8 Desalination and Water Treatment

b www.deswater.com

17 (2010) 218-226
May

(% 1944-3994/1944-3986 © 2010 Desalination Publications. All rights reserved

doi: 10.5004/dwt.2010.1721

A numerical analysis for CO, recovery from aqueous absorbent solution by

hollow fiber membrane contactor

Jeongsik Oh, Dongjae Jeong, Ina Yum, Yongtaek Lee*

Department of Chemical Engineering, Chungnam National University, 220 Gung-dong, Yuseong-gu, Daejeon 305-764, Korea

Tel. +82428215686; Fax +8242 8228995; email: ytlee@cnu.ac.kr
Received 1 August 2009; accepted 27 November 2009

ABSTRACT

A novel theoretical analysis was performed to strip CO, from an aqueous diethanolamine (DEA)
solution using a membrane contactor, which is composed of porous hollow fibers. Governing
equations of the system were derived for a cocurrent flow scheme of the feed absorbent steam and
the permeate stream in a membrane contactor. Those were successfully solved with the proper
initial conditions using a personal computer. The computer program was coded with a Compaq
Visual Fortran 6.6. The concentration of free DEA and the flow rate of the recovered CO, in the
permeate could be obtained in terms of the fiber length with changing several operating para-
meters: temperature in a feed, fractional reaction yield of DEA, feed flow rate and pressure in a

permeate.
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1. Introduction

Many research efforts have been devoted to control
the emission of the greenhouse gases: carbon dioxide,
and gases described elsewhere [1]. Those gases were
thought to cause the change of the global climate. It is
important to capture and separate CO, with the proper
technologies: cryogenic method, absorption, adsorp-
tion, membrane separation, and so on.

The absorption of CO; is known to be one of the
most efficient technologies to capture CO, from the
various sources. After capture of CO,, the absorbent
has to be regenerated so that it is reused for absorp-
tion of CO,. As a conventional technology, a packed
tower has been utilized to strip the captured carbon
dioxide. However, such a process usually requires a
large energy consumption. As one of the alternative
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technologies to save the required energy, a membrane
contactor may be a suitable candidate for separation of
CO; from the aqueous absorbent which already absorbs
CO;, up to its equilibrium, because it provides quite
large surface area per unit volume compared to the con-
ventional packed tower [1]. A membrane contactor has
been applied to absorb a gas from its mixture due to the
same reason described above. In addition to the high
surface ratio to the unit volume, its other advantages
have been reported in elsewhere [1].

In this study, a porous membrane contactor was
adopted to strip CO, from its aqueous diethanolamine
(DEA) solution as an absorbent. In the membrane con-
tactor, CO; is to be separated and collected in a perme-
ate stream. A theoretical analysis was performed in
order to predict the separation performance of CO; in
a given membrane contactor. A set of coupled differen-
tial equations were developed and solved using a
numerical method.
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2. Theoretical analysis

Several assumptions were taken into account to
develop the coupled ordinary differential equations:

1. The absorbent liquid flows through the lumen of the
membrane fiber and the permeate gas flows in the
shell side with the same flow direction as the
absorbent.

. The absorbent flows as a plug flow.

3. There is no mixing along the longitudinal direction

for both flows of the absorbent and the permeate.

4. There is a perfect mixing across the radial direction

as in the references of [2—4].

5. The pressures of the permeate and the absorbent are

kept constant.

6. The ideal gas equation of state is applied.

7. At the interface between the aqueous absorbent and

the gas, Henry’s law is applied.

8. The porous membrane offers negligible resistance to

gas flow as in the reference of [5].

N

2.1. Chemical reactions

There are two steps of chemical reactions involved
between CO, and DEA:

R;NCOO™ (A) + H' (E) ;{"—> R,NH(C) + CO,(D) (1)

R,NHj (B) < R,NH(C) + H* (E) ()

The overall reaction equation can be described as
follows:

R,NCOO™ (A) + RoNHj (B) «» 2R,NH(C) + CO,(D)
(3)

The stripping reaction rate (rco,) of CO, can be
described as follows:

Teo, = k1C4Cp — k_1CcCp (4)

The equilibrium constant of the reaction (1) can be
described as follows:

Keq = (CcCp)/(CuCr) (5)

Ca, Cg, Cc, Cp and Cg represent the molar concentra-
tion of RNCOO~, R,NH, 1, R,NH, CO, and H* in an
aqueous absorbent liquid, respectively.

