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Abstract

A steady state model was developed for a microporous hollow fiber membrane contactor operated under partially wetted conditions accompanied
by chemical reactions, to analyze CO, absorption into the aqueous solution of diethanolamine (DEA). The proposed diffusion-reaction model
contains reversible chemical reactions in the liquid bulk as well as wetted parts of the membrane pores. A numerical scheme was employed to
solve the simultaneous nonlinear mathematical expressions, and the results were validated with experimental data in the literature. The gas phase
concentration and velocity profile in axial direction inside the shell, liquid concentration profile in axial and radial directions inside the fibers, and
also those within the wetted parts of the pores were predicted by using the model. The results of the model and proposed numerical scheme show
that membrane wetting, even in very low fractions, can decrease the absorption flux significantly. The wetting fraction of membrane was predicted
both with and without consideration of chemical reactions inside the wetted pores. The results indicate that the chemical reactions inside the wetted

pores, which have been disregarded in the literature, have considerable effects on the prediction of membrane wetting fraction.

© 2007 Elsevier B.V. All rights reserved.

Keywords: Membrane contactor; Hollow fiber; Gas absorption; Partial wet

1. Introduction

Carbon dioxide is one of the major contributors to the
greenhouse effect. There is an inexorable trend toward limit-
ing anthropogenic emissions of carbon dioxide and other gases
suspected of causing global climate change. Furthermore, the
present interest in energy conservation and pollution control has
led to search for more efficient and economical methods of CO,
removal.

The application of microporous hollow fiber membrane con-
tactor for gas absorption and stripping has gained considerable
attention recently and still is a relatively new concept. In com-
parison with most membrane separation processes which use
a dense selective layer on one side of the fibers, the microp-
orous membrane used in membrane contactor is not selective.
Instead of the selective layer, a liquid is flowed in one side
of the fiber, which can absorb gas components physically or
chemically. It leads to a higher mass transfer rate due to lower
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membrane resistance. Additionally, because there is no selec-
tive layer, a very small pressure drop across the membrane
is required for mass exchange. Compared to the traditional
columns like packed and tray towers, bubble columns, venture
scrubbers and spray towers, membrane contactor has several
advantages. These include higher mass transfer rates, inde-
pendent control of gas and liquid rates, known and constant
interfacial area, easy scale up and no operational problems
such as foaming, flooding and entrainment [1,2]. By form-
ing the membranes as hollow fibers, a very compact unit can
be made with a specific area 1600-6500 (m2 m’3), which is
higher than 30-330 (m>m~3) offered by packed/tray towers
and 160-500 (m?> m~3) for mechanically agitated columns [1].
Although the membrane wall introduces an additional resis-
tance, which does not exist in conventional towers, the higher
surface area in this type of modules offers much higher mass
transfer rates.

These advantages have led to a number of investigations on
the use of membrane contactors for gas absorption and strip-
ping. Absorption of various gases by a number of solvents in
a hydrophobic membrane were first carried out by Zhang and
Cussler [3,4]. Kreulen et al. [5,6] studied the CO, absorption
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Nomenclature

Ag shell side cross-section area available for gas (m?)

Aw gas—liquid mass transfer area (m?)

C concentration (mol m_3)

C total gas concentration (mol m?)

Cig component gas concentration (mol m )

Cr total amine concentration (mol m~>)

dn hydraulic diameter of shell side (m)

d; inner diameter of fiber (m)

do outer diameter of fiber (m)

D diffusivity (m?s~!)

Dy Knudsen diffusivity of species i (m?s~!)

H Henry’s constant

k_1 reverse first order rate constant (s~1)

ko second order reaction rate  constant
(m3mol~!s1)

kp second order reaction rate constant for base b
(m>mol~!s1)

Keq reaction (3) equilibrium constant (mol m_3)

Keqi reaction (7) equilibrium constant (mol m?)

Keq2 reaction (8) equilibrium constant

Kex external mass transfer coefficient (ms~!)

K, gas phase mass transfer coefficient (ms™!)

K membrane mass transfer coefficient (ms~!)

L module length (m)

M molecular weight (kg kmol™!)

