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ABSTRACT

The absorption of carbon dioxide from a carbon dioxide/nitrogen mixture into an aqueous diethanolamine
solution (as an example of a typical amine solution) using a hollow fiber contactor is simulated to obtain
the effect of several operational variables (liquid velocity, fiber length, lean carbon dioxide loading, and
amine concentration) on productivity and amine solution to carbon dioxide ratio. The model employed is
based on the ones commonly used in the literature for this process, but it was significantly improved as
some simplifications usually considered (irreversible reaction, low carbon dioxide loading, constant par-
tition coefficient of molecular carbon dioxide between liquid and gas phases, absence of bicarbonate and
carbonate anions) have been removed. The effect of these simplifications on the simulated results is quite
important. A simple performance parameter study is proposed to evaluate the contactor’s performance,
keeping the feed gas concentration and the fraction of carbon dioxide removal constant. This procedure
leads to optimum values of the liquid velocity and lean carbon dioxide loading, while the performance

parameter improves with amine concentration.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The emission of carbon dioxide into the atmosphere due to the
consumption of large amounts of fossil fuels has become one of
the most serious environmental problems, which is now being
paid attention to by public authorities worldwide. Fuel powered
power plants are an important source of these emissions. A possi-
ble way for reducing the carbon dioxide emissions can be to include
a removal system in these installations [1]. Thus, the development
of carbon dioxide capture systems has attracted much attention
nowadays, which must fit the required carbon dioxide separation
performance with a minimal energy penalty [2]. The most widely
established method for this purpose is to remove carbon dioxide
by absorption into aqueous alkanolamine solutions in conventional
contactor equipment [3]. The use of microporous membranes to
carry out the absorption process offers significant advantages with
respect to conventional absorption columns [4,5]. Because of these
advantages, extensive research has been carried out on carbon
dioxide capture by chemical absorption using hollow fiber mem-
brane contactors [4-9]. In these processes, it is highly desirable
that the hydrophobicity of the membrane is high enough to avoid
membrane wetting (i.e., filling of membrane micropores with the
liquid solution), so as to minimize the mass transfer resistance
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in the membrane. The influence of membrane wetting on carbon
dioxide capture by aqueous DEA with polypropylene microporous
hollow fiber membranes has been studied by many authors [10-15].
Although the carbon dioxide flux decreases significantly due to this
phenomenon, the initial flux can be restored by drying the mem-
brane or increasing slightly the gas pressure (about a 10% over the
atmospheric pressure [14]).

All these works have helped to get a good insight about the
functioning of hollow fiber membrane contactors for carbon diox-
ide capture with aqueous amines. However, it must be noted that
they have mainly been focused on understanding the effect of
operational variables on the removal behaviour of carbon dioxide,
evaluated with the fraction of carbon dioxide removal, the average
flux of carbon dioxide, and the overall mass transfer coefficient. Less
attention has been devoted to the cost of the regeneration of the
amine loaded with carbon dioxide. In order to minimize the circu-
lating flow rate of amine (and accompanying water) in the process
and the energy of regeneration, the ratio of amine solution to dis-
solved carbon dioxide must be minimum [16]. Another important
parameter affecting the regeneration energy is the remaining car-
bon dioxide to amine ratio after regeneration (lean carbon dioxide
loading). The regeneration energy per unit mass of carbon dioxide
relates inversely to the lean carbon dioxide loading [17].

In most of the studies commented before, an irreversible reac-
tion is usually considered, neglecting the reverse reaction step. This
assumption is not valid for the carbon dioxide/amine ratios typi-
cally found in real systems (0.10.5 molco, /moOlymine [17]). Recently,
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Boucif et al. [18] have taken into account the reversibility of
the reaction between carbon dioxide and amine in a hollow
fiber contactor. However, several simplifications are assumed by
these authors: (i) the lean carbon dioxide loading is zero, (ii) the
presence of bicarbonate and carbonate is neglected and (iii) the
variation of the partition coefficient (dissolved molecular carbon
dioxide concentration/carbon dioxide concentration in gas) with
carbon dioxide and amine concentrations is not considered. As it
is discussed later, the effects of these parameters may be quite
important.

In this work, the absorption of carbon dioxide from a carbon
dioxide/nitrogen mixture into an aqueous DEA solution (as an
example of a typical amine solution) using a hollow fiber contactor
is simulated to obtain the effect of several operational variables (lig-
uid velocity, fiber length, lean carbon dioxide loading, and amine
concentration) on productivity and amine solution to carbon diox-
ide ratio. The model employed is based on the ones commonly used
in the literature for this process, but it was significantly improved
as the simplifications in previous studies have been removed.
The effect of these simplifications on the simulated results is
studied.