From Egs. (4) and (5), one can get the following
equation:

Veo, = k_1KeqCyCp — k_1CcCp (6)

The equilibrium constant of reaction (2) can be
written as:

Kp = (CcCg)/Cp (7)

The electroneutrality condition in an absorbent
liquid can be written as follows:

Cy=Cg+Cg (8)
Cr is so small that it can be neglected as follows:
Cys=Cp )

Also, the summation of all the components that are
derived from DEA leads to the following equation:

Cr=C4+Cp+Cc (10)

where Cry is the total concentration of DEA.
From Egs. (9) and (10), Cs can be described as
follows:

Ci=(Cr—Cc)/2 (11)

Combining Egs. (5)-(7) and (11) and expressing the
reaction rate in terms of dissolved carbon dioxide and
free amine gives [6]:

Feoy, = k_1KeqKp(Ct — Cc)?/(4Cc)} — k_1CcCp (12)

2.2. Governing equations of the system

Fig. 1 shows a schematic of a hollow fiber contactor.
Governing equation of the system could be derived by
combining the total mole balance and the mole balance
of CO; in a finite membrane length of Alas shown in
Fig. 2.

In Fig. 2, D; means the inner diameter of the mem-
brane fiber. / represents the length from the inlet point
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\ | | — { |
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Fig. 1. A schematic of hollow fiber membrane contactor.
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Fig. 2. A schematic of co-current flow in porous hollow fiber membrane contactor.
of the absorbent liquid. y denotes the mole fraction of 5 X
CO; in a permeate gas. V is the total molar flow rate dCc/dl = (nD;*/2Q) - [{k-1KeqKp(Cr — Cc) (15)

of the permeate stream. Q represents the flow rate of
the feed in which both free DEA and DEA-CO, com-
plex exist. When Q varies, the molar flow rate of free
DEA and DEA-CO, complex are also changed. P
denotes the pressure in the shell side and normally in
a vacuum state. When P is adjusted, the partial pres-
sure of CO; is also changed, affecting the CO, concen-
tration at the vapor-liquid interface leading to the
change of the driving force. The stripping rate can be
controlled using a temperature as well as the CO, par-
tial pressure in the gas phase.

2.2.1. Governing equation of the system in the liquid
phase

The differential mole balance of free amine of R,NH
in a finite membrane length of A/ can be described
according to the stoichiometric ratio of the reaction rate
as follows:

OCcli_yyns — OCcliey = (nD;? /4) Al - 2rco, (13)

Dividing each term by A/, taking lim and rearranging
Eq. (13) results in Eq. (14): =0
dCc/dl = {nD;?/(20)} - rco, (14)

Substituting Eq. (12) into Eq. (14) and rearranging
results in Eq. (15):

/(4Cc)} — k_1CcCp)

2.2.2. Governing equations of the system in the gas phase

The differential mole balance of V in a finite mem-
brane length of A¢ can be described as follows:

V|I:I+Al - V|1:1 = (nDi2/4) Al - reo, (16)

Dividing each term by A/, taking lim and rearranging
Eq. (16) results in Eq. (17): -0

dv /dl = (=D;?/4) - rco, (17)

Substituting Eq. (12) into Eq. (17) and rearranging
results in Eq. (18):
dv/dl = (rD;2/4) - [{k_1KeqKp(Cr — Cc)*/(4Cc )}
— k_1CcCp)
(18)

The differential mole balance of CO, in a finite
membrane length of A/ can be described as follows:

(19)

Dividing each term by A/, taking lim and rearranging
Eq. (19) results in Eq. (20): -

lizipar = Vol = (nDi?/4) Al - reo,

d(vy)/dl = (nD; /4) - rco, (20)
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Rearranging the left-hand side of Eq. (20) gives:

V(dy/dl) + y(dV /dl) = (D} /4) - rco, (21)

Substituting Eq. (17) into Eq. (21) and rearranging
results in Eq. (22):

(dy/dl) = {(1 = »)/V} - {(=D}/4) - rco, } (22)

Substituting Eq. (12) into Eq. (22) and rearranging
results in Eq. (23):

(dv/dl) = {(1 = y)/V} - (nD} /4) - [{k-1KeqKp(Cr — Cc)?
/(4Cc)} = k1 CeCp
(23)

