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A mathematical and numerical investigations on the gas—liquid absorption of carbon dioxide in monoethanolamine
solutions in a hollow fiber membrane contactor device is described. The reactive absorption mechanism was built based on
momentum and mass transport conservation laws in all three compartments involved in the process, i.e., the gas phase, the
membrane barrier, and the liquid phase. The liquid absorbing solution flows in the fiber bore in which the velocity is
assumed to obey a fully developed laminar flow, and the gas mixture circulates counter-currently to the liquid flow in the
shell side where the velocity is characterized by the Navier-Stokes momentum balance equations. The average outlet gas
and liquid concentrations, the reactive absorption flux, and the gas removal efficiencies are parametrically simulated with
operational parameters such as gas flow rate, fresh inlet amine concentrations, and fiber geometrical characteristics. The
shell velocity was described by other flow hydrodynamics models besides Navier-Stokes and their simulated results were
favorably compared to experimental data. © 2011 American Institute of Chemical Engineers AIChE J, 58: 2843-2855, 2012
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Introduction

Carbon dioxide accounts for the major source responsible
for global warming which is considered as the greatest envi-
ronmental challenge the world is facing. The efforts to con-
trol the greenhouse gas emissions include the removal of
CO, from flue gases. Membrane applications for gas—liquid
separations have made such rapid developments that tradi-
tional methods of gas purification are being enhanced and in
some cases replaced by membrane technologies. The re-
moval of carbon dioxide from process gas streams is an im-
portant step in many industrial processes and is required
because of environmental, economical or process technical
reasons. In the presence of water, CO, being an acid gas can
cause corrosion to process equipments. Besides this, the
presence of CO, reduces the heating value of a natural gas
stream and also causes the waste of valuable pipeline
capacity. In liquefied natural gas (LNG) plants, carbon diox-
ide should be removed to prevent freezing in low-tempera-
ture chillers. Moreover, in the manufacture of ammonia, car-
bon dioxide would poison the reactor catalyst.

Furthermore, carbon dioxide resulting from fossil fuels
based energy still represents more than 80% of the primary
energy in use today, despite the increasing interest in renew-
able energy sources. Carbon dioxide resulting from these
fossil fuels in power plant combustion represents the major
contribution to greenhouse gas emissions. An urgent need
for developing cost effective carbon dioxide capture and
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sequestration technologies is strongly motivated by the
global climate warming and the causal link between these
greenhouse gas emissions.

A variety of industrial techniques are presently available
for the separation of carbon dioxide from flue gas streams
such as packed bed absorption, molecular sieve adsorption,
cryogenic distillation, and lately membrane diffusion. The
most widely used technique for removing carbon dioxide is
absorption into alkanolamines solutions in classical contactor
equipments. However, besides occupying huge spaces, these
processes require important initial investment costs. The
membrane gas—liquid absorption process is day to day con-
sidered as an alternative process for carbon dioxide capture.

The hollow fiber gas-liquid contacting process, a hybrid
process combining the advantages of both conventional reac-
tive absorption and membrane contactor processes, is consid-
ered as an alternative technology which can potentially over-
come the operational shortcomings encountered in traditional
processes such as entrainment and flooding at high flowrates,
and reduces considerably the foaming effects. The advan-
tages of these hybrid processes over the conventional absorp-
tion ones depend closely on gas—liquid systems, types of
membranes and operating conditions.

Besides providing a potentially high selectivity combined
with a substantially high mass transfer driving force, the gas
liquid hollow fiber membrane contactor supplies a knowable
and high contacting surface area, independent control of
both gas and liquid flow rates.' Because of their attractive
characteristics, these contactors have been extensively inves-
tigated by many researchers since the early 70’s and have
driven considerable research in a wide range of applications.
It is commonly recognized that Esato and Eiseman’
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pioneered this technology being the first to use a flat poly-
tetrafluoroethylene membrane as a gas—liquid contactor for
a blood oxygenation device. A few years later, Tsuji et al.®
applied a microporous hollow fiber made of polypropylene
to oxygenate blood. Qi and Cussler* later used a micropo-
rous polypropylene membrane to absorb CO, in a NaOH
solution. The earliest model of reactive gas-liquid absorp-
tion for SO, in hollow fiber membrane-based contactors
has been provided by Karoor and Sirkar.>® Moreover,
these authors were the first to investigate the carbon diox-
ide removal by an aqueous alkanolamine solution (dietha-
nolamine) in a microporous membrane-based contactor.
Kreulen et al.”® developed a model and simulated mass
transfer in a hollow fiber contactor for gas—liquid absorp-
tion with and without chemical reaction. They used various
gas-liquid systems (CO, in water/glycol and gas mixture of
CO, in NaOH aqueous solutions) to investigate the effects
of membrane porosity, module dimension and liquid vis-
cosity. Feron et al.” performed experimental studies of the
chemical absorption of CO, by specific absorbing solutions
named CORAL (CO, removal absorption liquids) in a
polyolefin membrane contactor. Theoretical studies of the
chemical absorption of CO, in a polypropylene micropo-
rous hollow fiber membrane contactor using typical amine
solutions (AMP, DEA, DIPA) have been conducted by
Boucif et al.'”

The gas absorption performance is considerably influenced
by shell side channeling. Because the shell side flow pattern
in the module is quite complex to quantify, it is usually sim-
plified by making some assumptions which are practically
verified for some special cases only. If the gas flowing in
the shell side is assumed as a pure gas, the main mass trans-
fer resistance may be related to liquid and membrane phase
resistances. However, if the gas in the shell side is a mixture
and chemically absorbed in the liquid solution, the gas phase
resistance should be considered. Henceforth, in common
cases, the channeling occurring in the module shell might
have a substantial effect on the contactor performance, and
consequently the shell side hydrodynamics ought to be taken
into account.