2. Model description

The model is divided into two submodels: the transport model
for the hollow fiber contactor, and the kinetic model for describing
the reaction between CO, and DEA in water. The most important
contributions of this work are the improvement of the kinetic model
for the reaction between CO, and alkanolamines in water and the
way of assessing the system performance. It must be noted that the
model employed has not been validated with experimental results.
The transport model is based on assumptions (described below)
widely accepted for this kind of systems [5,7-9,19], which have
been validated experimentally, so it is reasonable to expect that
the proposed equations are also valid with the kinetic model pro-
posed. An experimental validation of the kinetic model is required
to check its reliability in a rigorous manner. However, as it is
based on fundamental equations, where the kinetic parameters
have been obtained from experimental studies in the litera-
ture, and the equilibrium parameters have been obtained from
AspenPlus®, which is a reliable simulation package for simulat-
ing the chemical absorption of carbon dioxide into aqueous DEA
[20], one may also expect that the model predictions are reliable.
The validation of the kinetic model will be the subject of future
works.

2.1. Kinetic model for the reaction between CO, and DEA in water

The kinetic model for describing reaction kinetics between car-
bon dioxide and DEA in water has been developed according to
the zwitterion mechanism [21,22], which is widely accepted for the
reaction between carbon dioxide and primary or secondary amines.
This mechanism comprises the following steps for DEA:

k,
CO, + DEA = Zwitterion (1)
k!

k,
Zwitterion + DEA = DEACOO™ + DEA* 2)
I<B1
ky
Zwitterion + H,0 = DEADOO™ + H30™" (3)
k—1
H

where DEACOO~ is the amine carbamate ion and DEA* is the
protonated amine. The zwitterion is an intermediate species depro-
tonated by all the bases present in the reaction medium (DEA, H,0
and OH~ in an aqueous solution of DEA). According to Versteeg and
Swaaij [23], the contribution of the hydroxyl ions to the deproto-
nation of the zwitterion may be neglected without a substantial
loss of accuracy. Unfortunately, not all the kinetic parameters in
this reaction scheme are available in the literature, but only some
combinations of them. The values of k,, kpk./k;! and kyk,[k; ! at
several temperatures for the CO,-DEA-H,0 system are given by
Littel et al. [22]. With these parameter values, the forward reaction
rate can be estimated (assuming the steady state approximation
for the zwitterions [22]), whereas the reverse rates of reactions (2)
and (3), and the distribution of products at equilibrium, require
more parameters. This distribution may be calculated by employ-
ing an equilibrium speciation model such as the one provided by
AspenPlus® (ELECNRTL), which considers the following equilibria
for the CO,-DEA-H,0 system:

DEA* + Hy0<> DEA + H30" (4)
DEACOO~ + H0 <2 DEA + HCO3 (5)
2H,0<%, H;0" + OH™ (6)
CO, + 2H,0<% H30" + HCO; 7)
HCO; + Hy0< 2> Hy0" + COZ (8)

where K;_s are the corresponding equilibrium constants. By sum-
ming reactions (1) and (2), and (1) and (3), it is deduced that:

[DEACOO™][DEA*]
[CO, ][DEAJ?

k; k
= ()

k7" kp
[DEACOO™ |[H30%] ke ky (10)

[CO2J[DEA][H20] k1 k;,!

Thus, if the total amounts of CO,, DEA and H,O in both ionic and
molecular forms are fixed, the values of k51 and k;,] can be cal-
culated from the resulting concentrations at equilibrium and the
available combinations of parameters. The ELECNRTL model also
allows the estimation of the diffusivities of all of the dissolved
species and the partition coefficient (which includes the vapor
phase fugacity):

[COy]

- [Coz]gas (11)

If k;' and ki;' are known, the overall rate of reactions (1)-(3),
including the reverse reaction rate, can be calculated by applying
the steady state approximation for zwitterions (d[Z]/dt=0):

(kpkz/k; ")[CO,][DEA]? + (kuk, /k; 1 )[CO, ][DEA][H,0]

— k' [DEACOO™ ][DEA"] — k;;![DEACOO™ ][H307]

rn= (12)
(1/kz)(kz + (kpkz /k; " )IDEA] + (kkz/k; 1 )[H20])
(kpkz/k; 1)[CO,][DEAJ® + (kpky! /k; 1)[DEACOO~ |[H30* ][ DEA]
. — kp'[DEACOO™ ][DEA™] — (kp'ku /k; ' IDEACOO™ |[DEAT][H,0] (13)
, =

(1/kz)(k; + (kpkz /k; 1 )IDEA] + (kik. /k; 1 )[H20])
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(kiykz/k; 1)[CO1[DEA][H20] + (kik;' /k; 1)IDEACOO™ ][DEAT][H,0]

— ky;'[DEACOO™ ][H30™] — (kpky' /k; 1 )IDEA][DEACOO™ ][H30™]

(14)

Ty =
’ (1/kz)(kz + (kpkz/k; ' )[DEA] + (kikz /k; ' )[H20])