P pressure (Pa)

(0] volumetric flow rate (m3 s~!)

r radial direction or radius (m)

ri inner radius of fiber (m)

R universal gas constant (J mol~! K1

R; chemical reaction rate (mol’1 m3s)

Re Reynolds number

Sc Schmit number

Sh Sherwood number

T temperature (K)

U velocity (ms™ 1

X wetting fraction

Z axial coordinate (m)

Greek symbols

8 membrane thickness

e membrane porosity

T tortuosity

Subscripts

A carbon dioxide

B amine

g gas

i any diffusing species

in input

Im log-mean average

L liquid

P pore

w gas-liquid interface in the liquid filled pores

by water/glycol mixture as absorbent. Their results showed a
better performance of membrane contactor compared to bubble
column especially for higher viscous liquids. Karoor and Sirkar
[7] studied absorption of CO, and SO, by water in a compre-
hensive experimental investigation and found that mass transfer
rate is about ten times higher than those typically obtained in
packed towers. Some other experimental and theoretical stud-
ies have been carried out focusing on CO, absorption from flue
gases using various absorbents such as sodium hydroxide, potas-
sium carbonate and alkanolamines [8—11]. The advantages of
chemical absorption of CO;, by alkanolamine or mixed alka-
nolamine solutions are quite obvious, since alkanolamines are
weak basic compounds and their chemical bonds with CO, are
easily broken at high temperatures, leading to efficient regenera-
tion of the absorbents and as a result, can be recovered efficiently
[12-16].

In most of these researches, hydrophobic membranes have
been employed with gas filled membrane pores. In a hydrophilic
fiber, pores are filled with a stagnant liquid film and mass trans-
fer rate is much lower due to lower diffusivity of CO; in liquid.
Therefore, the liquid phase pressure in a hydrophobic mem-
brane should not exceed breakthrough pressure of the membrane
to prevent membrane wetting. On the other hand, the pressure
of liquid should be slightly higher than gas phase pressure to
prevent dispersion of gas bubbles into the liquid.

Partial wetting can also occur when a hydrophobic membrane
such as polypropylene (PP) or polyvinylidene florid (PVDF) is
employed for gas absorption or stripping. Capillary condensa-
tion of water vapor in the pores, as well as pressure difference
between shell side and lumen side, can be possible reasons for
partial wetting [17,18]. The presence of organic compounds in
the liquid phase, such as amine solutions, can decrease the sur-
face tension of liquid and cause partial wetting. Some inorganic
species, complexes, microorganisms or even traces of impurities
can have the same effects [19,20]. Mahmud et al. [17,18] and
Evren [21] studied the stripping of air from water and stated that
the theory and experiments do not agree well in some cases. They
attributed this disagreement to the partial wetting and a good fit
was searched by changing the wetting fraction in the model.
Such disparity between theory and experimental results has also
been observed when a chemical reaction occurs in the liquid
phase [22-24]. In the recent case, the partial wetting has been
assumed again, but the same procedure of Mahmud et al. [17]
was applied to search the wetting fraction, without consideration
of chemical reaction in the liquid filled pores.

Some researchers try to overcome membrane wetting by
using new absorbents or new membrane types. Kumar et al.
[25] proposed a new chemical absorbent based on amino acid
salts for CO, absorption with no wetting effect on polyolefin
fibers. Recently, Yan et al. [26] employed aqueous potassium
glycinate solution, which has the same influence. deMontigny et
al. [27] compared the performance of polypropylene and polyte-
trafluoroethylene (PTFE) fibers using amine solutions and found
that polypropylene membranes suffer a loss in performance over
time, while PTFE membranes maintain their initial level of per-
formance. It was attributed to the higher wetting resistance of
PTFE compare to PP in amine solutions.
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The previous investigations show clearly that the partial wet-
ting phenomena can decrease mass transfer rate of hydrophobic
membranes significantly, which is one of the most significant
challenges in the long term application of membrane contactors.
Therefore, more detailed theoretical and experimental investiga-
tions are required for better understanding of the partially wetted
operating conditions.

