and equal to 298 K.

2.2 Shell Side

The gas flow velocity distribution in the shell side is
obtained by solving total continuity and motion (Navier-
Stokes) equations (Egs. (1) and (2)). The gas flow in the shell
side is assumed to be isothermal, isobaric, and incompressible.
The no-slip condition (u=0 m/s) applies to both interior and
exterior walls. The inflow and outflow streams are described as

ot (Vo (V) S (V)1 o=

(12)
Py =D, (13)
Where U o is the scalar value of influent CO, (m/s) and

p, is equal to relative zero (atmosphere). The initial values are
as Eqgs. (14) and (15):
u,,, =0m/s

(14)

For =0pa (15)

Continuity equation for CO, (Eq. (3)) in the shell side is
expressed as Eq. (16):

2 2
accﬂ = D a ccoz,g _;’_lacwz’g + a cwz,g (16)
& oz 08 o’ r or oz’
Where Do and Ceong A€ the diffusivity and concentra-

tion of CO, in the gas phase respectively. D, . is combined

02,
of intramolecular interactions (self-diffusion) and molecular
interactions with the pore wall (Knudsen diffusion) and found
to be 2.2x10° m/s in the present system. The boundary condi-

tions are as follows (Egs. (17) to (20)):

r=r Z=z Ceoe = Cooym (17)
C
r=r, Z=1z 28 = () (18)
or
z= 0 €0,y,8 = ccnz ug (19)
z=L CL‘02 = CO (20)

In which r is the outer membrane radius, ¢, is the CO, con-
centration in the influent gas, N, is the advective mass trans-
fer flux, and r_ is the shell effective radius which may be cal-
culated from Eq. (21) using Happel’s free surface model [14]:

21)
Where ¢ is the fibers void fraction.

2.3 Membrane Side

Since mass transfer is governed by molecular diffusion
within the membrane, the continuity equation for CO, is
expressed as Eq. (22) in this region:

2 2
Egs. (11), (12), and (13) respectively. D 0 Com +l OC.oym n 0 Cooyum -0 (22)
_ ol ot r or oz’
Uco, = Ui, co,M (11)
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D, is the diffusivity of CO, in the membrane. The bound-
ary conditions are as Egs. (23) and (24):

c CL'()') A (23)
r=r, =2
i coym H
r= r0 ccoz m = Ccoz g (24)
The value of D, may be obtained from Eq. (25):
€
DCOQ,m = DCOZ,g ; (25)

Where € and t represent porosity and tortuosity respectively.

3 Mass Transfer Mechanism

The resistances-in-series model may be used to express the
gas adsorption in hollow fibers by liquid (Fig. 2). The total
resistance is the sum of the resistances of gas, membrane, and

liquid phases.
Gas Gas
bulk bulk
G, G,
Liquid bulk

Fig. 2 Mass transfer process in gas-liquid hollow fiber membrane contactor

Overall mass transfer coefficient in the liquid phase (K ) is
expressed as Eq. (26):

1 m m 1
KOL kgda / d] kmd]m / dl kl

(26)

Where k, K, and k; are the local mass transfer coefficients
in gas, membrane, and liquid phases respectively; d ,d,and d,
are the outer, inner, and logarithmic average diameters of hol-
low fibers respectively; m is the distribution factor between gas
and liquid phases; and E is the enhancement factor resulting
from chemical reaction. The membrane resistance depends on
the operation type i.e. wetting, non-wetting, and partial wetting
modes. The membrane resistance for pores fully filled by gas
or liquid is a function of the diffusivity of CO, in the gas phase

(DCOZ, CO021
istics such as thickness (), porosity (€), and tortuosity (t) of

g) or liquid phase (D, ) and the geometric character-

the membrane [4]. Non-wetting operation is the best mode for
membrane contactors because their resistance approaches the

minimum in these conditions. Pressure balance of gas-liquid
operation, utilizing more hydrophobic membranes, using liquid
adsorbents of higher surface tensions, and membrane structure
with smaller pores improve the non-wettability of the separa-
tion process. It is better to adopt a liquid flow in the tube side
and a gas flow in the sell side for gas adsorption processes.
The liquid mass transfer coefficient (k) can be calculated by
Graetz-Leveque correlation (Eq. (27)) [2]:

1
_kd, _ 1.62(%Re~ SCT

CO, .l

Sh 27

Sh is Sherwood number, Re is Reynolds number, and Sc
is Schmidt number. The CO, mass transfer coefficient in the
gas phase can be calculated by Yang and Cussler correlation

(Eq. (28)) [15]:

_ kd,

d 0.93
Sh =125 (T ReJ S (28)

CO,.g
Where d, is the shell hydraulic diameter. Mass transfer

coefficient of CO, in the membrane (k
Eq. (29):

cozgm) is expressed as

D, €
O, em = —rS,g (29)

3.1 Mass Transfer Mechanism

The blend of three amines of AMP (type I amine), DEA
(type I amine), and MDEA (type III amine) were studied in the
present study. Their chemical structure and physical properties
are shown in Fig. 3 and Table 2 respectively [10].