It may be checked that reaction (4) can be obtained as reac-
tion (3)-reaction (2), and reaction (5) as reaction (7)—(reaction
(1)+reaction(3)). Therefore, reactions (4) and (5) can be replaced by
reactions (1)-(3) in the reaction scheme provided by the ELECNRTL
model without changing the distribution of products at equilib-
rium. The overall rates of reactions (6)-(8) were calculated with
the following expressions:

k

rs = kg[Hp 0] — é[moﬂ[ow] (15)

r7 = k7[CO5|[H,0]? — ;zl[ﬁgoﬂ[ﬁco;] (16)
4

rg = kg[HCO; ][H,0] - k—S[H30+][CO§‘] (18)
Ks

The values of kg, k7 and kg were fixed by increasing them progres-
sively until the effect on the simulated results was negligible, so
that the corresponding reactions are at equilibrium at any time.
The reaction rate for any compound can be calculated from the
overall rates of the reactions where the compound appears or disap-
pears (for example, —d[CO,]/dt=rq +17). With the proposed kinetic
model, the reaction rate is calculated reasonably well taking into
account the available kinetic parameters, since the rate controlling
step in the formation of carbamates in the CO,-DEA-H,0 system is
the deprotonation of the zwitterion (reactions (2) and (3) [24]), and
the distribution of products reaching equilibrium is correct, because
it is the same as the one predicted by the ELECNRTL model.

It has been assumed that the reaction takes place at 40 °C, which
lies within the typical range of temperature in a carbon dioxide
absorption process from flue gases with amines [3,25]. The two
amine concentrations analyzed (2 and 5M) are within the typi-
cal range of conventional absorption systems [17,20]. The values of
k, kaZ/k;1 and kaz/k;1 taken from Littel et al. [22] are given in
Table 1. It was assumed that these values do not change with car-
bon dioxide and amine concentration, as their dependence on these
variables is not available. The rest of the parameters estimated from

Table 1
Kinetic parameters for the reaction between CO, and DEA at 40°C [22].

DEA concentration range (molm=3) 150-2500

k, (m* mol~'s!) 6.19
kpkz[k; ! (m® mol-2s1) 1.34x 103
kekz[k; ! (m® mol-2s-1) 1.423 x 10>

the results of the ELECNRTL model for the carbon dioxide and amine
concentrations considered in this work are given in Table 2. For
a given amine concentration, the dependence of k-1, k;,], K3, Ky,
Ks and H on carbon dioxide concentration was described by poly-
nomial interpolation. For simplicity, the liquid diffusivities were
assumed to be constant for a given amine concentration (average
value in Table 2), and the partition coefficient was assumed to be
constant along the hollow fibers, equal to the average value between
the inlet and the outlet.

2.2. Transport model for the hollow fiber contactor

A numerical model has been developed to describe the absorp-
tion of carbon dioxide on an aqueous DEA solution, based on the
ones employed by Gong et al. [9] and Zhang et al. [5]. The car-
bon dioxide/nitrogen mixture and aqueous DEA solution are fed
counter-currently to the shell and lumen side of the contactor,
respectively. The model proposed in this work has a distinct fea-
ture with respect to the literature models: the mole flow rate of
each component is considered as the dependent variable in the shell
side, instead of the concentration of each component and the gas
velocity. This approach allows solving the mass balance in the shell
side without the need of an iterative calculation for each integration
step[5], and avoiding the discretization in the radial direction of this
zone [9]. The rest of assumptions are: (i) steady state and isothermal
condition, (ii) plug flow in the axial direction both in the gas and
liquid sides and (iii) fully developed parabolic liquid velocity profile
inside the hollow fiber. The assumption of plug flow in the gas and
liquid sides implies that axial diffusion is neglected. Radial diffusion
in the shell side is modeled with a linear driving force approxima-
tion, using an engineering correlation, as it is discussed later. These
assumptions, which have been validated experimentally by Yeon et
al.[7] and Gong et al. [9], were considered because they simplify the
model resolution notably. It must be noted that the effect of axial
dispersion is important only for low values of the Peclet number
(fluid velocity x fiber length/dispersion coefficient <50) which are
not considered in this work.

Fig. 1 shows a scheme of the hollow fiber contactor and the
concentration profile considered. The differential mass balance for
carbon dioxide in the shell side is
dFy

Fr Kg27Ro(Ca — Ca,1) (19)

Table 2

Model parameters at 40 °C estimated from the results of the ELECNRTL model for the CO,~-DEA-H,0 system (AspenPlus®).

Total [DEA] (molm~—3)  Total [COz] (molm™3) Du,0® Dco, Dpea  Doear Do  Dpeacoo  Dhco;, Don  Dco, H koo kyte K34 K4 Ksf
2000 8 5.19 233 1.1 1.40 9.79 140 1.52 5,54 097 051 243 432 1.61 3.04 1.94
2000 200 5.41 242 115 138 9.70 138 1.51 549 096 047 1.04 174 3.21 6.85 6.90
2000 595 5.89 260 125 1.36 9.53 1.36 1.48 539 094 041 038 8.00 460 126 13.5
2000 966 6.28 276 134 134 937 134 1.46 531 093 036 0.23 5.64 485 16.0 16.1
2000 1528 6.36 286 140 130 914 130 1.42 518 090 034 0.1 526 456 175 16.2
5000 26 2.81 136 060 1.40 9.77 139 1.51 553 097 034 323 379 3.31 7.21 2.94
5000 256 3.01 144 064 137 9.63 137 1.50 545 095 031 147 14.1 6.46 17.1 11.3
5000 1252 4.05 1.88 0.86 1.29 9.04 1.29 1.41 512 089 0.19 0.30 475 556 31.8 18.4
5000 2494 5.79 257 123 1.19 830 1.19 1.29 470 082 0.12 0.22 587 169 19.0 8.17
5000 2720 5.99 265 128 1.16 8.16 1.16 1.27 462 081 012 024 698 141 16.6 7.13

a Diffusivities in the liquid phase (10 m2s-1).
b Multiply by 10-3 m3 mol~"'s~".