In this paper, a theoretical analysis was performed for micro-
porous hollow fiber membrane modules employed for CO;
absorption, from a CO,—N; gas mixture into the aqueous solu-
tion of diethanolamine (DEA), operated under partially wetted
conditions. Governing equations for the gas phase within the
shell side, the liquid phase within the lumen side and the liquid
filled pores of the module were developed. For both the liquid
bulk and wetted parts of the membrane pores, the diffusion-
reaction model is based on reversible chemical reactions instead
of a simple forward reaction rate model which has been previ-
ously used in the literature. A numerical scheme was proposed to
solve the simultaneous nonlinear mathematical expressions and
the results were validated with experimental data of Wang et al.
[14]. The wetting fraction of membrane was searched for short
time and long time running of the module and by considering the
effect of chemical reaction inside the wetted parts of the pores,
the effect which has been neglected in previous investigations.

2. Model description

A mathematical model is developed here to describe CO»
absorption from a gas mixture using DEA aqueous solution. In
all parts of this study, liquid is assumed to flow inside the fibers
and countercurrent to gas flow inside the shell. Figs. 1 and 2
illustrate the mass transfer regimes in a single fiber. Gaseous
component “i” can diffuse from the shell side to the mem-
brane wall, passes through the gas filled and then liquid filled
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Fig. 1. Mass transfer regimes in a single fiber.
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Fig. 2. Membrane wall sections under partial wet condition.

parts of the pores, and finally followed by liquid phase diffu-
sion/chemical reaction. The following assumptions were made
in deriving the mathematical expressions:

Steady state and isothermal conditions.

Laminar parabolic velocity profile within the fibers.

Ideal gas behavior.

No axial mixing in phases.

Uniform pore size distribution and membrane wall thickness.

Using the above assumptions, the mathematical formulation
of the liquid, gas and membrane phases are given as follows.

2.1. Chemical reactions

Mass transfer can be enhanced when a chemical reaction is
present and it is usually unavoidable for a high recovery gas
absorption process. The reaction of carbon dioxide with pri-
mary and secondary amines can be expressed by zwitterions
mechanism as initially proposed by Caplow [28] and followed
by Dankverts [29]. The first step is production of an intermediate
zwitterion as follows [30-32]:

COy + RR/NH<kk—2>RR’NH+COO_ 1)
-1

Theoretically, the zwitterion can be deprotonated by any base

present in the solution producing a carbamate ion and a proto-

nated base:

RR'NHTCOO™ 4+ B<«-»RR'NCOO™ + BH™" (2)

Then, the overall chemical reaction of DEA with CO, is given
by:

CO, +2RR'NH < RR’NCOO™ +RR'NH,™ 3)

Glasscock et al. [32] introduced reversibility into this mech-
anism which necessarily be included for one to describe both
absorption and desorption conditions. Rinker et al. [33,34]
proposed a rate model by considering all possible chemical reac-
tions in reversible form. According to that model and based on
the assumption of quasi-steady state for the zwitterion, we have:

k
1 + (k—1/Kpea[RR'NH])
[RR/NH2+] [RR'NCOO™] “
Keq [RR'NH] )

Rco, =

X ([COz] [RR'NH]—
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Table 1

Physical and chemical properties used in this study at 298 K [26,28,29]

Dco, (m>s™1) Dpea (m?s™ 1) H ky (m> mol~' s 1) k_1/kpga (molm~3) Keq (m® mol ™) Keqi (m®mol ™) Keq2

1.046E~° 4.967E710 0.76 4.089 3602.6 2.902 0.0091 0.036

R 2k> where R; is the rate of chemical reaction for component i. The
DEA =

1 + (k—1/Kpea[RR'NH])

[RR'NH;*][RR'NCOO™]
Keq[RR'NH]

x ([COz][RR’NH]—
o)

Under steady state condition, the assumption of equal diffu-
sivity of all amine species leads to:

Cr= [RR'NH] + [RR'NH,"] + [RR'NCOO] (©6)

An equilibrium model based on the model given by Astarita et
al. [35] is used here to consider the distribution of bicarbonate
and carbonate ion concentrations, with the assumption of the
following equilibrium reactions:

Ke

RR'NH + HCO3;~ <25 RR'NCOO~ + H,0 (7
/ — Keg / + 2—

RR'NH + HCO;~ <3 RR'NH, " + CO; 8)

The combination of electronutrality of ionic species and Eq.
(6), as well as equilibrium relations of reactions (7) and (8), leads
to the following equation:

2Keq [RR'NCOO™]
Keqi C1 — [RR'NH] — [RR'NCOO™]

1
—————— +2 | [RR'NCOO™
* <Keq1 [RR/NH] * ) [ ]

+[RR'NH] = C1 =0 ©)

Here, carbamate concentration is a function of amine concen-
tration and total amine molarity. Eq. (9) has been written in
such a format proper to the solution algorithm given later in
Section 3. The carbamate concentration is calculated with the
known amine concentration by using Eq. (9), and the other ionic
concentrations can be evaluated from Egs. (6)—(8).

