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Abstract: For several years lots of attempts have been made to establish the liquid membrane-based techniques for
separations of gas mixtures especially containing carbon dioxide. A more effective system to separate CO, from flue
gases, a circulatory hollow- fiber membrane absorber(HFMA ) consisting of absorption and desorption modules with vacuum
mode, has been considered in this study. Gas-liquid mass transfer has been modeled on 2 membrane module with non-
wetted hollow-fibers in the laminar flow regime. The influence of an absorbent flow rate on the separation perforiance
of the circulatory HFMA can be predicted quantitatively by obtaining the CO, concentration profile in a tube side. The
system of CO./N; binary gas mixture has been studied using pure water as an(inert) absorbent. As the absorbent flow
rate is increased, the permeation flux(i.e., defined as permeation rate/membrane contact area) also increases. The en-
hanced selectivity compared to the previous results, on the other hand, shows the decreasing behavior. It has been found
obviously that the permeation flux depends on the variations of pressure in gas phase of desorption module. From an ac-
curate comparison with the results of conventional flat sheet membrane module, the advantageous permeability of this
circulatory HFMA can be clearly ascertained as expected. Our efforts to the theoretical model will provide the basic

analysis on the circulatory HFMA technique for a better design and process.

Q o ouEuLE Tgse JMEYEY P A AALL o sof B Yo A7} AL
o} #HrtA gy °|'§}E}% o ‘E‘EIUVI el & AFol4e, F54 (absorbent) 7} &4 (absorption) R &% 2Tz
Al gat(desorption) ZEZHE A4 £83ts, B A 849 sg4) Z &+ 47| (circulatory HFMA)E 42 0]
TASE el B¢ slzde H4g s 7)-o FAHE ndde $AHE Heso] DA o YRy
Aol Y FEEEE HRAHLE dEstdn, £BIE F5AY 4o B2 FHTse duce] HyAES 4
# Bokch CO/N, 5 EY7IM FFAZA ube € ¢ (pure water)el| W& Al4dg S¥stoct. Ang F44
o ol St wet FREH2E Zolsts whdol S LAl vis e e dehd Adego ASe Mz 74

35



36 Mvung-Suk Chun and Kew-Ho Lee

shotch. wh FahEdas UTZANS BRREA Y
bob ol & oiFol el F3ah e

culatory HFMA ] A A AAE o3t 7| zd4jo] & oAF7} b olefo|r}.

T}o] v|WEEFE

il
£
>

1. Introudction

Since the potential of immobilized liguid mem-
brane(1LM) for gas separation was realized| 1], the
attractive features have stimulated significant
research in the field of gas separation using liquid
membranes{ 2]. Due to the principle of facilitated
transport through liquid membranes, it is possible to
achieve high permeability and selectivity. To over-
come the problem of mechanical stability Sirkar et
al.[3, 4] have developed the idea of the hollow-fiber
contained liquid membrane(HFCLM) technique
under four different operational modes. Although
the stability of such a system is better than that of
ILM, a mass transfer resistance through the liquid
existing in the shell side between hollow-fibers 1s
large because the overall diffusion thickness is too
large and stationary. In this respect, it should be
noted that a more developed type of liquid mem
brane, designated as a “flowing liquid membrane”
was proposed by Teramoto et al.[5]. By circulating
a liquid membrane solution in a thin channel be
tween polymeric membranes the diffusional
resistance decreased compared to a conventional lig-
uid membrane system, and so higher permeability
and stability could be obtained consequently.

Recently, Shelekhin and Beckman[6] considered
the possibility of combining absorption and mem-
brane separation processes In one integrated svstem
called a “circulatory membrane absorber”. They
proposed a configuration that performs the gas
transport between absorption and desorption mod-
ules by the circulation of an absorbent. Their inves
tigation has predicted efficiently the performance of
flat sheet membrane, however, there are restrictions
for describing a convective flowing effect because
the plug flow recognized in their work is not a gen
eral case. The Increased selectivity was also ob-

served in experiments on a CO./CH, gas mixture
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separation, using a laboratory membrane absorber.