A couple of theoretical models have been applied to char-
acterize the shell side velocity for gas—liquid hollow fiber
modules. Boucif et al.'' used the plug flow model to evalu-
ate both the axial velocity and concentration gradients in the
contactor shell. Karoor and Sirkar® and recently Boucif
et al.'? employed the Happel’s free surface model to esti-
mate the shell side flow, assuming the fibers being regularly
arranged in the shell side with a constant axial velocity in
the contactor shell. The shell side fluid flow is usually char-
acterized as a plug flow model or Happel’s free surface
theory, which represents some shortcomings due to the ran-
domly spacing and arrangement of the fibers in the cartridge.
Although these models are considered as a step ahead in the
modeling of gas-liquid mass transfer in hollow fiber mem-
brane, they still exhibit some weaknesses due to the assump-
tion of the random spacing and arrangement of the fibers in
the module shell compartment.

Computational fluid dynamics (CFD) could be an eligible
tool to overcome these difficulties encountered in hydrody-
namics modeling. It has been widely used to model various
membrane separation processes. The Navier-Stokes equations
were solved and numerical simulations were performed for
membrane filtration,’> microfiltration and ultraflitration,'*
nanofiltration and reverse osmosis.'> Many researchers used
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this tool to investigate different membrane module configu-
rations such as flat sheet,'® rotating circular geometry'’” and
tubular membrane with inserts.'® Kieffer et al.'” investigated
mass transfer with chemical reaction in a liquid-liquid tubu-
lar membrane contactor and simulated the effects of different
geometrical parameters on the module performance.

This work is an attempt to develop a mathematical
model to numerically simulate the behavior of a gas-lig-
uid hollow fiber membrane contactor using computational
fluid dynamics (CFD) of momentum and mass transfer in
the shell side at laminar flow conditions for both cocur-
rent and countercurrent flow patterns. The microscopic
theoretical model includes second order reversible reac-
tions of the soluble gas in the absorbent based on the
two-step carbamate formation mechanism. The objective
of this study is to validate the numerical simulations of a
rigorous rate-based model for a solvent absorption pro-
cess. The mass-transfer model is developed based on the
momentum and mass conservation laws with special em-
phasis on implementing numerical mesh sizing that gives
accurate and rapid convergence. The aim of the simula-
tions is to predict the concentration profiles of both solute
and solvent in all three contactors compartments. The
influence of various operating parameters (gas and liquid
velocities, inlet fresh gas and liquid concentrations) on
the hollow fiber membrane contactor performance is
investigated.

This article concentrates on the validation of the numeri-
cal simulations and a subsequent paper will focus on the fit-
ting of laboratory data to be collected on an experimental
rig. The developed model is written primarily for modeling
CO, removal from postcombustion flue gas systems at
atmospheric pressure, but can as well be used for modeling
acid gas absorption from natural gas or other process
streams.

Mathematical Model Formulation

Mass transport is considered in all three domains
involved in the transfer process, i.e., the fiber side, the
membrane wall and the shell side of the module in which
gas and liquid concentrations are tied to each other at both
fiber-inner wall and outer wall-shell frontiers by the
appropriate boundary conditions. The model considers
mass transport by convective diffusion of the gas first in
the shell side (gas phase), then through the membrane
pores, and finally in the fiber bore (liquid phase) where a
reaction with the absorbing solution is taking place. The
basic concept of this model is schematically explained in
Figure 1. Although pumping the liquid through hollow
fibers having small diameters is costly, it has been
reported by many researchers**” that the performance of
running hollow fiber contactors with the liquid solution
flowing in the fiber lumen and the gas mixture in the shell
side is considerably higher than inverting the liquid and
gas flows from fiber to shell and vice versa. This perform-
ance drop is thought to be caused by the serious liquid
channeling in the contactor shell side. Although mem-
brane-based hollow fiber contactors with gas flowing in
the fiber bore are commercially the most successful, theo-
retical models with experimental setup designslo’”*24 are
usually developed for the liquid phase flowing in the fiber
bore and the gas phase in the shell.
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Figure 1. Three modeled domain and concentration
profiles in a hollow fiber membrane contactor

for a countercurrent flow regime.

Assumptions

The following assumptions are made to generate the gov-
erning equations of the CO, and the alkanolamine solution
microscopic mass balances

® The steady state process is isothermal and the gas mix-
ture is assumed to be ideal

e The axial diffusion is neglected in both tube and shell side

® The convective mass transfer in the gas-filled membrane
pores is neglected

® The absorbent liquid is assumed to be an incompressible
Newtonian fluid

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

e A fully developed concentration profile is assumed in
the fiber

e Constant liquid viscosity and gas and liquid diffusivities
Mass balances in the three contactor areas for
countercurrent flow regime

The module’s hollow fiber membrane is split in three com-
partments as shown in Figure 1, and the corresponding mass
balances in countercurrent flow regime have been set up.

(1) Fiber bore domain: In the fiber bore, the steady state
CO; mass transfer by diffusion and convection accompanied
by the chemical reaction is written as
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d[CO 10 d[CO
sz% = [V COLf [ arﬂf — Rco, (D
OAm|; 10 O[Am];
Vaf 9z - ;5 |:rDAm or - RAm (2)

The liquid velocity in the fiber bore is assumed to obey a
fully developed parabolic profile, i.e.