The values of required physicochemical properties are listed
in Table 1.

2.2. Governing equations in liquid phase

The mass transfer phases for gas absorption in a hollow fiber
membrane contactor under countercurrent condition and par-
tially wetted mode are shown in Fig. 2. Applying a component
material balance on the liquid phase within the fibers for ith
diffusing component, leads to the following two-dimensional
partial differential equation:

aC; 92C;
il _ DiL ( il

19C;.
9z or2

U.
z r or

)—Ri, O0<r<r (10)

liquid flow rate inside the fiber is laminar and can be given by:

r 2
- () 1 (11)
ri

Eq. (10) consists of a set of partial differential equation,
which should be written for all necessary components in the
liquid phase. Since the chemical reaction term (R;) is normally
a function of concentration of several components, the partial
differential equations are not independent and must be solved
simultaneously. The initial condition for each diffusing compo-
nent in the lumen is specified as:

U, = 2Uqy

CiL= CiL,iny forZ=0and 0<r<r (12)

At the center of each fiber, symmetry is assumed in radial
direction, which results the following boundary condition:
Cir,

ar

In the partial wetted mode, additional equations are required
to describe diffusion-reaction inside the wetted parts of the
pores. At high porosity (greater than 10%), the diffusion process
is essentially one-dimensional as it has been shown by Keller

and Stein [36]. Therefore in the liquid filled part of the pores we
have:

3%C;
DiLe ( il +

0, forr=0 and all Z (13)

1aCiL

r or

%

Dj1, is the effective diffusivity of diffusing species within the
wetted pores and can be define as:

D,‘LS
D, =

s)

At the membrane-liquid bulk interface, the mass conserva-
tion leads to the following boundary condition:

oCiL oCiL
Djy—— = Djp,——,
iL or iLe or
At the gas—liquid interface, a mass conservation for each
diffusing species leads to:

G
e "5y

Also, Henry”’s law can be applied at the gas—liquid interface
as follows:

forr =r; and all Z (16)

D = Kex(Cig — Cig,w), forr=ry and alZ (17)

Ci = HCig, forr=ry and allZ (18)

External mass transfer coefficient (Kqx) is a combination of
gas filled parts of the membrane and shell side mass transfer coef-
ficient and will be discussed in detail later. For some species in
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liquid phase which cannot diffuse to gas, such as diethanolamine,
Eq. (17) can be simplified as:

aCiL,

_p, i
iLe 5y

=0, forr=ry and allZ (19)
It should be noted that a nonwet system is a special case of
partial wet mode where ry, =rj and Dj, = Dj1..

2.3. Governing equations in gas phase

Eq. (17) indicates that the liquid phase concentration profile
in the wetted pores and inside the fibers depend on the gas phase
concentration distribution inside the shell. If the gas in the shell
side is assumed to be pure or nearly pure, the assumption that is
used frequently in previous researches [12,20,21,37], it is possi-
ble to use a constant gas concentration in Eq. (17), which leads
to more simple problem. However, in practical applications of
membrane contactor for gas absorption, for example in flue gas
treating or gas sweetening, gas phase is a mixture of several
components and therefore, gas phase conservation distribution
must be considered.

By applying a component mass concentration on gas phase
for each diffusing components, the following ordinary differen-
tial equation is proposed:

d Ay
E(Ugcig) - EKex(Cig - Cig,w) =0 (20)
where Ay, and A are the gas—liquid mass transfer area and shell
side cross-section area available for gas, respectively. An overall
mass balance for gas phase also gives:

d Ay
E(Ug) - @Kex(cig - Cig,w) =0 2D

The following boundary conditions can be employed for these
equations:

C Fe tZ=1L (22)

= —, a =

&7 RT

Ug=%, atZ =1 (23)
As

When a gas mixture is analyzed, the sets of Egs. (10)-(23)
should be solved simultaneously for all diffusing components.