H CH, CHy-CH,;—OH CH,-CH,—OH
N—C—CH,—OH H—N HsC—N

H/ CHy CH,-CH;—OH CHy-CH,—OH
AMP DEA MDEA

Fig. 3 Chemical structure of AMP, DEA, and MDEA [10]

Table 2 Physical properties of the three amines at the room temperature [10]

Aqueous amine D, x 10° D, x 10° Concentration
solution (m?s) (m?s) (kmolm™)
AMP 1.33 9.7 0.5

DEA 1.25 5.95 0.5

MDEA 1.25 9.74 0.5

The reaction of type I or Il amines (R,R,NH) with dissolved
CO, is described by the two-step zwitterion mechanism. In the
first step, the intermediate zwitterion is formed (30):

CO,+R R,NH&=R R,NH'CO, (30)
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Then, the zwitterion is deprotonated by the available bases
in the solution and forms a carbamate ion and a protonated base
(Eq. 31)) [16]:

R,R,NH'CO, +b===R R,NCO, +bH" 31)

Where b represents H,O, OH™ and R,R,NH in the amine
solution, respectively. Based on the assumption of quasi steady
state condition for the zwitterions concentration, the rate of CO,
reaction with type I or II amines is described by Eq. (32) [10]:

k,[CO,][R,R,NH]
Rcozz -
1 (kg o [HO])+ (K, Ky [OH )+ (kg [RUR,NH])
(32)

The contribution of OH™ is negligible compared to those of
H,O and R R )NH. The kinetic parameters for amine solutions
of AMP, DEA, and MDEA are listed in Table 3.

Table 3 Kinetic parameters of three types of amine at the room temperature

Aqueous

amine 2 kaR,RzNH/k 1 kaIIzO/k !
. (mkmol's’)  (mCkmol?s) (mekmol?s")
solution
AMP 810 2335 2.64
DEA 2375 437 22
MDEA 2.47 - _

Type III amine doesn’t undergo the reactions (30) and (31)
because there is not any hydrogen bond with nitrogen. The reac-
tion of Type III amine with CO, is advanced by the formation
of a protonated amine and a bicarbonate anion (Eq. (33)) [16]:

RR,R,N + H,0+CO,—>—>RR,RNH" + HCO;
(33)

The overall rate of reaction between CO, and MDEA solu-
tion is second degree (Eq. (34)):

Reo, = K, [MDEA][CO,] (32)

The rate constant correlates to temperature via Arrhenius
equation (Eq. (35)):

8625

k, = 8.741x lolzexp(—Tj 35)

3.2 Solution of Equations

The total and partial continuity and motion equations were
solved by finite volume method using COMSOL Multiphysics
5 software. The discretization of equations was made using
variable size triangular meshes. The solution at steady state
and transient state was made by GMRES and MUMPS solv-
ers respectively. The calculations iterations and tolerance were
adjusted to 10 and 10 respectively. The time interval was
chosen as 30 seconds in the transient state. The solution of

equations necessary for the simulation of adsorption process
in membrane contactors by means of finite elements method
using COMSOL software was also studied by Gilassi et al. [17]
(triangular mesh, PARDISO solver) and Razavi et al. [11] (tri-
angular mesh, UMFPACK solver).

4 Results and Discussion

The influent gas and amine solution velocities were
adjusted to 0.0157 and 0.27 m/s respectively. The increase
in influent gas velocity decreases the gas holdup time and
the removal rate of COZ’ however, the increase in adsorbent
(amine) liquid velocity elevates the turbulence of boundary
layer which prevents the adsorbent from being saturated
by CO,. The influent CO, concentration in gas and liquid
phases were chosen as 100 and 0 ppm respectively. The three
dimensional geometry of the membrane was approximated to a
two dimensional one to reduce the calculations. Mesh number
was set to 288750 and 14830 in three and two dimensional
modes, respectively. The results of two and three dimensional
geometries as the diagrams of average CO, concentrations in
the shell, membrane, and tube sides are depicted in Fig. 4.
They indicate a small difference between the two geometries
results. Considering an 88% reduction in the calculations time
(from 1340 to 158 minutes), the advantage of applying the two
dimensional approximation is clear.