2
o {1 - (rf) ] 3)

The term Rco, stands for the carbon dioxide reaction rate in
the liquid phase. In aqueous solutions, primary, secondary
and tertiary alkanolamines exhibit different behaviors
towards CO, due to their molecular structure. Primary and
secondary alkanolamines react with CO, producing carba-
mate species according to

CO, + R;R,NH = R;R,NH"COO~ 4)
R;R,NHTCOO™ +R;R,NH = R1R2NH2+ + RiR,NCOO™
5
leading to the generalized overall reaction
k
CO, + 2AmH ]\ﬁ AmH; 4+ AmCOO™ (©6)
-1

The reaction rate is based on the two step carbamate forma-
tion mechanism

ki

Reo, = | ———
o Rk

{[COZ]f[Am}f - % }

o
7N

In the case of MEA, the term ka,,[Am]; is assumed to be very
large™ compared to k_,. The reaction rate constant has been
calculated from the expression derived by Hikita et al.*® and is
valid in the range of [5-80°C], and 0.0152-0.177 kg mol/m’
follows the Arrhenius form as k; = Ar exp }—?R, where the
second order rate constant is Ag = 9.7744 x 10'° m>/mol
s, and the activation energy Eg = 41197.53 J/mol.

The governing mass transfer equations are subject to the
following boundary conditions

atz =0, [COyJ; =0 [Am|, =Cr VYV r;>r>0 (8)
9ICOy), olAm),
i = = > >
atr =0, B 0 e 0 VI>z>0 9)
A
atr =r;, [COu; = Heo,[COs)., 9 ;“]f —0 V>0
(10)

(2) Polymeric membrane domain: Through the hydropho-
bic membrane pores (assuming porosity higher than 10%),
the steady state CO, mass transfer is assumed to be mainly
diffusive and written as

=0 (11)
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Figure 2. Circular approximately shaped fiber assembly
bundle.

subject to the following boundary conditions

Cco

at r = r;, [CO,, = [CO2; Vi>z>0 (12)
Hco,

atr = ro, [CO,],, = [CO,, Vi>z>0  (13)

Furthermore, the carbon dioxide concentrations in the fiber
bore [CO,];, in the membrane pore [CO,],, and in the shell
side [CO,]; are related to each other by the flux continuity
equations at the fiber-membrane and at the membrane-shell
boundaries as

atr =r;, Dcozf % = 'Dcozma[COZ]mar VY [>z>0
(14)
atr =ro,  Dcom _G[Ca(zz]m = Dco,s0[COJ0r V12220
(15)

(3) Shell domain: In the shell side, the steady state mass
transfer by diffusion and convection is written as

9[Coy), 10

S
Vs = —— rDCO s
® 9z ror [ 28

9[CO,]
or

S

16)

The velocity in the shell compartment could be characterized
by various model equations assuming the fiber bundle
assembled in a regular circular shape as shown in Figure 2.

e Plug flow: In the gas phase, a macroscopic mass bal-
ance characterizing the solute concentration gradient over
the shell length is written as

st(‘dsz(l - (P) d[COQ]S
4nd, dz

= keoys|[COA, — [Coz]““} (17

S

e Happel flow: The velocity in the shell domain is char-
acterized by Happel free surface model described by the fol-
lowing equation

2
Vs = 2V(Z)S |:1 — (;—0)
€

{ ()= () -m() }
34 () = 4() ()
(18)
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where r. stands for the free surface radius defined in terms
of the packing fraction as r, = r; (n)~%3. The shell side vol-
ume fraction ¢ is easily calculated as 1 — n; |=|.

e Navier-Stokes flow:

10 OV B
;E(rvrs)—i- aZ —0 (19)
g s O | 9(L0 L P
Peo, | Vg, T Vs Ty | T Heoa 5o\ g VT a2
(20)

Oy s
peos " g T e

- ap 10 ﬁavzs azvzs
__E“‘COZ{?E(’ or ) = ] @D

vis and v, are the velocities in the shell compartment with
respect to r and z directions respectively. They are characterized
by Navier-Stokes equations,27 in which the continuity balance
(19) is combined with the momentum balance (20) and (21) at
steady state for an incompressible and Newtonian fluid.

If one assumes no slip condition at the outer fiber wall, the
above differential equations are subject to the following
boundary conditions

atz=0,  p=po=Ppin Vre>r>ro (22)

atr =r,, [COyl,=[COs], vs=0 v,;=0 YV [>z>0
(23)

atr =re, %:0 Vs =0 Vs :vgS YV [>z>0
(24)

atz =1, [COy),=[COs],, Vis=0 v =0 Vre>r>r,

(25)

The outlet gas concentrations, in the fiber bore and the shell,
respectively, [CO,]; and [CO,]s are determined as mixing
cup concentrations®® given as

Jo 2mrv, (r) [COL ) cdr
Jo 2mrvye (r)dr

[Coz]f,oul = (26)

J ': 27rv,5[CO, ] dr

. = 7
s,out 2mry,edr
; 78
“To

[COy] @n

Mass Transport Theory

For a membrane module with a hydrophobic microporous
membrane, the absorption accompanied by a chemical reac-
tion is a three step process as described in Figure 1. The sol-
ute species is transferred from the gas phase to the internal
pore mouth of the membrane, then through the membrane
pores, and finally absorbed by the liquid solution where it
reacts. As shown in Figure 1, and based on the driving
forces of the concentration differences, the molar mass trans-
fer flux Jco, of solute per unit area is depicted as:
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Jco, = kco,s([COaJ — [CO,],,)
= kcom([COs],, — [CO™) 28)
= ke ([COLJ™ — [COy)

= Kov At A[COy],,

Writing a component mass balance over the membrane
module, assuming no change in both gas and liquid flow
rates, the inlet absorbent being a fresh amine solution, i.e.