2.4. External mass transfer coefficients

The external mass transfer coefficient (Kex) used in previous
equations, is a combination of membrane wall and gas phase
mass transfer coefficients. Application of resistance-in-series
model for these two phases gives:

1 _ 1 n 1
Kexd; a Kgdo Kndim

(24)

Under partial wet condition, membrane mass transfer coeffi-
cient consists of two different parts: gas filled and liquid filled.

Rangwala [22] and Mahmud et al. [17] combined the resistances

of these two parts according to the following equation:
1 (1 —x) X

Kandim Djredim H

(25)
Dig edim,
dim; and dlmg are the log-mean diameter of liquid filled and
gas filled parts of membrane, respectively. Membrane wetting

fraction (x) is the fraction of liquid filled pores and can be defined
as (Fig. 2):

)

It should be emphasize that Eq. (25) has been derived with
the assumption of no chemical reaction inside the wetted pores.
Therefore, the external mass transfer coefficient which results
from Egs. (24) and (25) is the representative of gas phase in shell
and both gas filled and liquid filled membrane resistances.

In presence of a chemical reaction inside the liquid filled
pores, the combination of resistances are not simple. The method
which is proposed here is the combination of gas phase resis-
tance in the shell side and gas filled membrane resistance in the
following form:

11
Kexdi  Kod,

X

(26)

8(1 — x)
Dig, edym,

27

Subsequently, the relations for the liquid filled pores accom-
panied by chemical reaction will be covered by Egs. (14)—(16).

Because of very small pore size, the gas diffusion in the gas
filled pores is affected by pore wall, and Knudsen diffusion must
be considered.

1 1 1
- (28)
Dig, Dix Dig

Knudsen diffusion coefficient can be written as [38]:

Db _ o (8RT\ ! 29)
=3\ M

The gas phase mass transfer coefficient (Ky) should be
evaluated from empirical correlations. Yang and Cussler [39]
proposed the following correlation to estimate shell side mass
transfer coefficient for axial flow in the hollow fiber modules:

dh 0.93
Sh =1.25 (Rel) §c033 (30)

Table 2 shows the specifications of hollow fiber module which
has been modeled in this study.

3. Method of solution

The set of Egs. (10)—(23) includes a number of partial and
ordinary differential equations of first and second order. The
partial differential equations are nonlinear, because of chemi-
cal reaction terms and must be solved simultaneously to find
liquid concentration profile in radial and axial directions, and
gas concentration/velocity profile in axial direction. Because of
mathematical complexity of the proposed system, a numerical
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Table 2
Specifications of hollow fiber membrane module [14]

Fiber o.d. (pum) Fiber i.d. (um) Module length (cm)

Number of fibers

Porosity (%) Tortuosity Pore size (um)

300 220 11.3

1100

40 35 0.04

technique should be applied to solve the equations. A finite dif-
ference scheme was employed to solve the equations by using
MATLAB [40]. The diffusion terms were discretized implicitly,
which generated sets of simultaneous nonlinear algebratic equa-
tions. We have found that Newton’s method did not converge,
especially when wetting fraction is high, because of highly non-
linearity of chemical reaction term. We, therefore, rewrote the
chemical reaction term based on this fact that the amine con-
centration does not have sharp variation in axial direction as
follows:

k>
1+ (k—1/Kpea[RR'NHI 1 1i41)
1+ (k—1/Kpea[RR'NH] j; ;)

here j and i are the indications of radial and axial increments,
respectively. It should be noted that CO; concentration was put
as unique unknown term in the right hand side of Eq. (31) due to
its wide change in axial direction. Using Eq. (31) and as an ini-
tial guess, a set of simultaneous linearized algebratic equations
in radial direction were produced, which formed a tridiagonal
matrix and were solved simultaneously using Thomas algorithm
[41].

The amine concentrations produced from this initial guess
were used in Egs. (6)—(9) to find other ion species and the solu-
tion procedure was continued till convergence was attained. To
prevent divergence, relaxation was used on the concentrations of
amine and amine ionic species to stabilize the iterative solution
process.