2.2.3. Dimensionless equations

Equations (15), (18) and (23) can be rearranged so
that they are converted to the dimensionless equations
as follows:

Substituting Egs. (33)-(35) into Eq. (15) and rearran-
ging results in Eq. (24):

(Cr/Im)/{d(Cc/Cr)/d(l/Im)} = {nD;/(20)}
([l 1KegKp - {(Cr/Cr) = (Cc/Cr)}
- C7]/{4(Cc/Cr) - Cr}] — {k-1(Cc/Cr)
-(Cp/Cr) - C1}]

Rearranging Eq. (24) results in Eq. (25):

dCZ/dI" = [{nD}1n/(20)} - (k-1KeKp/4) - {(1 = CE)°
/CH = {nDf k1 Cr/(20)} - (CcCp)
(25)

Substituting Egs. (37) and (38) into Eq. (25) and rearran-
ging results in Eq. (26):

dCo/dl" = o {(1 = C2)*/Ce} = B~ (CECp) (26)

Substituting Eqgs. (33)—(36) into Eq. (18) and rearran-
ging results in Eq. (27):

{(0Cr/2)/In}- [d{V /(QCr/2)}/d(I/1n)] = (rD} /4)
([k-1KeqKp - {(Cr/Cr) — (Cc/Cr)}?
- C}]/{4(Cc/Cr) - Cr}] = (k-1 (Ce/Cr)
- (Cp/Cr) - C1}]
(27)

Rearranging Eq. (27) results in Eq. (28):

AV /Al = [{nDf1n/(20)} - (k-1KegKp/4) - {(1 = CE)?
/CH = {nDf k-1 C1/(20)} - (CeCp)
(28)

Substituting Egs. (37) and (38) into Eq. (28) and rearran-
ging results in Eq. (29):

v/l = o {(1 - C¢)*/CE} = B - (CeCp) (29)

Substituting Egs. (27)—(30) into Eq. (23) and rearran-
ging results in Eq. (30):
{dy/d(l/ln)}/ I = [(1 = »)/{V/(QCr/2)} - (OCr/2)]]
(D7 /4) - [[[k-1KeqKp - {(C1/C1)
— (Ce/Cr)} - GR]/{4(Cc/Cr) - Cr}]
—{k_1(Cc/Cr) - (Cp/Cr) - CR}]
(30)

Rearranging Eq. (30) results in Eq. (31):
dy/dl* = {(1 =)/V"} - [{nD{ 1/ (20)} - (k-1KeaKp /4)

(1 =€) /€Y — {nD} k-1 C1/(20)} - (CECh)
31

Substituting Egs. (37) and (38) into Eq. (31) and rearran-
ging results in Eq. (32):

dv/dl = {(1=)/V*} - [0 {(1 = C&)*/CE} = B- CeCp
(32)

where the dimensionless variables and dimensionless
parameters are defined as follows:

I =1fl, (33)
Ci = Cc/Cr (34)
C; = Cp/Cr (35)
Ve =1r/(QCr/2) (36)
o= (n-Df Iy k1 Keq K;)/(80) (37)
B=(n-Df-In-Cr-k-1)/(20) (38)

Egs. (26), (29) and (32) are subject to the initial
conditions at /* = 0 as follows:

Cé = Cé-f (39)
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V=t (40)

Y=yt (41)

The initial concentration of free DEA is determined
using a fractional reaction yield (S) of DEA with CO,.
This fractional reaction yield depends on the absorp-
tion process and it is supplied as one of the input data.

S
CC‘]:O: CT X (1 —m)

where S denotes the fractional reaction yield of DEA
with CO, in %. After converting C¢|,_, to the dimen-
sionless, this initial condition is used in Eq. (39).

The concentration of CO, (Cp) in a liquid can be
obtained in each Al according to the following proce-
dure: The pressure in the permeate side is used as a
boundary condition in a small node of Also that the
CO, concentration in a solution at the interface can be
calculated. The concentration gradient will be devel-
oped across the r-direction, resulting in a new mean
concentration. Using a complete mixing assumption,
this new average concentration can be obtained in each
node and this concentration is used to calculate the dis-
sociation reaction rate. The wall concentration of CO; is
determined with the Henry’s law as follows [7]:

(42)

pco, =H - Cp (43)
where pco,represents the partial pressure of CO; in
the permeate and H denotes the Henry’s constant for
CO,. The Henry’s constant can be described in terms
of the temperature and the total concentration of
DEA and DEA-CO, complex in an aqueous solution
as follows [8]:

Hco,in solution = 101631325~ (140/ D} ey 5 £(1.0406 x 1074)
+ (6.8433 x 10°Cr) + (1.33633 x 10%C3)
+ (1.1549 x 107°C3)}
(44)

where T is the temperature in K, Cr is represented in
mol/l and Hco, in solution 15 €Xpressed in atm 1/mol.