¢ Multiply by 10 m® mol~1s-1.

4 Multiply by 10-17.

¢ Multiply by 10-13 m3 mol-'.

f Multiply by 10-12,
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Fig. 1. Schematic diagrams of the hollow fiber contactor. (a) Geometry. (b) Gas and
liquid flow, assumed concentration profile, and model parameters. F4 and Fy, are
the total mole flow rates of CO, and N fed to the shell side of the contactor divided
into the number of fibers, all the fibers being equivalent.

where Fy4 is the mole flow rate of carbon dioxide distributed among
all the fibers (total carbon dioxide flow rate/Ngpers ), K¢ is the over-
all mass transfer coefficient between gas and liquid surface, Cy4 is
the carbon dioxide concentration in the gas bulk, and Cy; is the
carbon dioxide concentration in the gas in contact with the liquid
phase. Local equilibrium is assumed between both phases, so that
the relationship between the interphase concentrations is

_‘
Car= q (20)

where ¢, is the concentration in the liquid interphase. For nitrogen,
it is assumed that the flux of nitrogen diffusing into the membrane
pores is negligible, due to its low solubility, so the mass balance is
the continuity of mole flow rate (Fn, = Fi,,in = Fi, out)- Ca is calcu-
lated from

P F
Cy= RTFrt Py (21)
The global mass transfer coefficient is given by
-1
1 ImRo
Ke=|+—4+—=——-— 22
¢ (kg DA,gle ) ( )

where kg is the individual mass transfer coefficient in the shell side,
Dag is the effective diffusion coefficient of carbon dioxide in mem-
brane pores, I, is the membrane thickness, Ry is the external fiber
radius and Ry, is the log-mean radius of the fiber. D4, was calcu-
lated with Bonsaquet equation assuming that the membrane pores
are filled with gas, and that only diffusive flux takes place (taking
into account molecular and Knudsen diffusivities), which is usu-
ally considered in this system for the non-wetted mode [8,9,26]. A
slight overpressure in the shell side is assumed to get this condi-
tion (0.1 bar, Table 3 [14]). This situation was considered because
it leads to the best contactor performance [9]. The mass transfer
coefficient in the shell side (kg) was calculated with the correlation
proposed by Prasad and Sirkar [27], valid for shell side flow paral-
lel to the fibers according to the geometry of the Celgard 1.7 x 5.5
MiniModule®:

Shg = 5.85(1 — ¢) (‘Z“) Re365c9-33 (23)
f

Table 3

Model parameters used in the simulations.

R (m) 1.1x 104
Ro (m) 1.5x 104
I (m) 40x 104
Ly (m) 0.113

Rshen (M) 0.021

o 0.37

Neibers 7400

P(Pa) 1.1 x 10°

T (K) 313

Dpg (m?s™) 464 %107
Dpm (m?s~" 1.63 x 105
pg (kgm—3) 1.29

Mg (Pas) 1.79 x 10>
Yain (CO2 mole fraction in feed gas) 0.13

6 0.9

where Shg is the Sherwood number, ¢ is the packing fraction, Reg
is the Reynolds number and Scg is the Schmidt number. Constant
gas density and viscosity estimated at feed conditions (ideal gas
law and Wilke equation [28]), and the average value of gas velocity
between inlet and exit, are employed in the calculation of kg. The
initial condition for Eq. (19) is

z2=0, Fgq=Fjn(1-0) (24)

where Fyj, is the carbon dioxide mole flow rate at the inlet, and
6 is the fraction of carbon dioxide removal. A value of =0.9 was
used in all the simulations, that is, a 90% recovery of carbon dioxide
from flue gas. The differential mass balance for any component in
the liquid side is

3C,’ _ Di,L 0 aCA )
T ar (rar) . (25)

where v, is the liquid velocity, D;; is the liquid diffusivity of ith
component, r is the radial coordinate, and r; is the reaction rate
of ith component (r; = —d[ith component]/dt, calculated from the
kinetic model). The dependence of v, on r is given by

v, =2u(1-%x%) x=— (26)

where v is the average liquid velocity. The “mixed cup” average
concentration [29] of any component is

1
E(z):/ 4(1 — x*)c(x, z)x dx (27)
0

Therefore, the mole flow rate of ith component in the liquid side at
each axial position is

Fi1 = v GrR? (28)