100 =

90 | et R
80 ST
70

=604 ... st
E : o .
£ 504

@)

404 ! = -+ = Shell-2D Geometery

-+« - Membrane-2D Geometery

ww+ Tube-2D Geometery

— - —-Shell-3D Geometery

= = - Membrane-3D Geometery
Tube-3D Geometery

i
}
304!
i
i
20!

i
104

0 4= T T T T T T T T T 1

1] 100 200 300 400 500 600 700 80O 900 1000
Time (s)

Fig. 4 Comparison of CO, concentration variations in shell, tube, and

membrane sides between two and three dimensional geometries

4.1 The Effectof Size and Number of Meshes

Table 4 shows the effect of mesh number on the effluent
CO, concentration from the shell side. The velocity, tempera-
ture, and Reynolds number of the influent gas to the shell side
were 0.27 m/s, 273 K, and 80. The velocity, temperature, and
Reynolds number of the influent amine solution to the tube side
were 0.0157 m/s, 273 K, and 100. Although the increase in mesh
number improves the precision of calculations, it also increases
the calculations time and iterations. It also increases the cumu-
lative error resulting in the decrease of the precision. Therefore,
an optimum value for the mesh number should be chosen.
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Table 4 The effect of mesh number on the simulation results (length=200 mm)

Mesh Average velocity of the  Average CO, concentration
number shell effluent(m/s) * of the shell effluent (ppm) *
25457 0.195 62.429

61070 0.216 64

98976 0.218 64.02

238078 0.219 64.03

* After 17 minutes

The mesh size was smaller in the regions where the CO,
concentration variations were higher and vice versa. As seen
in table 4, the increase of mesh number from 61070 to 98976
and higher didn’t cause any significant change in the simulation
results. Therefore, the calculations precision was independent
of the mesh number for values greater than 61070.

4.2 The Effect of Membrane and Shell Length

The effect of membrane length on the removal efficiency
was studied at the membrane thickness of 2 mm, shell diameter
of 10 mm, and influent CO, concentration of 100 ppm. The
results are depicted in Fig. 5. The increase in the membrane
length slightly decreases the effluent CO, concentration and
increases the removal efficiency. The same trend is reported by
Farjami et al. [18]. The increase in length decreases the average
CO, concentration in the membrane. For example, the average
CO, concentration reaches 69 ppm at the length of 100 mm and
65 ppm at the length of 400 mm after 1000 seconds. Hence, the
biggest value i.e. 400 mm was chosen as the desired value for
the membrane length.

=« = 100mm
200 mm
= = - 400 mm;

95 1

90

85

80

C (ppm)

75

704

65+

60

T T T T T T T T T 1
0 100 200 300 400 500 600 700 800 900 1000

Time (s)

Fig. 5 CO, concentration in effluent gas of shell side

with time at different membrane lengths

The increase in the membrane length raises its separation
surface so that the effluent CO, concentration falls. As a result,
the concentration gradient between the two sides and the mem-
brane CO, concentration decrease (Fig. 6)

100

90

804

70

60 -

50 -

C (ppm)

40

304

. T . T N T T T o T : T N T . T N T . 1
0 100 200 300 400 500 600 700 800 900 1000
Time (s)
Fig. 6 CO, concentration in the membrane with time
at different membrane lengths

CO, concentration in the effluent amine solution increases
with the increase in the membrane length (Fig. 7). As men-
tioned earlier, the increase in membrane length enhances the
removal efficiency and concentration gradient with time which
ultimately increases the effluent CO, concentration in the
amine solution.

100 =

[+ 100 mm |
e N0) 113TY

90 o
L= = = 400 mm)
R o
70 -

il =

S0+

C (ppm)

40
304
20 4 -7

10 < 7

L e e —

—— — 77—
0 100 200 3000 400 500 600 TOO 800 900 1000

Time (s)

Fig. 7 CO, concentration in the effluent amine solution of tube side

with time at different membrane lengths

4.3 The Effect of Membrane Thickness

The effect of membrane thickness on the CO, concentration
in the different sections of membrane contactor is tabulated
in Table 5. As the thickness increases, the resistance to mass
transfer increases so that the average CO, concentration in the
effluent from the shell side increases and the average concen-
tration of CO, in the membrane and tube decreases. For exam-
ple, as the thickness increases from 0.1 to 0.4 mm, the aver-
age CO, concentration in the tube effluent and the membrane
decreases by 2.10 and 2.29 ppm respectively. At the same time,
the average CO, concentration in the effluent from the shell
side increases by 4.53 ppm. The minimum membrane thickness
i.e. 0.1 mm is the optimum value.