3. Calculations

A Fortran program for recovery of CO, was devel-
oped using the Compaq Visual Fortran 6.6 software.
Governing equations of the system were thought to
be an initial-value problem and they were simulta-
neously solved using the Euler method. Fig. 3 shows
the flow diagram of the computer program. Table 1

C Start ) !
Solvinginitial value
l problem (cocurrent flow)
Inputof physical and l
chemical variables - -
Calculation of profile by Euler
l method
/ Inputof initial condition/ l
l Printof profileresults by text file
Conversion of Sl units \_{\
C End )

Fig. 3. Flow diagram of computer program

represents the typical characteristics of the porous hol-
low fiber contactor used for the computer simulation.
Table 2 shows the important parameters used in the
numerical analysis where the typical operating condi-
tions were utilized as shown in Table 3.

4. Results and discussion

4.1. Effect of fractional reaction yield of DEA with CO, on
recovery of CO,

Figs. 4 and 5 represent the concentration of DEA
converted from its complex of CO; in a liquid phase
and the regenerated flow rate of CO, in a permeate
as a function of the position in the membrane fiber,
respectively. Both the DEA concentration and the
CO; flow rate increase as the position in the membrane
fiber is located farther from the entrance. It indicates
that the DEA-CO, complex is dissociated and the num-
ber of free DEA molecules increases as the absorbent
liquid flows along the membrane fiber. If the fractional
reaction yield of DEA is high in the feed absorbent
liquid, the dissociation rate of the DEA-CO, complex
is also high, leading to the high concentration of free
DEA and the large recovery of CO,, simultaneously.
However, it is found that the concentration of free DEA
at the outlet is the same, regardless of the fractional
reaction yield of DEA. This may be attributed to the
equilibrium limit of the dissociation reaction. It should
be noted that the dissociation reaction rate is low at the

Table 1
Characteristic of the porous hollow fiber membrane
contactor

Hollow fiber 1D, m 22 x10°°
Number of hollow fiber, ea 4,000
Effective length, m 0.4
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Table 2
Constants used in numerical analysis
Constant Unit Equation® Ref.
Reaction 1/mol s _ 4271.1 [9]

rate constant, k_; In(k—1) = 21.403
Equilibrium - 0 1526.27 [10]

constant, Kq logy (ch) = ~105492+

ilibri 1830.15

Equilibrium mol/1 logyo(K,) = —4.0302 — +0.0043T [10]

constant, Kp

a: The temperature (T) is expressed in K

given temperature that the DEA-CO, complex cannot
be fully dissociated, leading to the low concentration
of free DEA at the exit.

4.2. Effect of flow rate on recovery of CO,

In Figs. 6 and 7, the effects of the feed flow rate are
plotted on the regenerated free DEA and the recovered
flow rate of CO,. As the feed flow rate increases, both
the dimensionless concentration of free DEA and the
dimensionless flow rate of CO, decrease. At the low
flow rate, the retention time in the fiber is so long that

Table 3

Typical operating conditions

Variables

Total concentration of amine in feed (Crt), mol/l 1.9258
Temperature of feed (T), K 298.15
Flow rate of feed (Q), 1/s 0.00047
Pressure of shell side (P), atm 0.01

Fractional reaction yield of DEA with CO; (S), % 90

0.4
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Fig. 4. Dimensionless concentration of DEA in liquid phase
vs. dimensionless length.

the DEA-CO, complex can be fully dissociated. As a
result, the concentration of free DEA may be high at the
low flow rate, leading to the high recovery of CO,.
When the flow rate is low, the dissociation reaction of
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Fig. 5. Dimensionless flow rate of permeate vs. dimensionless
length.
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Fig. 6. Dimensionless concentration of DEA in liquid phase
vs. dimensionless length.
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the DEA-CO, complex may reach the equilibrium and
the concentration of free DEA converges to the con-
stant. However, if the flow rate increases by a factor
of 10, the concentration of free DEA cannot reach the
equilibrium concentration even at the exit of the mem-
brane fiber. This means that the DEA-CO, complex is
not fully dissociated in a given fiber length. The longer
fiber may be needed to regenerate completely CO, at
the higher flow rate.