The initial concentration of each component at any radial position
in the liquid amine (for a given lean carbon dioxide loading and total
amine concentration) was calculated assuming that the mixture is
at equilibrium, solving the system of equations including the mass
balances of CO,, DEA and H;O, the charge balance, and the equilib-
rium equations corresponding to reactions (6)-(8) and Egs. (9) and
(10).
The boundary conditions for the radial coordinate are

BCA

T:O, W =0
ac, KcR
r=Ri, —3: = D:ngv(CA—CA,L)
i
' (29)
aCB
r=0, o= 0
8cB
=R, — =
r iy 0
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Table 4

Parameter values of the Celgard 1.7 x 5.5 MiniModule®.
Parameter Value
Number of fibers 7400
Fiber internal diameter (m) 220
Fiber outer diameter (pum) 300
Effective pore size (pum) 0.03
Tortuosity 2.7
Diameter (m) 0.0425
Effective fiber length (m) 0.113

where Bindicates any component in the liquid phase different from
molecular CO,. The values of the transport model parameters used
in the simulations are given in Table 3. The contactor dimensions
have been taken from the brochure of a commercial hollow fiber
contactor (Celgard 1.7 x 5.5 MiniModule®, Table 4).

The complete model was solved numerically using the PDECOL
package (FORTRAN version of 1987), a public domain code which
uses orthogonal collocation on finite elements technique. This pack-
age is based on the method of lines and uses a finite element
collocation procedure (with piecewise polynomials as the trial
space) for the discretization of the dimensionless spatial variable
x. The collocation procedure reduces the PDE system to a semi-
discrete system which then depends on the variable with an initial
condition only (zin this case). The initial concentrations in the liquid
phase were calculated with the FCN subroutine of the IMSL library.
As the carbon dioxide mole flow rate in the gas phase is not known
a priori at z=0, an external iteration is necessary to solve the model
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for a fixed carbon dioxide concentration in the gas phase at z=L¢
and a fixed fraction of carbon dioxide removal (0). A simple substi-
tution method with relaxation iterating with F, ;;, was used for this
purpose.

3. Results and discussion

3.1. Effect of liquid velocity, reversibility of the deprotonation
steps, formation of bicarbonate and carbonate, and variation of
partition coefficient

Fig. 2 shows the effect of liquid velocity on contactor perfor-
mance for the following conditions: total [DEA]=2000mol m~3,
total [H,0]=44,000molm3, lean carbon dioxide loading=0.25.
The maximum liquid velocity tested (0.148 ms~!) corresponds to
the maximum flow rate in the lumen side (2500 mImin—!) indi-
cated in the brochure of the commercial hollow fiber contactor
analyzed. Fig. 2(a) shows the effect on productivity and amine solu-
tion to carbon dioxide ratio. Productivity is estimated as

_ FA,ineNﬁbers

(30)
nR Lf

2
shell

and the lean carbon dioxide loading (LCL), and the amine solution
to carbon dioxide ratio are calculated as

_ total[CO, i,

Ll = total[ DEA] (31)

0.025+ (b)

m module s
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L
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Fig. 2. Effect of liquid velocity on contactor performance. Total[DEA]=2000 mol m~3, total[H,0]=44,000 mol m—3, LCL=0.25. (a) Plots of « and B vs. v. (b) Plot of y vs. v;. (¢
and d) Profiles of ¢ for the different species (except for H,0, with a practically flat profile) along the hollow fibers for the optimum liquid velocity (5.9 x 103 ms~').
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total[DEA] + total[H, 0]

=z = = = (32)
Cco,,out + CDEACOO,0ut + CHCO5,0ut + CCO5,0ut

It must be noted the total DEA and water concentration at the inlet
and the outlet of the hollow fiber contactor are the same, because it
is assumed that these components do not transfer to the gas phase.
It is observed that reducing the liquid velocity leads to a decrease of
amine solution to carbon dioxide ratio, especially at low velocities.
This ratio tends to a minimum value, corresponding to equilibrium
attainment. In this situation, the energy required for the amine
regeneration per unit mass of carbon dioxide captured is mini-
mum. However, it is also observed that the productivity diminishes
when the liquid velocity decreases, which has already been veri-
fied experimentally elsewhere [30]. To minimize the volume of the
membrane module required to treat a determined mole flow rate of
carbon dioxide, it is necessary to work with the highest productivity
possible, which is obtained with the highest liquid velocity. Hence,
determining the values of the operational variables that result in the
best performance among the ones studied in Fig. 2 is not an easy
task, because the productivity and the amine solution to carbon
dioxide ratio must be taken into account at the same time. Further-
more, the effect of the lean carbon dioxide loading on performance
must also be considered, as it was commented before. This effect
has not been considered previously in more comprehensive models
proposed in the literature [30]. To simplify the comparison, assum-
ing that the economic cost of the process is inversely proportional to
productivity and LCL, and proportional to the amine solution to car-
bon dioxide ratio, the following parameter is proposed to evaluate
the contactor performance, which must be as high as possible:
o-LCL

14 B (33)
The effect of liquid velocity on this parameter is depicted in Fig. 2(b).
Now, an optimum performance is clearly observed with this vari-
able. This result is different from the one found in other works [8,9],
where it is proposed that high liquid velocities (above 0.1 ms~1)
are suitable for the operation of the contactor because they lead to
higher carbon dioxide absorption fluxes. The difference comes from
the inclusion of the effect of the amine solution to carbon dioxide
ratio on performance.