V[CO,],, — V[CO,],, = L[Am] (29)

out out

The logarithmic mean difference A[CO;],, (30) is expressed
analogically to heat transfer? as

( [COz]im

— |CO
A[COz]lm _ f,out [ z]f,ou[)

- ([Coz]lfnltn - [COZ}f,in)

In o “coul

[COZ]:},}:;uxf[COQ]f.om :|

(30)

where [CO,J" and [CO,]™ , are the concentrations of the
solvent solution at the gas—liquid interface of the membrane
wall. Introducing Henry’s law to estimate the liquid concen-
trations at the gas liquid interface, i.e., [COz]if‘_‘itn =
Hco,[CO,lgin and [COLIM | = Hco,[COsl, o after substitu-

tion and rearrangements it yields

Hco, [CO2; o

[COZ]f nul HCOZ [CO,],;,—[CO; ]fom :|

Kov = (31)

T HCOz [COZ]s,oul - (HCOZ [Coz]s.in - [COZ]f,out)]

Overall mass transfer

For a hydrophobic membrane with gas filled pores and lig-
uid flowing in the fiber, the liquid phase based driving force
overall mass transfer coefficient K,, is also expressed as
resistances in series, usually related to mass transfer resistan-
ces in the three phases, for a hydrophobic membrane with
gas filled pores and liquid flowing in the fiber'

1 d; d; 1
= + +
Ko doHco,kcoys Ekco,t

(32)
dimHco,kco,m

Mass transfer in the fiber bore

The liquid phase mass-transfer coefficient in the fiber,
kco,» could be detetmmed by the correlation suggested
by Kreulen et al.” valid over a very wide range of Graetz
numbers

kco,td;
Shat = =2 = [(3.67°) +
Dco,s

(1.62Grag))'?  (33)

Mass transfer through the membrane

The resistance to mass transfer through the membrane
depends on the nature of that polymeric barrier. Two types
of membrane are used in this study, namely a polypropylene
(PP) which is a microporous membrane and a polydimethyl-
siloxane (PDMS) which is a dense membrane.
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Microporous Membrane. The resistance to mass transfer
within a hydrophobic microporous membrane (PP), which is
mainly due to the membrane structure and the presence of a
stagnant film within the pores, is usually described by Fick’s
law and expressed as

[ o0t _51 1 1
¢Dco,m ¢

(34

kco,m Dco,s  Dco,k

The tortuosity has been related to the porosity by* as © =
:—.a). Dco,m 1is the effective diffusion coefficient in the
membrane gas filled pores, and is a combination of the
continuum diffusion Dco,s which is determined by the
different molecules interactions, and the Knudsen diffusion
Dco,x which takes into account the molecules interactions

within the pore wall. The Knudsen diffusion is expressed
as Dco,x = [3;*"} nﬁ,ﬁi,

Dense Membrane. The resistance to mass transfer within
dense membranes (PDMS) kco,, is usually experimentally
estimated. The dense membrane is a composite material
made out of a porous support coated internally with a PDMS
thin layer, in which the polymer coating constitutes the main
resistance to mass transport. The permeability of the dense
polymeric membrane is the product of the diffusivity and the
solubility of the gas P = DS.

The physical properties of the CO,/MEA are listed in
Table 2.

which is temperature dependent.

Mass transfer in the shell cartridge

The gas phase mass-transfer coefficient in the shell side
kco,s» has been correlated depending on the nature of the
ﬂow regime. For laminar flow regime (Re < 2100)

kCOzSde

Shas =5 :1.25[%1?@5}0'93[5%}% 35)

COss

For transitional flow regime (2100 < Re < 10,000)*

kCOzsde _ z d, %

Shas = = 0.116[rej, —125) [14+ [ S]] G6)

COzs

For turbulent flow regime (Re > 10,000)*?

kCOzsde

COss

Shas = = 0.023Re&§$his (37

As per Shas, both Reas and Scag are based on the equivalent
diameter defined as d. = d, (n)™>

Enhancement factor

The enhancement factor E expresses the effect of the
chemical reaction on the absorption and is defined as the ra-
tio of the chemically enhanced over the physical absorption
fluxes at identical driving forces. For a mass transport
accompanied by an irreversible second order chemical reac-
tion, the enhancement factor E is determined as™>

—Hd? Ha?
2Ex — 1) L4(Ex —1)

E Hd* 3
Ew — 1) +1 (38)

where Ha stands for the Hatta number and E_, is the

asymptotically infinite enhancement factor
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(39)

00 =

Ha[Am],, [ Dam r
2[COL™ [ Deost

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

o=

{kov [Am] inDCOZf]

Ha = (40)

kco,t

Results and Discussion

The model equations, rewritten in dimensionless form and
listed in Appendix, were solved using the direct linear sys-
tem solver UMFPACK of COMSOL Multiphysics Modeling
version 3.5, a very friendly used software package licensed
from COMSOL, Burlington, MA. COMSOL Multiphysics
Modeling, a powerful computer software, uses the finite ele-
ment method to solve fluid flow, mass and heat transport, as
well as many other engineering problems. A comprehensive
account of COMSOL Multiphysics Modeling is available in
literature.* Very recently, an extensive overview of many of
the choices provided by this software has been presented by
Finlayson,35 by means of different illustrations on how to
solve complicated problems.