In practice, the use of hollow-fiber module in the
membrane absorber is of great benefit than that of
flat sheet membrane. It is specifically advantageous
to reduce the diffusion resistance of hquid layer
using hollow-fiber membranes as it is relatively
easy to obtain the hollow-fibers with an inner diam-
eter of about several tens micrometers. At the same
time, the hollow-fiber module is the most effective
one for & membrane absorber design because it pro-
vides the highest values of surface area to equip-
ment volume ratiof 7]. These points have led investi-
gators to explore many kinds of different applica-
tions. The studies on hollow-fiber gas-liquid contac-
tor were carried out In many systems of gas mix-
tures, where the hollow-fiber acted as a boundary
between the gas and liquid phases. Matsumoto et al.
[8] studied the gas-liquid mass transfer in an
aruficial  gill,  which  allowed  simultaneous
absorption and stripping of CO, and O,. The liquid
phase mass transfer coefficient inside the lumen
was found to be in accordance with Sieder-Tate
equation. As an application of hollow-fiber based
membrane absorber, Matsumoto et al.[9] have also
conducted a series of experiments for CO, removal
from the flue gas of a thermal power plant,
although they employed desorption operations with
the high temperature steam. It has been obtained
that microporous hydrophobic hollow-fibers are suit-
able for their CO. separation system.

In the present study, we first discuss the con-
struction of hollow-fiber based membrane absorber
consisuing of absorption and desorption modules;
we name it circulatory hollow-fiber membrane
absorber(HFMA). A laminar flow mass transfer in
non-wetted hollow-fibers is analyzed to obtain the
accurate concentration profile. The separation per-
formance for CO,/N. gas mixture on this new type

of circulatory HFMA 15 investigated carrying out
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the theoretical prediction. Qur predicted results will
be also compared with the previously proposed flat
sheet membrane modules. The present analysis at-
tempts to provide a basic understand on a mem-
brane absorber as well as its promising aspects on
the separations of gas mixtures containing acid

gases such as carbon dioxide.
2. Model Development

2. 1. Circulatory Hollow-Fiber Membrane Absorber

By applying the structural type of membrane
absorber proposed by Shelekhin and Beckman[6], a
schematic description of circulatory HFMA can be
shown in Fig. 1. The circulatory HFMA is a com-
posed unit having an absorption module on the high
pressure side and an in situ desorption module on
the low pressure side. In a desorption module, a re-
generation of the absorbent passed through the hol-
low-fibers of absorption module is occurred by strip-
ping at a reduced pressure, and subsequently the
permeating gases desorb from the absorbent. For
both the separation and the recovery of CO, from
gas mixture vacuum mode of operation in the per-
meate side is applied here, and more detailed de-
scriptions regarding this vacuum operation may be
found elsewhere[4].

The membrane absorber can have a number of
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Fig. 1. Schematics of circulatory hollow-membrane

absorber.

configurations, however, the countercurrent
absorbent liquid flowing through the lumen of the
hollow-fibers in modules is considered for the pres-
ent circulatory HFMA as shown in Fig. 1. Depend-
ing on the interaction of the hollow-fiber material
as well as the pressure conditions on each side of
the membrane, either wetled or non-wetted cases
may be realized[10, 11]. Many studies were pub-
lished on the application of hydrophobic
microporous membranes for separations or gas
absorptions. Sirkar et al.[3, 4] used Celgard poly-
propylene holiow-fibers 1o make the hollow-fiber
contained liquid membrane permeators. As men-
tioned in the earlier section, Shelekhin and
Beckman([ 6] obtained successfully a high selectivity
on the CO, separation using their flat sheet mem-
brane absorber made with polyvinyltrimethylsilane
(PVTMS). A stagnant layer of gas is present in the
pores of a non-wetted membrane mode. In this
case, the pressure condition of each phase has to be
AP >Piu> Py where AP, means a critical pres
sure estimated from a surface tension and a contact
angle for the used membrane. If this condition is
vice versa, the membrane pores become wetted with
an absorbent liquid(i.e., liquid-filled pores), and as

a result a stagnant liquid layer is present.

2.2. Mass Transfer Analysis

It is reasonable 1o solve for the concentration pro-
file in a single hollow-fiber of liquid phase to predict
the separation performance. Firstly, in order to de-
velop a theoretical model the following assumptions
have been made{ 12]:

1) no axial diffusion

i) fully developed laminar flow in the tube side

iii ) 1deal gas behavior

v ) applicability of Henry's law.