The profiles of ¢ for the different species along the hollow fibers
for the optimum liquid velocity are given in Fig. 2(c) and (d).
The conversion of free amine for the optimum velocity is about
42%, indicating that the best performance does not require very
high amine depletion. It is also observed that the concentrations
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of bicarbonate and carbonate are lower than those of carbamate
and protonated amine, but they are not negligible, leading to
a significant difference between the concentration of carbamate
and protonated amine. The concentrations of free carbon diox-
ide and hydroxide anions are quite low, which is consistent with
the assumption that the reaction between carbon dioxide and
hydroxyl anions does not contribute to the overall reaction rate in
the CO,-DEA-H,0 system [24].

Fig. 3 shows the effect of liquid velocity on contactor
performance considering different assumptions in the kinetic
model. The fixed conditions are: total [DEA]=2000molm3,
total[H,0]=44,000 mol m~3, LCL=0.4. The assumptions, grouped
in four cases, are as follows:

e Case I. The deprotonation reactions are irreversible (kB] =0,

kIfI1 = 0), other ions apart from carbamate, protonated amine and

hydronium are not formed (reactions (6)-(8) do not take place),

and the partition coefficient is constant, estimated in the absence

of reaction between carbon dioxide and amine (H=0.5 for the

conditions analyzed in this work). This case is usually considered

in the literature [5,7,9].

Case II. The same as case I, but the deprotonation reactions are

reversible (k' and k' are not zero).

Case IlI. The same as case II, but bicarbonate and carbonate ions

are formed (reactions (6)-(8) are at equilibrium).

e Case IV. The same as case III, but H depends on carbon dioxide
loading as shown in Table 2.

It is observed that the effect of the reversibility of reactions
(1)-(3) on productivity (and on the performance parameter) is quite
strong, affecting the performance negatively, due to the reduction
of the overall reaction rate. Therefore, it is deduced that the usual
assumption of irreversible reactions can lead to overestimation of
the performance for practical carbon dioxide loadings. When cases
Iland IV are compared, it is observed that the performance is similar.
It must be noted that this similarity does not exists for lower car-
bon dioxide loadings (for LCL=0.25, the maximum productivities
for cases Il and 1V are 4.62 and 5.96 molco, m3 s~1, respectively).
The assumption of reversible reactions without the formation of
carbonate and bicarbonate, implies that the maximum carbon diox-
ide loading is determined by the carbon dioxide-amine reaction
stoichiometry. In this case, according to Boucif et al. [18], the sto-
ichiometry is 1:2. This gives a maximum carbon dioxide loading
of 0.5 mol/mol, which is unrealistic (carbon dioxide loadings in
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Fig. 3. Effect of liquid velocity on contactor performance for different model assumptions, grouped in four cases. The assumptions considered in each case are given in the
text. (a) @ and B. (b) Performance parameter defined in Eq. (33). Case I: dashed lines; case II: dotted lines; case III: dash-dotted lines; case IV: solid lines.
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aqueous DEA of 1 mol/mol can be obtained in real systems [20]).
Therefore, the employment of a kinetic model including the for-
mation of these species is more advantageous, as a broader carbon
dioxide loading range can be analyzed.

The effect of the formation of bicarbonate and carbonate (case
Il is also quite strong, affecting the performance positively because
the concentration of carbamate is reduced if these species are
formed. This positive effect is compensated by the negative one of
the reduction of H with carbon dioxide loading, if this reduction is
taken into account (case Il vs. case IV). The effect of carbon dioxide
loading (or of amine concentration, discussed below) on the par-
tition coefficient is not usually considered in the literature [8,30].
From this result, it is deduced that neglecting the variation of H may
also result in overestimation of performance with realistic carbon
dioxide loadings. Another important advantage of the kinetic model
proposed in this work is that it opens the possibility of studying the
carbon dioxide desorption from aqueous amine solutions in hol-
low fiber contactors, which is not possible with irreversible kinetic
models.

3.2. Effect of fiber length

Fig. 4(a) shows the effect of increasing the fiber length on the
plots of productivity and amine solution to carbon dioxide ratio vs.
liquid velocity for the conditions of Fig. 2. It is observed that produc-
tivity decreases, in part because of the increase of module size with
fiber length. It was checked that the mass transfer resistance on the
shell side is not negligible, so that the increase of this resistance is
also responsible for the decrease of productivity (as deduced from
the effect of fiber length in Eq. (23)). On the other hand, the amine
solution to carbon dioxide ratio decreases, because the increase of
residence time (Ls/v;) leads to a higher uptake of carbon dioxide
per unit mass of amine solution. As the influence of fiber length is
positive and negative at the same time, the overall effect on perfor-
mance is not clear from these results. Fig. 4(b) shows the effect of
increasing the fiber length on the plots of the performance parame-
ter as a function of the residence time. The liquid velocity has been
replaced by this variable to remove the effect of module size (only
considering z-dimension) on the performance. The same plots in
the case of absence of mass transfer resistance in shell side (kg = 00)
are also included. It is observed that the contactor performance only
depends on residence time in this case, regardless of the values of
liquid velocity or fiber length. This is so because, if there is no resis-
tance in the shell side, the independent variable z can be replaced

by z/v; in all of the differential equations of the proposed model,
and the individual influence of fiber length and liquid velocity on
productivity and amine solution to carbon dioxide ratio disappears.
A negative effect of increasing fiber length on performance is now
clear, due to the increase of resistance in the shell side.