4.3. Effect of pressure in permeate side on recovery of CO,

Figs. 8 and 9 show the effect of the pressure in
the permeate side on the regenerated free DEA and the
recovered flow rate of CO,. Both the free DEA and the
flow rate of the recovered CO, increase as the pressure
in the permeate side decreases. At the low pressure in
the permeate side, the interfacial concentration of CO,
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Fig. 8. Dimensionless concentration of DEA in liquid phase
vs. dimensionless length.
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Fig. 9. Dimensionless flow rate of permeate vs. dimensionless
length.

in the liquid is expected to be low according to the
Henry’s law. It causes the dissociation rate of the
DEA-CO, complex to be high, leading to the high con-
centration of free DEA and the high flow rate of the
regenerated CO,. When the pressure in the permeate
side increases by a factor of 10 from 0.01 to 0.1 atm, the
recovered flow rate of CO, decreases by a factor of 5. It
can be said that the operating pressure in the permeate
side plays a very important role on the recovery of CO,

4.4. Effect of temperature in feed on recovery of CO,

Figs. 10 and 11 show the effect of the temperature in
the feed on the regenerated free DEA and the recov-
ered flow rate of CO,. As the temperature increases,
both the dimensionless concentration of free DEA and
the dimensionless flow rate of CO, increase. The
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Fig. 10. Dimensionless concentration of DEA in liquid phase
vs. dimensionless length.
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Fig. 11. Dimensionless flow rate of permeate vs. dimension-
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dissociation reaction rate is expected to increase as the
temperature increases, leading to the increase of the
flow rate of CO, dissociated from the DEA-CO, com-
plex. As a result, the concentration of free DEA also
increases. It was found that there were a few publica-
tions where the effect of the temperature was reported
on the CO; stripping. It is believed that the high tem-
perature may be needed to obtain the complete disso-
ciation of DEA-CO, complexes.

5. Conclusions

The governing equations of the system were suc-
cessfully developed to describe the stripping of CO,
from the aqueous DEA absorbent solution in a porous
membrane contactor. The reaction equation was incor-
porated in the governing equations of the system so
that the stripping reaction rate of CO, could be taken
into account as a function of the concentration of the
associated component such as DEA, DEA-CO, com-
plex and CO,. Governing equations of the system were
numerically solved with suitable initial conditions after
they were converted to the computer program in a per-
sonal computer. Along the length of the membrane
fiber, those concentrations were able to be obtained,
resulting in the calculation of the total flow rate of the
recovered CO; at the outlet of the membrane contactor.
It is expected that the operating conditions can be
designed to obtain the suitable recovery of CO,.
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Symbols

Cy Mole concentration of R,NCOO~
in the liquid phase, mol/1

Cp Mole concentration of R,NH™
in the liquid phase, mol/1

Cc Mole concentration of R,NH
in the liquid phase, mol/1

Cp Mole concentration of in the liquid phase,
mol/1

Cg Mole concentration of H'
in the liquid phase, mol/1

Cr Total amine concentration of DEA and DEA-
CO, complex, mol/1

D; Inside diameter of hollow fiber, m

H Henry’s constant, atm 1/mol

ki Forward reaction rate constant of Eq. (1), 1/
mol s

k_i Backward reaction rate constant of Eq. (1), 1/
mol s

Keq Equilibrium constant of Eq. (1)

K, Equilibrium constant of Eq. (2), mol/1

) Length from module entrance, mm

L Total length of hollow fiber contactor, mm

P Pressure of permeate side, atm

(0] Flow rate of feed, 1/s

rCo, Chemical reaction rate, mol/l s

S Fractional reaction yield of DEA with CO,, %

T Temperature, K

vV Flow rate of permeate, mol/s

v Mole fraction of carbon dioxide in permeate

Greek letters

o Dimensionless parameter as defined in Eq. (37)
B Dimensionless parameter as defined in Eq. (38)
b1 Ratio of circumference of a circle to its diameter
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