The physical situation involved in the present
analysis is depicted in Fig.2. Hypothetic dashed lines
of shell side mean the free surface radius based on
an outer radius of hollow-fiber and a packing frac-
tion in & module[11]. The concentration profile of

liquid phase in a tube side C,, can be calculated

Membrane J. Vol. 5, No.1, 1995
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Fig. 2. Mass transfer in a gas/membrane/liquid
system of absorption and desorption mod-

ules, with non-wetted hollow membranes.

from the differential mass balance in cylindrical co-
ordinates that describes entirely both the diffusion

and the convection in a medium
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Absorption processes accompanied by chemical
reactions usually are very attractive because the
mass transfer can be enhanced by the reaction.
However, in this work the aspects of physical
absorption is considered confinely, therefore, the re-
action term in Eq.1 will be left out. Basically, the ra-

dial velocity profile of absorbent is given by
V, (n=2V[1-(/r)’] (2)

At the centerline of the tube, the concentration

profile is symmetrical and therefore satisfies

acl. t—

ar 0 atr=0 (3

With partition coefficient, namely, dimensionless
Henry's law constant H, the following condition be-
tween gas and liquid phases is valid at the mem-

brane-liquid interface(r=r}:
Cy »=C, /H (4)

Flux continuity at this boundary is also valid as
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Then the following boundary condition of the
third kind(i.e., Robin type) can be imposed at the
membrane-liquid interface[ 13]

aC 1 C t/r=rat
D~ af'-:{(Cgm)mr*(‘-"ﬁH)g] atr=r,  (6)

D. \. .
where k., (z} — ) is the mass transfer coefficient
of gas phase in membranes, and <E(L°r°;/rr:)—r.> is the

shape factor (=S) based on the inside radius of
tube r. In Eq. 6, (Cyn}.-w corresponds to a gas
phase concentration, which equals to the product of
solubility coefficient (o) and the gas phase pressure
in a shell side of hollow-fiber(e.g., in case of
absorption module, it is expressed by p.). Initial con-

dition at the tube entrance(z=0) is
Cl.x‘__cnnlﬂ alZZO, r=r (7)

We introduce the following dimensionless varia-
bles

*_,,C“L ‘_1&-21 1
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B=p +Sh=TR T T ntr/raD, (8)

The dimensionless axial distance down the hollow
_fiber z* is the inverse of the Graetz number. Then
the Eq.1 and the above boundary conditions of Egs.

3 and 6 can be written as

2 0C_[9°C 19C
20-r )az'#[ ar’ +r'8r'] ®
IC.: C=1 atz'=0,r'=r (10)
BC. 1: 95 —0 atr'=0 (1)
or
. oC c .
BC. 2 —arﬁ.-Sh[ﬁf H} at r'=1 (12)

The above Eqgs.9~ 12 are solved using a finite dif-
ference scheme of Crank-Nicholson method[ 14,
15]. The discritizations of diffusion and convection
terms give a formation of tridiagonal matrix, and

this set is solved simultaneously. In most cases, &
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grid of 20x 600 is chosen for the computations with
sufficiently high accuracy. Depending on the state
of BC. 2 imposed at the membrane-liquid interface,
the above Eq.9 will describe the concentration pro-
files in the absorption and/or desorption modules,

accordingly.

2. 3. Computational Procedures

Since the average concentration(i.e., mixing cup
concentration) is defined as averaging the local con-
centration weighted with the velocity profile over
the cross section of the hollow-fiber, it can be calcu-
lated by summations with the index running over
the radial grid points. Then the transmembrane
flow rates of i component, entering or leaving the
absorption and desorption modules, can be deter-

mined in accordance with, respectively

Falbs:;lA'[(kal. abs ™ Caun, ats) (13a)
F&SZGAT(CII\II'L des——cou(. d(s) (13b)

where AT means an overall cross-sectional area of
hollow-fibers packed in the membrane module.
Here, Cipe. ats 80d Coie 4es are correspond to the Coype
v des @Nd Couner. ame respectively. Since an absorbent is
continuously pumping in the circulatory HFMA, the
magnitudes of both the transmembrane flow rates
in absorption and desorption modules should be
equal. Computations are repeated until this condi-
tion for convergence is satisfied as shown in Fig. 3.
The converged transmembrane flow rate gives the
permeation rate F' and the permeation flux J'(i.e.,
permeation rate/membrane contact area between
gas and liquid) at the desorber outlet. Next, the se-
lectivity or ideal separation factor of the membrane
to any two gases i and j can be estimated as

a=(J3/4p)/(J/ 4p) (14)

where Ap; is the partial pressure difference of 1
component across the membrane. This definition is
applicable for near vacuum conditions on the low
pressure side and in the absence of interactions be-
tween the diffusing species, as well as between the

species and the membrane. Selectivity of the mem-
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Fig. 3. Flow chart of computation program for cir-
culatory HFMA.

brane may reasonably be assumed constant in engi-
neering practice, and furthermore it is identical
with the actual selectivity in case of the vacuum op-
eration. Fig. 3 shows an overall computation algo-
rithm employed in this study.