The description of hollow fiber systems by analytical solu-
tions, which are usually good tools, is limited in some cases,
such as considering the bulk volume adjacent to the mass
transfer zone being well mixed. This is actually not true for
small membrane fiber diameters. For long residence time
(i.e., low Gz numbers), the mass transfer zone in the liquid
phase of the hollow fiber may extend up to the axis of the
fiber. Such difficulties are overcome by the CFD based mod-
eling techniques.

The hardware used to run the simulations is a CPU 2.4
GHz Pentium Personal Computer with a 2.0 GB RAM proc-
essor. Each hollow fiber has been discretized into 22,334
finite elements with a thicker mesh in the dense layer and
the CPU solution time is 192.68 s for 129,701 degrees of
freedom solved for. Figure 3 displays the triangular element
shape discretization of all three compartments for the dimen-
sionless configuration adopted in these numerical simula-
tions. The dimensions of the hollow fiber membrane contac-
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tors studied in this paper are reported in Table 1, and the
CO,-MEA system obeys the physico-chemical parameters
listed in Table 2. Besides, it is worth to point out that all
simulations were performed for a contactor run in a counter-
current flow pattern except in Figure 5.

Velocity profiles

The velocity in the gas phase plays an important role in
the design of gas-liquid absorbers made of hollow fibers.
Figure 4 represents the dimensionless velocity profiles in the
fiber lumen where the solvent is flowing as well as the pro-
file in the shell region where the gas solute circulates coun-
ter-currently with respect to the liquid flow. It is clearly
observed that the fiber velocity profile obeys a parabolic
behavior whereas the shell velocity is almost parabolic with
a mean average velocity increasing when moving towards
the contactor exit.

Concentration profiles

The numerically simulated dimensionless carbon dioxide
concentrations are represented in Figure 5, for cocurrent and
countercurrent flow regimes, respectively, in all three com-
partments in which the solute specie is involved, i.e., the
fiber bore, the membrane barrier and the shell side. The sol-
vent is admitted to the fiber lumen of the contactor where
the solute concentration ®, is assumed zero, whereas the
gas mixture enters the module at its maximum solute con-
centration (at { = O for the cocurrent flow pattern and at
= 1 for the countercurrent one). Due to the concentration
difference, and as the gas stream flows through the shell, the
solute is moving toward the membrane at the pore mouth of
which it is absorbed by the moving solvent. Because the sol-
ute concentration is influenced by both diffusion and convec-
tion in both fiber and shell domains, it is represented in
terms of both radial and axial coordinates, whereas in the
membrane, only the radial concentration is shown. Assuming
the reaction is pseudo first order, for the case 2 < Ha < E,
as detailed in>? and,36 both solvent and solute concentrations
stay practically unchanged in the fiber domain and the deple-
tion of the reactant at the fiber wall is negligible as shown
in Figure 5. Furthermore, it is observed in Figure 5 that the
solute concentration undergoes at the contactor exit at ({ =
1 for the cocurrent flow pattern and at { = 0 for the counter-
current one) a sharp decay in the shell domain, then a rela-
tively smooth decrease through the membrane to completely
disappear in the fiber where it reacts and is absorbed by the
solvent. The reason of such a behavior is that the solute

Table 1. Specifications of the Hollow Fiber Contactors Used
in this Study

Characteristics Module 1 Module 2

Fibers material PDMS PP
Polymer nature Dense Microporous
Fiber inner diameter in (um) 305 280
Fiber outer diameter in (um) 635 380
Thickness ¢ in (um) 165 50
Average pore size 7, in (um) 0.6
Porosity & ) 0.4
Tortuosity 1 = 7 = @ - 6.4
Number of fibers ny 54 54
Active module length in (mm) 240 240
Shell inner diameter (mm) 13 13
Fiber inner contact area in (10~% m?) 12.411 11.394
Fiber outer contact area in (10’6 m2) 25.841 15.464
Packing fraction ¢ 0.128 0.046
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Table 2. Physico-Chemical Parameters of the CO,-MEA Chemical Absorption at 298.14 K

Designation Symbol Value Source

Reacti 3 mol P 101099-22 iy

eaction rate constant (m”/mol s) 1 000
Equilibrium constant (m*/mol) Keq 172.97 26

. . - - _ 1 2.82x10° 2044
Dimensionless partition coefficient Heo, 28210 exp [_ T] 38
Diffusivity of CO, in the fiber (m?/s) Dco,t 2.35 x 10~° exp [_ @} 32
Diffusivity of CO, in microporous membrane (m?/s) Dcoym 1.855 x 107 [ﬂ 32
Diffusivity of CO, in dense membrane (m?/s) Dcoym 1.07 x 107° 32
Permeability of CO, in dense membrane (Barrer*) Pco,m 3230 39,1
Diffusivity of CO, in the shell (mz/s) Dco,s 1.855 x 107° 38
Diffusivity of the amine in the fiber (m?/s) Damf exp [_ 13.275 — %] 40
Kinematic viscosity of CO, (m?/s) Nco, 73.98 x 10°° 41

—10 cm® (STP
*] Barrer = 10710 %ﬁﬁ

diffusion coefficient in the fiber lumen is much lower than
those in both the membrane and shell compartments. Conse-
quently, the solute mass transfer encounters a much lower
resistance in the gas phase within the shell side than those in
the membrane and the liquid phase flowing in the fiber bore.
The effect of the gas flow rate on the removal efficiency is
attributed to increasing concentration gradients within the
fiber because radial diffusion length decreases with increas-
ing flow rates (increasing Gz numbers).