Because the governing equation in gas and liquid phases can-
not be solved separately, a value for (Ciz — Cjg, ) Was assumed
at the beginning. This value should be adjusted according to the
solution algorithm for the system, which is given schematically
in Fig. 3. A material balance error was evaluated at the end of
the program to check the accuracy of numerical technique. The
average error is something around +0.05% which is essentially
acceptable for a finite difference method.

4. Results and discussion

The results of numerical study carried out with the proposed
algorithm are presented below for the countercurrent flow pat-
tern. The liquid inlet part of the module selected as zero (Z=0)
in axial direction for all parts of this study. The analysis of model
results and the comparison with experimental data of Wang et
al. [14] has been done in two different conditions. These include
short term analysis and long term analysis as follows.

([C02]j+l,i+1 [RR'NH] JHLiH T

([COZ]j+1,i+l [RR'NH] ;1 —

4.1. Short term analysis

This part refers to the initial step of module operation, a while
after module start up when wetting fraction is still low and for
a short period of time the absorption flux is relatively constant
[20]. It should be emphasize that the partial wetting of membrane
can even occur in this initial step, because as a routine rule, an
experimental apparatus should operate for at least half an hour
before any data collection, to ensure that a steady state condition
has been achieved.

[RR'NH2 "] j41,;41[RR'NCOO™ ] ;11 141 )
Koq[RR'NH] 11 i41

[RR’NH2+]j+Ll~[RR/NCOO_]/‘_;,_L[> G1)

Keq [RR/NH]jJrl N

The CO, absorption flux and absorption recovery obtained
from the model and experimental results of Wang et al. [14] are
shown in Fig. 4 with the assumption of no membrane wetting
(x=0%). The figure indicates that although there is a good agree-
ment between model and experiment in low gas flow rates, the
model prediction is much higher in high gas rates. Such result
is similar to some other chemical and physical investigations in
the literature [17-23].

Fig. 5 presents the model results with the assumption that
membrane is partially wet. It is indicated from the figure that by
employing a very small wetting fraction, x=0.4%, a very good
agreement between model and experiment can be obtained for
all range of gas flow rates. It should be noted that the effects of
chemical reaction inside the wetted pores, which was ignored
in previous investigations [22-24], has been considered in the
simulation results shown in this figure. Fig. 5 also reveals that
the CO; recovery decreases with the increase of gas velocity,
which is due to the reduction of liquid/gas ratio in the module.

To check the importance of chemical reaction inside the liquid
filled pores in the prediction of wetting fraction, the model was
run again under partially wetted condition, but with the assump-
tion of no reaction within the liquid filled pores. In such a case,
Egs. (24) and (25) were employed instead of Eqs. (14)—(16)
and (27), and the results are shown in Fig. 6. The wetting frac-
tion used here is x=0.25%, which is smaller but close to 0.4%
employed in Fig. 5. The recovery and flux at x=0.4%, without
consideration of reaction in pores, are also shown in this figure
for comparison. The figure reveals that the difference between
simulation results at x = 0.25 and 0.4% and both with experimen-
tal results are low, especially in low gas rates. The comparison
of searched wetting fractions in Figs. 5 and 6 under short time
operating conditions reveals that the consideration of chemical
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Fig. 3. Solution algorithm of the model.
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Fig. 5. CO; absorption flux and CO; recovery from a 20% CO,—N gas mixture
with consideration of reactions in the liquid filled pores, U, =0.12 (m s,
x=0.4%.
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Fig. 6. CO; absorption flux and CO; recovery from a 20% CO,—N, gas mixture
without consideration of reactions in the liquid filled pores, Uy =0.12 (ms~1).

reaction between CO; and DEA inside the wetted pores does
not have significant effect in the prediction of wetting fraction.
It is important to note that the negligence of chemical reac-
tion inside the wetted pores can decrease the computer run time
significantly in most cases.

As a whole the wetting fraction employed in short time analy-
sis is very small, either with or without consideration of reactions
inside the wetted pores, which indicates that the membrane wet-
tability is week in this condition. However, as it is clear from
Figs. 4 and 5, even such a small wetting can decrease the absorp-
tion flux significantly.