3.3. Effect of lean carbon dioxide loading

The effect of the lean carbon dioxide loading on the maxima
of the plots of performance parameter vs. v; is shown in Fig. 5
(fixed conditions of case IV). For the highest lean carbon dioxide
loading considered (LCL=0.35), the maximum corresponds to the
maximum liquid velocity. It is observed that there exists a value
of lean carbon dioxide loading which yields an optimum value
of the performance parameter (LCL=0.3, o = 3.9 molco, m3s1,
B = 51.55 molqjytion/MOlco, ). This optimum value appears because
the lean carbon dioxide loading has two opposite effects: a direct
positive effect, because the performance parameter is proportional
to this variable (the regeneration energy decreases with LCL), and
a negative effect due to reduction of free amine as LCL increases,
which leads to a lower productivity.
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Fig. 5. Plots of y vs. v, for different lean carbon dioxide loadings. Dotted line,
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Fig. 6. (a) Plots of y vs. y; for different amine concentrations. Solid line,
total[DEA]=5000molm~3, LCL=0.2, dashed line, total[DEA]=2000molm3,
LCL=0.3. (b) Plot of dimensionless productivity (see text) vs. v, for total
[DEA]=2000molm—3 (dashed lines) and total [DEA]=5000molm=3 (solid
lines). Grey lines are obtained with kg = 0o and black lines with k, estimated from
Eq. (23). (c) The same plot as (b) with H=0.5 for both amine concentrations.

3.4. Effect of amine concentration

Fig. 6(a) shows the effect of amine concentration (total [DEA] =2
and 5 M) on the maxima of the plots of performance parameter vs.
v;. The water concentration for total [DEA]=5M is 28,000 mol m~3.
For the two concentrations analyzed, the maxima have been
obtained with the optimum value of LCL (LCL=0.3 for 2M, and
LCL=0.2 for 5 M). The best value of the performance parameter with
total [DEA] =5 M is obtained with & = 3.99 molco, m3s~! and 8 =
18.5 molgjytion/molco,. From these results, it is deduced that the
optimum performance parameter improves when the amine con-
centration is increased within the range analyzed, mainly due to the
reduction of the required amine solution to carbon dioxide ratio,
whereas the productivity does not increase very much. The opti-
mum value of the lean carbon dioxide loading decreases with amine
concentration.

Amine concentration may also affect the shell mass transfer
resistance because it has an influence on the carbon dioxide-amine
reaction rate, and on the partition coefficient (Table 2), and thus it
affects the carbon dioxide concentration gradient in the gas film
in contact with the membrane. Fig. 6(b) shows the plots of pro-
ductivity vs. y; in the cases of absence and presence of shell side
mass transfer resistance (kg is infinite or is estimated with Eq.
(23)) for amine concentrations of 2 and 5M (LCL=0.25). For each
amine concentration, the two resulting curves are divided into
the productivity obtained in the absence of shell side mass trans-
fer resistance at the highest liquid velocity, max (¢max =8.26 and
4.89molco, m%%dule s~1 for [DEA]=2 and 5M, respectively). In this
plot, the difference between the curves at a given liquid velocity
for the same amine concentration is indicative of the importance of
shell side mass transfer resistance. It is observed that the effect of
amine concentration on this resistance is small at high liquid veloc-
ities and it is more important (the resistance increases with amine
concentration) at low liquid velocities (below 0.05ms~! approxi-
mately). The small effect at high liquid velocities is not expected,
as the rate of reaction increases with amine concentration. This is
attributed to the reduction of the partition coefficient with amine
concentration (Table 2), which reduces the carbon dioxide con-
centration gradient in the gas film (Egs. (19) and (20)). To check
this hypothesis, the same comparison was carried out assuming
the partition coefficient is constant (H=0.5) for both amine con-
centrations (Fig. 6(c), @max =9.45 and 12.76 molco, ma?)dule s~1 for
[DEA]=2 and 5 M, respectively). Note the inversion of order of the
maximum productivity when the variation of H with amine con-
centration is neglected, indicating that ignoring the effect of amine
concentration on H has a strong impact on the simulated results.
In this case, it is clearly observed that the shell side mass transfer
resistance increases with amine concentration in all the range of
liquid velocities.