Figure 6 displays the evolution of the radial carbon diox-
ide dimensionless concentration in the shell compartment at
various longitudinal positions for a contactor run in a coun-
tercurrent regime. It is clearly seen that at the beginning of
the absorption process (near the contactor entrance { = 1),
the bulk phase concentration is flat and remains almost
unchanged up to a certain axial distance from which it starts
reducing gradually. Then the solute concentration starts a
uniform decay while moving towards the contactor exit ({ =
0). Figure 7 shows the axial solute concentration at different
radial positions in the shell domain. It is observed that at ¢
= J,, the dimensionless concentration decline is smooth,
whereas the decay is getting sharper while moving towards
the external frontier £ = 1. This is mainly due to the forma-
tion of a gas boundary layer around the external membrane
surface which transmits the diffusive resistance to carbon
dioxide.

Influence of flow rates

The gas velocity is probably the most important operating
variable in membrane gas—liquid contactors because of its
considerable influence on the absorption flux. Figure 8 dis-
plays the evolution of the dimensionless CO, concentration
along the contactor in the shell compartment at different gas
velocities. As expected, the solute concentration in the shell
decreases along the fiber length when the gas velocity
decreases as a result of a longer residence time in the
contactor.
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The dependency of the carbon dioxide absorption flux on
the gas flow velocities (transport convection term) along the
length of the module is displayed in Figure 9. It is clearly
observed that the CO, flux is zero at the shell contactor inlet
and increases while moving toward the exit. Also, the carbon
dioxide flux increases for increasing gas flow velocities. This
is very likely due to the rise of the gas phase CO, concentra-
tion at the gas—liquid interface as a result of the low gas reten-
tion time. The sharpness of the rising and asymptotic trend

velocity
profile in
the fibre

velocity
profile in
the shell

Figure 4. 3D Velocity profile in the lumen and shell
sides of the dense membrane contactor
([COlin = 5 mol/m®, Cy = 1200 mol/m?, V& =
0.42 m/s, v, = 0.014 m/s).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 5. 3D Solute concentration profile in the lumen,
membrane and shell sides of the dense
membrane contactor for both flow regimes
([COslin = 5 mol/m®, Cr = 1200 mol/m?>, v, =
0.42 m/s, v, = 0.014 m/s). Left: cocurrent.

Right: counter-current.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

diminishes gradually when lower gas velocities are applied.
Furthermore, the CO, absorption flux Jco, is large for higher
gas flow velocities. This is due to the fact that the solute con-
centration at the gas-liquid interface is high as a result of the
small gas retention time. The gas phase mass transfer resist-
ance is somehow low in general (around 10%), whereas both
other resistances (membrane and liquid) share the remaining
90% in very variable proportions depending on the mem-
brane’s nature as well as the liquid side hydrodynamics.
Figure 10 depicts the dependency of the dimensionless
carbon dioxide concentration on gas velocities for hollow
fiber contactors made of dense or microporous membranes.
A comparison in the absorption performances of both mem-
branes modules has been made in terms of removal effi-
ciency. An increase in the gas flow rate reduces the resi-
dence time in the contactor as expected and consequently
the carbon dioxide removal rate. The CO, removal decreases
from 92% to 60% in the dense membrane and from 78% to
57% in the microporous membrane when the gas velocity
increases from O to 1 m/s. It is observed that at similar oper-
ating conditions, the solute recovery in the gas stream Vg,
is lower for the PDMS membrane than for the PP one. The
low removal rate occurring for the dense membrane made
module is believed to be the result of the effect of the mem-
brane resistance in the additional resistances as detailed in
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Figure 6. Shell solute concentration in the radial direc-

tion at various axial points in the micropo-

rous membrane contactor ([COsl;, = 5 mol/

m®, Cr = 1200 mol/m®, v = 0.50 m/s, V0, =

0.013 m/s, A{ = 0.05).

Eq. 32. Besides, it is worth mentioning that the simulation
runs on liquid flow rate have shown a non noticeable effect
of this latter on the solute removal.

The effluent concentrations of the PP membrane are sig-
nificantly lower compared to the PDMS membrane at similar
velocities, although the average residence time of the PP is
almost similar to that of the PDMS (Table 1). Furthermore,
the model was run for all three flow hydrodynamics, i.e.,
plug-flow, Happel free surface and Navier-Stokes models.
The simulated absorption efficiencies are drawn in the same
graphic (Figure 11) and confronted to experimental results
taken from Nguyen thesis®’ for the microporous membrane
module. Although the free surface model fits well the experi-
mental data, it is clearly observed that these latter are in a
better agreement with the Navier-Stokes model rather than
with the two others.
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Figure 7. Shell solute concentration in the axial direc-
tion at various radial points in the micropo-
rous membrane contactor ([CO5];, = 5 mol/
m®, Cr = 1200 mol/m®, v = 0.50 m/s, V0, =
0.013 m/s, AZ = 0.05).
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Figure 8. Solute concentration along the contactor
length at various gas velocities in the dense
membrane contactor ([CO.li, = 5 mol/m3, Cy
= 1200 mol/m®, v% = 0.42 m/s).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Influence of MEA inlet concentration

The MEA is of common use in the chemical industry of
carbon dioxide removal. It is universally accepted that the
high reactivity of that alkanolamine with the carbon dioxide
is of considerable advantage. However, its intensive corro-
siveness to steel made process equipments represents a con-
siderable shortcoming especially at high concentrations. Con-
sequently, fairly diluted aqueous amine solutions are used in
industrial carbon dioxide removal processes to avoid the sol-
vent material corrosiveness and to take advantage of the sol-
vent high reactivity to enhance mass transfer.