3. Results and Discussion

For the computations we have taken the parame-
ters given in Table 1. The Celgard X-20 hydropho-
bic membrane is chosen, which has 0.045 and 0.
04cm as outer and inner diameters, respectively.
The circulatory HFMA is composed of two mem-
brane modules with an equal membrane surface
area, in which 50 hollow-fibers with 20cm length

Table 1. Physical Parameters of Gases through
Pure Water for Computations

'D.X low “D,,,X 102 *"O'X 101
(cm?/sec) (cm?/sec) sce(g)/cc{w) « cmHg

€0, (257C) 1.92 1.1 109.3
N, (257C) 1.88 1.6 1.86
CH,(25C) 148 1.4 3.97

*  From Refs. 2, 3, and 12
**  Porosity/Tortuosity =0.4/2.5 for Celgard X-20
*** From Refs, 3 and 16

Membrane J. Vol. 5, No.1, 1995



40 Myung-Suk Chun and Kew-Ho Lee

Mixing Cup Concentration

Above 100 |
00 Lo o a1 __.4*_,JJ
0.0 0.2 0.4 0.6 0.8 1.0

Dimensionless Axial Distance

Fig. 4. Dimensionless mixing cup concentration of

CO; as a function of the dimensionless axial
distance and the Sherwood number for the

case of desorption(p,=30cmHg).

are regularly packed. The mixing cup concentration
is a function of both the Graetz number and the
Sherwood number(Sh) for mass transfer. As given
in Eq.8, the Sh can be considered as the ratio of
mass transfer resistance in the tube side to that in
the membrane. Fig. 4 shows the variation of the
dimensionless mixing cup concentration of CO, with
the dimensionless axial distance as a function of the
Sh. With increasing the Sh, the variation of the mix-
ing cup concentration approaches the case of the in-
finite Sherwood number. It is noteworthy that for
Sh is infinite the membrane resistance is negligible
and the problem reduces to the classical Graetz
problem [12, 13]. While the Sh is sufficiently less
than 1, the membrane resistance is dominant and
the problem has a constant flux boundary condition.
Effects of the gas pressure at desorption module on
the mixing cup concentration, at a given value of
Sh, are depicted in Fig. 5. Correspondingly, this fea-
ture of mixing cup concentration with the varia-
tions of Sh can also be obtained in the case of
absorption.

Let us consider the feed gas as a binary gas mix

ture CO,/N, with composition 20/80 for here. Nu-

dedel, A5 A1E, 1995
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Fig. 5. Dimensionless mixing cup concentration of
CO, as a function of the dimensionless axial
distance 2" and the pressure in gas phase for

the case of desorption.

merical results predict the CO, concentrations at
desorption module as illustrated in Fig. 6. The CO,
mlet concentration at desorption module (Coae 4.,
which equals to the CO, outlet concentration at
absorption module (C,,, ..., is decreased with an in-
crease of circulating absorbent liquid velocity. On
the contrary, the CO, outlet concentration at
desorption module is increased, and a difference be-
tween these two concentrations determines the per-
meation rate F' majorly related with the perform-
ance of the circulatory HFMA. As shown in Fig. 7,
with an increase of absorbent velocity the pérmea-
tion rate increases. We can also observe a decrease
of permeation rate with an increase of the pressure
in gas phase of desorption module. This pressure is
an operational condition controlled by the vacuum
process. Of course, it will be seen that continuously
increasing absorbent velocity causes eventually the
decrease of permeation rate. The behavior of perme-
ation flux J' can be also observed as shown in Fig.
8.