4. Conclusions

The absorption of carbon dioxide from a carbon dioxide/nitrogen
mixture into an aqueous DEA solution using a hollow fiber contactor
has been simulated to obtain the effect of several operational vari-
ables (liquid velocity, fiber length, lean carbon dioxide loading, and
amine concentration) on productivity and amine solution to carbon
dioxide ratio. A kinetic model taking into account the effect of the
reversibility of deprotonation steps and the distribution of prod-
ucts at equilibrium, including bicarbonate and carbonate anions,
has been employed. These aspects should be taken into account
for simulating this system because they affect the productivity and
amine solution to carbon dioxide ratio rather strongly. A reduction
of the liquid velocity leads to a decrease of amine solution to car-
bon dioxide ratio, tending to a minimum value, corresponding to
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equilibrium attainment. At the same time, productivity decreases
as liquid velocity is reduced. Assuming that the economic cost of
the process is inversely proportional to productivity and lean car-
bon dioxide loading, and proportional to the amine solution to
carbon dioxide ratio, a simple parameter is proposed to evaluate
the contactor performance including these variables. There exists
an optimum liquid velocity which maximizes this parameter if the
rest of variables are constant. Increasing the fiber length has a neg-
ative effect on performance because of the increase of module size
and the enhancement of the mass transfer resistance in the shell
side. If mass transfer resistance in the shell side could be neglected,
the contactor performance would depend on the residence time
of the amine solution inside the fibers only, regardless of the indi-
vidual values of fiber length and liquid velocity. There also exists
an optimum value of the lean carbon dioxide loading, because
increasing this parameter has a positive effect (reduction of the
regeneration energy) and a negative effect (reduction of productiv-
ity) at the same time. The performance parameter improves when
the amine concentration is increased within the range analyzed
(total[DEA]=2-5 M), mainly due to the reduction of the required
amine solution to carbon dioxide ratio. Ignoring the effect of amine
concentration on the partition coefficient has a strong impact on the
simulated results. The effect of amine concentration on shell side
mass transfer resistance at high velocities (above 0.05ms~! for the
studied conditions) is small due to the combined effect of amine
concentration on the carbon dioxide-amine reaction rate and the
partition coefficient.

Nomenclature

c average concentration in the liquid phase (molm—3)

Ca carbon dioxide concentration in the liquid phase
(molm~3)

Cp concentration of species different from molecular CO, in
the liquid phase (mol m~—3)

Ca carbon dioxide concentration in the gas phase (molm—3)

CarL carbon dioxide concentration in the gas phase in contact

with the liquid phase (mol m—3)

dn hydraulic diameter=4 x free shell cross-sectional
area/wetted perimeter (m)

Dag effective diffusion coefficient of carbon dioxide in mem-
brane pores (m2s-1)

Dam molecular diffusivity of carbon dioxide in gas phase
(m?s71)

Di1 diffusivity of ith component in the liquid phase (m?s-1)

Fa mole flow rate of carbon dioxide in the gas phase (mol s—1)

Fn, mole flow rate of carbon dioxide in the gas phase (mols~1)

H partition coefficient (mgas mﬁc?uid)

kp kinetic constant defined in Eq. (2) (m3 mol~!s-1)

kp! kinetic constant defined in Eq. (2) (m3 mol~1s-1)

kg individual mass transfer coefficient in the shell side
(ms™1)

ky kinetic constant defined in Eq. (3) (m3 mol~1s-1)

k! kinetic constant defined in Eq. (3) (m3 mol~!s-1)

k, kinetic constant defined in Eq. (1) (m3 mol~1s-1)

k;l kinetic constant defined in Eq. (1) (s71)

K equilibrium constant

(mol m-3 )(moles of products — moles of reactants)

K¢ overall mass transfer coefficient between gas and liquid
surface (ms~1)

Im membrane thickness (m)

Ly fiber length (m)

LCL lean carbon dioxide loading (molco, mol;;ine)

Nfpers  Dumber of fibers

P pressure (Pa)
r radial coordinate (m)
ri reaction rate of ith component (molm—3s-1)
R gas constant (Jmol~1 K1)
Ro outer fiber diameter (m)
Reg Reynolds number (dyvg pg/itg)
Rim log-mean fiber radius (m)
Rghern shell radius (m)
Scg Schmidt number (ig/(pgDam))
Shg Sherwood number (kgdp,/Dpm)
T temperature (K)
Vg gas velocity = (F4 + Fn, )RT[(P x
free shell cross-sectional area) (ms~1)
v average liquid velocity (ms—1)
v, liquid velocity (ms~1)
X dimensionless radial coordinate
z axial coordinate (m)

Greek letters

o productivity (molco, m;ﬁ)dule )

Omax productivity at the highest liquid velocity in the absence
of shell side mass transfer resistance (molco, m;fodule s 1)

B amine solution to carbon dioxide ratio, defined in Eq. (32)

y performance parameter defined in Eq. (33)

[0) packing fraction = fiber volume/shell volume =
I\Ii"lbers(RO/Rshell)2

Hg gas viscosity (Pas)

0 fraction of carbon dioxide removal

P gas density (kgm—3)

Subscripts

in inlet

out outlet

0 atz=0
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