In Figure 12, the dimensionless outlet MEA concentration
in the fiber is plotted as a function of the total inlet amine
concentration. The carbon dioxide absorption seems to be
substantially enhanced when the initial concentration of the
absorbent solution is increased until saturation is reached
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Figure 9. Absorption flux at different gas velocities for

the dense membrane made contactor ([CO,li,

= 5 mol/m%, Cy = 1200 mol/m?®, v, = 0.42 m/s).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary. com.]
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Gas velocity in the shell v, (m's)

Figure 10. Effect of gas velocity on the removal effi-
ciency for both PDMS and PP membrane
made modules ([CO.],, = 5 mol/m3, C; =
1200 mol/m®, v% = 0.42 m/s).

beyond a value greater that 10* mol/m®. Nevertheless, it
must reminded that higher absorbent concentration could
have harmful side-effects and cause irreversible damages to
the hollow fiber membrane material as well as corrosion in
the other metallic components. The carbon dioxide absorp-
tion being essentially limited by the reaction kinetics, the
choice of the optimal inlet amine concentration is therefore
dictated by a compromise among these operating require-
ments. The absorption system based on PP fiber have prob-
ably been condemned from being used as a practical applica-
tion because of the pore wetting by the volatile amine. The
use of other non volatile amine systems would be useful for
understanding this application.

Influence of fiber dimensions

The carbon dioxide removal efficiency Wa4, in the gas
phase is plotted as a function of the hollow fiber module

1,00
& Experimental
0,90 —o—Happel
—C—MNavier-Stokes
0,80 —o—Plug-flow

Contactor efficiency ¥y,
o
w
Qo

0,00
0,000 0,005 0,010 0,015 0,020 0,025
Gas velocity in the shell v, (m/'s)
Figure 11. Comparison of contactor efficiencies using
three shell side flow models for the micro-
porous membrane contactor ([CO,];, = 12.1
mol/m?, Cr = 3292 mol/m®, v% = 0.42 m/s).
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Figure 12. Axial alkanolamine concentration profile at
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dense membrane contactor ([CO.li, = 5
mol/m?, v% = 0.42 m/s, v, = 0.014 m/s).

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

length at different gas velocities in Figure 13. The initial
amine concentration, solute concentration and liquid ve-
locity are kept constant in these numerical simulations.
The contactor performance is improved as the module
length is increased until a point beyond which the re-
moval efficiency is unaffected. However, the figure
shows that for longer modules the absorption efficiency
increases further as the gas velocity is increased. This is
because for shorter fiber modules the residence time
is short enough resulting in a solute richer gas at the
module exit.

Figure 14 plots the gas phase carbon dioxide removal
efficiency as a function of the hollow fiber lumen inner
radius at different gas velocities. The fiber thickness has
been kept constant for all the radii for which these simu-
lations have been run. These results suggest that, for the
same gas velocity, the removal efficiency is improved
when larger fiber inner radii are employed in that range
of gas velocities. This is obviously due to the fact that
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— 0.3 m/'s
0.7 — 04ms
— 0.5m/s
0.68 — 0.6 m's
— 0.7 m/s
0.6 — 0.8 m/s
— 0.9 m/s

Removal efficiency ‘Pﬁso
o
o in
7 i

increasing ga
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Contactor active length 1 (m)
Figure 13. Effect of contactor length on the removal
efficiency at various gas velocities for the
dense membrane contactor ([CO5)i, = 5
mol/m%, Cr = 1200 mol/m?, v = 0.42 m/s).
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Figure 14. Effect of fiber inner radius on the removal
efficiency at various gas velocities for the
dense membrane contactor ([CO.)i, = 5
mol/m?, Cr = 1200 mol/m®, v = 0.42 m/s).

the removal efficiency is directly proportional to the inter-
facial area. However, this dependency is limited by the
maximum number of fibers of the largest possible radius
that could be embedded in a shell having the same
dimensions.

Conclusion

The chemical absorption of carbon dioxide in alkanol-
amines in hollow fiber membrane contactors is systemati-
cally investigated in the present work. A rigorous model
consisting of a set of highly non-linear partial differential
equations is rewritten in dimensionless form and numerically
solved. Substantial variations in the radial and axial concen-
trations have been observed in all three compartments of the
membrane modules for constant average velocities in the
fiber lumen and shell side. The gas flow rate and the inlet
solvent concentration influences on the contactor perform-
ance have been thoroughly studied. The carbon dioxide re-
moval is substantially increased with decreasing the gas ve-
locity in the shell side, whereas the liquid velocity variations
in the fiber bore have not shown any noticeable effect. A
comparison of microporous and nonporous membrane made
hollow fiber contactors at identical operating parameters has
shown higher performance for the microporous membrane
module. Describing the shell domain gas velocity by plug-
flow, Happel free surface and Navier-Stokes models reveals
that the latter fits better the experimental results. Further-
more, the analysis of the simulation results reveals that the
performance of the hollow fiber membrane contactor is de-
pendent on the gas velocity in the fiber lumen as well as on
the module’s geometry.

Part of this material was presented at the international
symposium ISCRE21 held in Philadelphia on June 13-16,
2010.

Notation
Ar = total surface area of gas liquid contact, m*
Ac = shell cross sectional area, m?>
C7 = total fresh amine concentration, mol/m?