Another important factor of separation perform-
ance to be observed is a selectivity, which can be es-
timated from the Eq.14. As shown in Fig. 9, the se-
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Fig. 6. CO, concentration changes with an increase
of the absorbent liquid velocity.
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Fig. 7. Permeation rates of CO, and N, in the circu-

latory HFMA versus absorbent liquid veloci-

ty.

lectivity of CO,/N. system is decreased gradually
with an increase of absorbent flow rate. The maxi-
mum selectivity achieved at an infinite lower flow
rate is higher than 450. This value is more than 7
times higher than the selectivity simply based on the
solubility alone, that is about 59(=109.3/1.86). Our
predicted result is for the case of pure water as an
absorbent, nonetheless, this value is higher than the
results of Guha et al.[2]. They reported the selectiv-
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Fig. 8. Permeation fluxes of CO, and N; in the circu-

latory HFMA versus absorbent liquid veloci-

ly.
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Fig. 9. Selectivity for CO,/N, in the circulatory
HFMA versus absorbent flow rate.

ity for CO,/N, through the ILM containing 20%
(wt.) diethanolamine absorbent as the range about
350~400. This fact obviocusly allows us that the cir-
culatory HFMA is a more efficient technique than
the previous ILM or HFCLM. It is noted that at
high flow rates the influence of solubility coeffi-
cients on the permeation rate is not significant. The
selectivity in this case is determined mainly by the

nature of the membrane itself [6].

Membrane J. Vol. 5, No.1, 1995
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Fig. 10. Comparison of the specific permeation rate
of CO, between hollow-filber and flat sheet
membrane modules with the varation of

absorbent flow rate.

We pointed oul the advantage of hollow-fiber
modules in introduction, therefore, It 1s necessary
that the performance of our circulatory HFMA is
compared with the flat sheet membrane previously
considered by Shelekhen and Beckman[6]. Geomet-
ric dimensions of hollow-fiber membrane module
having the same volume can be specified, in which
the inner diameter of hollow-fiber is equivalent 10
the liquid layer thickness of flat sheet membrane.
The concentration profile across the flat sheet mem
brane with parabolic velocity profile can be ob
tained by solving an one-dimensional problem satis-
fying the relevant boundary conditions at both sides
of membrane-liquid interfaces. As shown in Fig. 10,
it is found that the specific permeation rate(i.e.,
permeability /thickness) of hollow-fiber module is
clearly higher than that of the flat sheet membrane
module,

4, Concluding Remarks
In this paper, both the possibility and applicability

of a new type of circulatory HFMA were consid-
ered by the theoretical mode] approach, with a view

Hadel, A5 A 1E, 1995

to developing a separation and recovery techiniques
of CG, from flue gases. The influence of ap
absorbent flow rate on the separation performance
of creulatory HFMA was investigated using pure
water. The permeation flux increases with an in-
crease of absorbent flow rate. Contrary to permea-
tion flux, it is found that the selectivity for CO,/N,
shows a decreasing behavior with the absorbent
flow rate. The theoretically obtained selectivity at
an mfinite lower flow rate(~460) is indeed higher
than that obtained for the previous techniques. It
has been ascertained that in comparing with the
conventional flat sheet membrane the circulatory
HFMA examined in this work has advantageous
separation performance.

However, in order to confirm this technique an
expertmental verification should be carried out.
Moreover, a proper selection of efficient CQ,
absorbent instead of the water is necessary to
achieve higher enhanced selectivity. These are con-

cerned with our present investigation.

Nomenclatures
Ay > overall cross-sectional area of hollow-fi-
bers[cm?]
C . concentration{ sce(g) /ec(w) =cm®(STP)/
cm')
D . diffusion coefficient{ em?/sec]
F . permeation rate( scc/sec ]
H . dimensianless Henry's law constant[ — }
J . permeation flux|scc/cm?® - sec]
k., “ membrane mass transfer coefficient[ cm/
sec )
P. . Péclet number[ —]
D gas pressure in the membrane module
{emHg]
AP, critical pressure] emHg )
Ap. o partial pressure difference across the
membrane( cmHg |
R © reaction term|[sce(g)/cc(w) - sec]

- radial coordinate position{ cm ]
- outer radius of hollow-fiber[cm]
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r - inner radius of hollow-fiber[cm]

S : shape factor{ — ]

Sh : Sherwood number[ — }

v : absorbent velocity[cm/sec]

v, - mean velocity of absorbent liquid[ cm/sec]}

z : axial coordinate position[cm ]

Greeks

a : selectivity[ —]

B : dimensionless variable[ — ]

o . solubility coefficient[scc(g)/cc(w) -
cmHg]

Subscripts

a, abs : absorption

d, des : desorption

g . gas phase

| : liquid phase

m : membrane side
t : tube side

: axial direction

N

Superscripts
1] . components of gas mixtures

* . dimensionless
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