4.2. Long term analysis

This part refers to the long time applications of membrane
module. Most of experimental and theoretical investigations on
membrane contacting systems have been done very close to sys-
tem start up (after steady condition) to prevent difficulties of
wetting. However, it is clear that the study of long time oper-
ation of such systems is unavoidable, especially for industrial
applications. Wang et al. [14] studied the performance of a
polypropylene hollow fiber module over three months continu-
ously. They found that the absorption flux decreases in the initial
4 days significantly, and there was no change in the performance
afterward.

Fig. 7 presents the comparison between the proposed model
and experimental data of Wang et al. [14] for second day and
sixth day of module operation. In the model utilized here, the
presence of chemical reactions inside the wetted pores is consid-
ered. The figure indicates that there is a good agreement between
experimental data of second and sixth days run with the simula-
tion employing wetting fractions of x = 55 and 85%, respectively.
The wetting fraction predicted here is much higher than those
of short term analysis which reveals that the membrane wetting
is much more intensive in long time operations.

The model was run again to evaluate the importance of chem-
ical reaction inside the liquid filled pores in the prediction of
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i + Experimental, 2 day run
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Fig. 7. CO; absorption flux under partial wet condition with consideration of
reactions in the liquid filled pores, Uy, =0.12 (m s7h.

wetting fraction, with the assumption of no reaction in the liquid
filled pores. As indicated in Fig. 8, the predicted wetting frac-
tion in this case is x=0.65% in sixth day, which is completely
different from the result of 85% in Fig. 7. The simulation result
at x=85%, which is shown in Fig. 8, with the assumption of no
reaction in the liquid filled pores, has considerable difference
with the experimental data. As a result, the inattention to the
presence of chemical reaction in the wetted pores can produce
considerable errors in the prediction of wetting fraction, even if
estimated wetting fraction is small.

The two-dimensional concentration distribution of CO; in
the liquid phase under nonwet condition, and inside the liquid
phase as well as liquid filled pores under partial wet condition
(x=85%) have been shown in Fig. 9a and b. As indicated in the
figures, the depletion of CO; in radial direction is very fast near
the gas—liquid interface for both nonwet and partial wet cases,
although it is more intensive in nonwet situation. The variation of
concentration in axial direction is stronger for nonwet case. This
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Fig. 8. CO, absorption flux under partial wet condition without consideration
of reactions in the liquid filled pores, Up, =0.12 (m s7h.
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Fig. 9. Two-dimensional concentration distribution of CO; in the lumen and
liquid filled pores, U =0.12 (ms~ 1), Ug=0.073 (ms™ 1. (a) CO; concentration
distribution, x=0. (b) CO; concentration distribution, x=85%.

is the consequence of the lower concentration of DEA available
in the wetted pores in high wetting fractions, as will be discussed
in the next figures.

Fig. 10 represents the two-dimensional concentration distri-
bution of DEA for the same condition described in Fig. 9. This
figure reveals a much higher variations in the concentration of
DEA for partially wetted case in radial direction. The dimen-
sionless concentration of DEA near the gas—liquid interface
(r/ry =1)is as low as 0.3 for partially wetted case in comparison
with 0.8 for nonwet case. This comes from the lower diffusiv-
ity of DEA in the liquid filled pores according to Eq. (15) and
unavailability of convection term in Eq. (14).

The comparison of Figs. 9a and 10a (both for nonwet con-
dition) show a very fast concentration variation of CO; in the
gas—liquid interface, while the change in DEA concentration
is relatively small. According to this result, it is possible to
employ uneven grids in radial direction with smaller grid size
near the gas—liquid interface and larger grid size for other parts.
This method which has been used in this study and in some
previous researches can decrease the computer runtime signifi-
cantly by reducing number of grid points in radial direction in
nonwet conditions. Unfortunately, the same approach cannot be
applied in partial wet case; because according to Figs. 9b and
10b, while most of variations in CO; concentration is still near
the gas-liquid interface, the concentration distribution of DEA
is very wide in radial direction.