D; = diffusion coefficient of specie, mz/s
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d;, d,, d. = inner, outer and equivalent fiber diameters, m

E = enhancement factor
Gr; = dimensionless Graetz number of i specie

‘Hco, = dimensionless Henry’s law constant

Ha = dimensionless Hatta number
J; = molar mass transfer flux of specie i, mol/s

Jco, = average CO, absorption flux, mol/m® s

k; = mass transfer coefficient of specie i, m/s
. 3
ka,, = forward second order reaction rate constant, m~/mol s

. 3
k_1, k; = forward and reverse second order reaction rate constant, m’/

mol s
koy = overall reaction rate constant based, m>/mol s
K.q = equilibrium constant

K,, = overall mass transfer coefficient (m/s)
L = volumetric liquid flow rate (m/s)
| = active membrane fiber length (m)
m = partition coefficient

Mco, = solute molecular weight (kg/mol)

ny = number of fibers in the bundle
Pin = inlet shell side pressure
r = radial coordinate

T4 T'os Fe = inner, outer and equivalent fiber radii (m)

rp = mean pore radius (m)
Re; = Reynolds number of specie i
R = ideal gas constant
Sc; = dimensionless Schmidt number of specie i
Sh; = dimensionless Sherwood number of specie i
T = temperature in (K)
V = volumetric gas flow rate (m>/s)
vs = 1 dependent velocity in the shell
z dependent velocity in the shell

&
ON
]

Il

v, W0 = mean average velocities in the fiber and shell in the z

direction (m/s)
z = axial contactor coordinate

Greek symbols

p: = dimensionless kinetics parameters

¢ = membrane thickness

= membrane porosity

= dimensionless longitudinal coordinate

= liquid solution kinematic viscosity (m%/s)
= liquid solution dynamic viscosity (kg/m s)
= dimensionless radial coordinate in the fiber domain
= liquid solution density (kg/m?)

= membrane pore tortuosity

= dimensionless concentration of specie i

= fiber bundle to shell void fraction

= removal of specie i

ﬁ%pabﬂ(t:u“m

Subscripts and superscripts

= interface
= fiber

= membrane
= shell

= average
solute
solvent

|
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Appendix: Dimensionless Form of the Modeling
Equations

Introducing the new independent and dependent variables

z r [COyJ; [Am];
= - = — (I) = (I) =
C / ) é re ) Af [COz]in 3 Bf CT
[COz} [COZ} S Vrs
Dpm = m Dy = 2 =—
mTIeoy, T TN T Cos), T,
VZS p
Uys = , P=
78 25 pv(z)sz

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

Fiber bore domain

(1 — &)Grag 0D _19 éaq)Af _ P1GrasQco, (AD)

2 ol Eo¢ o¢ 4
(1 — &)Gry; 0Dy _ 10 1.0 | f1GreiQico, (A2)

2 o Lot |t og 2

where the dimensionless reaction rate is expressed as
2

Q [OJNT) L CDBt} A3
co, = Parber == G (A3)

subject to the normalized boundary conditions

at{ =0, Dpr =0, Oy =1, VI>E>0 (A
8(DAf 8®Bf

— = = 1>(> A

at & =0, 9 0, oe 0, VI1>(>0 (A5)
, T O0Dp¢ Dag o
atl=A =—, — = |Oam—
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O0Dg;

= 1>{> A

7% 0, V1>{>0 (A6)

The third boundary condition is obtained by solving the
transport equation through the membrane material for the
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first flux continuity. The same procedure is applied to the
second boundary condition to which the shell mass transport
is constrained.

Polymeric membrane domain

10

aq)Am
S |¢
¢oc

subject to the normalized boundary conditions

. .
at f = Al = ’—l, (DAm p— Af v 12520 (Ag)
Te Hco,
atf:b:;—o, (I)Am:(DAS VIECEO (A9)
€
Shell domain
L Plug flow
d¢o é
2~ Daen [ons =] (A10)
where Dagy, = Z’g{%

e Happel flow

P2 e (12
st:2v2g8{8l+(18)(m) lnz(’b) } (A11)
‘ e(e+2)+In(1—¢)

e Navier-Stokes flow
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subject to the normalized boundary conditions
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Note that all three dimensionless Graetz numbers are
based on the equivalent fiber diameter d.. The outlet mixing
cup concentration rewritten in a dimensionless form is

A
Daro =4 [ E(1 — E)Dprde (A20)
0

f;'lz 6”25 (I)Asdé

(DAso =
f,}z Cuyedé

(A21)

The extent of the soluble gas removal ¥ which expresses
the percentage of the recovered solute is defined in the fiber
bore as .
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and, similarly for the solute in 'the gas stream
CO in CO out
Wpo = SO ZICOLT g, a2y)
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Because the CO, concentration range studied is too small,
the change between volumetric feed and exit gas streams is
negligible. For that, the CO, absorption flux is estimated by
making a mass balance over the reactor
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Table Al. Dimensionless Groupings Definition

Designation Symbol Expression
. . 0 g
Graetz number of CO, in fiber side Grag I;Jzé«ot.»
Graetz number of MEA in fiber side Grgy Voudz
[Dame
Graetz number of CO, in shell side Gras Vo2
[Dco,s
Reynolds number of CO; in shell side Rexs vz
4nco, !
2
Reaction parameter of MEA in the fiber N kIZOCT
Vat
Reaction parameter of CO,; in the fiber pa kil [C(?Z]in
sz
Reaction parameter relative to the equilibrium  fi3 4K .[COs iy
First diffusivity ratio o Dcoym
Dco,r
. .. . Dcoym
Second diffusivity ratio o TO;

The introduction of the above new variables gives birth to
the new dimensionless groupings summarized and listed in
Table Al.
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