232

Period. Polytech. Chem. Eng.

P. Bahrami Moghim, T. Mohammadi



Table 5 The effect of membrane thickness on CO, concentration

at different sections of the modulus

Table 6 Optimum membrane parameters

Average CO,
concentration in
shell effluent (ppm)

Thickness

(mm)

Average CO,
concentration in

membrane (ppm)

Average CO, length

Membrane

. Membrane
Shell diameter .
thickness

Meshing

concentration in
400 mm

8 mm 0.1 mm

61070

tube effluent (ppm)

0.1 46.35 62.21 22.44

0.2 47.64 60.88 21.25

0.4 50.88 59.92 20.54

0.6 52.45 58.18 20.48

4.4 The Effect of Shell Diameter

The effect of shell diameter on the effluent CO, concen-
tration was investigated at the membrane thickness of 2 mm,
length of 200 mm, and influent CO, concentration of 100 ppm.
The increase in shell diameter results in the elevation of gas
volume in the shell side which reduces the rate of CO, concen-
tration decrease with time. The increase in shell volume causes
increase in the CO, concentration in the shell side which pro-
vides higher concentration gradient and driving force for mass
transfer. It results in higher removal efficiencies. However, ele-
vated amounts of CO, enter the shell side so that the increase
in the shell diameter increases the effluent CO, concentration.

1004
) —=<Emm |
osd) .. — 10mm
90

85+

80~

C (ppm)

754

70 4

65

60

55

— 7 T T T T T T
0 100 200 300 400 500 600 700 800 900 1000

Time (s)

Fig. 8 The CO, concentration in the effluent from shell side
at different shell diameters

Alcora - Castell&oacutebetween the tube and shell sides
(Fig. 9).

The high accumulation of CO, concentration in the mem-
brane pores reduces the CO, entering the amine solution, there-
fore less amounts of CO, enter the amine solution. Hence, the
effluent CO, concentration from the tube side is reduced.

The optimum parameter values and the CO, concentra-
tions at different sides are represented in Table 6 and Fig. 11
respectively.

C (ppm)

C (ppm)

Fig. 10 The average CO, concentration in the effluent from tube side

C (ppm)
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Time (s)

Fig. 9 The average CO, concentration in the membrane
at different shell diameters
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Fig. 11 CO, concentration in different membrane contactor sections at the
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5 Validation

The validation of the simulation results of the present study
was carried out by comparing the results with those obtained by
Wans et al. [10]. They used AMP, DEA, and MDEA aqueous
solutions separately at initial concentrations of 1.56, 1.2, and
1.2 mol/m? respectively. The mixture of all three amines with
the initial concentration of 1.5 mol/m? was used in the present
study. The relative concentrations of CO, with respect to radius
are illustrated in Fig. 12. It can be seen that CO, concentration is
maximum at the furthest point of the shell side but it decreases
as the distance from the membrane surface decreases. As CO,
enters the amine solution flowing in the tube side, it’s quickly
consumed because of the high reaction rate. The falling trend
is smoother for MDEA compared to AMP and DEA. The blend
of all three amines showed a trend which is an average of the
three single amines.

1.0+
=+ =+ MDEA (Wang Paper) i
—— AMP (Wang Paper)

= = -DEA (Wang Paper) i
-+ =+ Mixed Amines '

0.9

0.8

0.7

/'R

Fig. 12 Relative CO, concentration at different distances

6 Conclusion

The CO, removal by a mixture of three amine types in a
hollow fiber membrane contactor was studied in the present
study. Mathematical modelling was performed based on the
continuity and momentum equations taking into account the
advective and diffusive mass transfer in the shell and tube
sides, molecular diffusion in the membrane, and chemical reac-
tion in the tube side. Partial differential equations system was
solved by finite volume method using COMSOL software. The
concentration profile was determined in different sections of
the membrane modulus and the validation of model was con-
firmed through comparison with the experimental values in
the literature. The effect of membrane and shell length, mem-
brane thickness, and shell diameter on the removal efficiency
was studied. The increase in membrane length results in the
increase in removal efficiency. The decrease in the membrane
thickness causes decrease in the resistance to the mass transfer
leading to introduction of higher CO, amounts from the gas
phase in the shell side to the solution flowing in the tube side.

The increase in the shell diameter causes less amounts of CO,
entering the amine solution because of higher accumulation of
CO, concentrations in the membrane pores. The influent CO,
concentration has a negligible effect on the removal process
because it reacts fast with the amine solution. The CO, concen-
tration changes in the effluent form the shell side have a linear
functionality with respect to the influent CO, concentration.
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