CBL / cBL. in

CEL ! cBL, in

rir, 0“2 Tz

Fig. 10. Two-dimensional concentration distribution of DEA in the lumen and
liquid filled pores, Uy, =0.12 (m s~ b, Ug=0.073(ms™ 1. (a) DEA concentration
distribution, x=0. (b) DEA concentration distribution, x = 85%.

By reconsidering Figs. 4 and 7, it is found that the wetting
of membrane can decrease the absorption flux considerably, but
this reduction is much more intensive in higher gas rates. This
phenomenon can be described by using Figs. 10b and 11, the
concentration distributions of DEA in two different gas flow
rates but the same wetting fraction. It can be seen that the reduc-
tion of DEA concentration is lower in Fig. 11 (with smaller
gas rate) than that in Fig. 10b (with higher gas rate). As a con-
sequence, while the wetting fractions of two systems are the
same, the higher concentration of DEA in the liquid filled pores
of Fig. 11, results the more intensive reaction rate and so the
lower effect of wetting in the flux reduction.

Fig. 12 presents the effect of growth of wetting fraction on
the CO, flux, predicted by model. To have a comparison, the
experimental absorption fluxes of some days are also added to

10 ’ Z/L

Fig. 11. Two-dimensional concentration distribution of DEA in the lumen and
liquid filled pores, U, =0.12 (ms™"), Uy =0.03 (ms™1).
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Fig. 12. The effect of wetting fraction on the absorption flux, Up =0.12 (ms™),
U, =0.073 (ms™1).

the figure. The figure reveals that the enlargement of wetting
fraction can decrease the flux significantly; however the rate of
reduction is much more intensive in very low wetting fractions
(x~0-1%). A very fast reduction of flux in this small wetting
fraction causes the lower CO; sequestration from the gas phase.
It means that the concentration of CO, in gas phase will be
increased due to wetting, which will increase the overall driving
force of the system. This increase in the driving force slows
down the future reduction of absorption flux. A comparison of
the model prediction and experimental results shows that the
wetting fraction increases from 0 to about 55% after 2 days and
to 85% after 4 day; and there is no further reduction in the flux
afterward.

The effect of membrane wetting on the gas phase concen-
tration distribution is shown in Fig. 13. The figure indicates a
higher concentration of CO; in gas phase in cases of greater wet-
ting fraction, which is due to lower absorption flux. The increase
in outlet gas concentration (at Z/L=0) in cases of higher mem-
brane wetting means that the CO; recovery is much lower in
such cases.
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Fig. 13. Gas phase concentration distribution at different wetting fractions,
Ur.=0.12 (ms™), U, =0.073 (ms™).
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Fig. 14. The effect of wetting fraction on the chemical reaction enhancement
factor, Up, =0.12 (ms™!), U, =0.073 (ms™).

To check the importance of chemical reaction inside the liquid
filled pores in more detail, Eq. (25) can be modified as:

1 (1 — x) X
= + 32)
Kimdim Digegdlmg DjLedim; HEM

En is the chemical reaction enhancement factor inside the wet-
ted parts of the membrane. Fig. 14 shows this factor calculated
by using the model and Eq. (32) versus wetting fraction of mem-
brane. It can be seen from the figure that the value of Epy is “1”
when wetting fraction is “0”, but increases very fast at higher
wetting fractions. This result emphasizes again that the applica-
tion of Eq. (25) for the prediction of wetting fraction in presence
of a chemical reaction is only valid for the cases of very small
wettings.

5. Conclusion

In the present study, a mathematical model was developed
for CO; separation by DEA solution in a hollow fiber mem-
brane contactor operated under partially wetted condition. The
developed model is able to calculate two-dimensional concen-
tration distributions of diffusing components inside the lumen
and liquid filled pores as well as axial concentration and veloc-
ity profile in the shell side, in a countercurrent flow regime.
The results of the model and proposed numerical scheme show
that membrane wetting, even in very low fractions, can decrease
the absorption flux significantly. The analysis of concentration
distribution of CO, and DEA under partially wetted condi-
tion shows that most of variations in CO; concentration are
near the gas-liquid interface, while the concentration distri-
bution of DEA is very wide in radial direction. The effect
of the reversible chemical reaction between CO; and DEA
within the liquid filled pores investigated and was found that it
has considerable effect on the prediction of membrane wetting
fraction.
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