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Modeling Study of the Influence of Porosity
on Membrane Absorption Process

Geng Chen, Zhongqi Ren, Weidong Zhang, and Jian Gao
State Key Laboratory of Chemical Resource Engineering, Beijing
University of Chemical Technology, Beijing, People’s Republic of China

Abstract: A theoretical model based on the advancing front model was developed to
analyze the influence of porosity on membrane absorption process. Perturbation
solutions were obtained and a nonlinear transformation was applied to increase the
accuracy of the solutions. The concentration profile of the solute in the liquid side
near the membrane surface was simulated for different operation conditions. The influ-
encing factors on the diffusing rate of the solute concentration profile were analyzed
qualitatively. In the case of the rapid mass transfer system, the time of reaction front
to reach the midpoint of two proximate pores is relatively long, which means that
the concentration layer of solute overcasts the whole surface of membrane slowly,
there is a “dead” area for mass transfer, so the influence of porosity should be taken
into account. In the case of slow mass transfer system, the time can be ignored
compared with the overall experiment time, and the influence of porosity is negligible.
The absorption rates were calculated based on the developed model and the calculated
results agreed well with the literature results.

Keywords: Gas absorption, porosity, mass transfer, mathematical model, porous
membrane

INTRODUCTION

Membrane absorption process is a kind of coupling technology combining
membrane separation with the conventional absorption process, which can
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effectively overcome the conflict between selectivity and flux in the
membrane process, and eliminate the drawbacks associated with the conven-
tional absorption such as flooding (1). Gas membrane absorption system was
first emerged as blood oxygenators (2). Zhang Qi and Cussler (3, 4) investi-
gated the absorption of several kinds of gases in hydrophobic micro-porous
hollow fiber membrane contactors in 1985. Since then, membrane absorption
has been studied extensively, including mass transfer mechanism, mathemat-
ical model, operation modes, flow status, materials of membrane, various
absorbents and so on (5-14).

In these processes, polymeric micro-porous membranes were applied to
separate the gas phase and liquid phase. Unlike the gas membrane separation
process using non-porous membranes (15), the membranes themselves usually
do not offer any selectivity, simply providing a support for the interface at
which the two phases making contact in the pore. The membrane is a major
component of the system and it constitutes another additional resistance to
mass transfer, compared with a conventional gas absorption system (3, 16).
Early in 1985, Zhang Qi (3) had reckoned that the existence of a micro-
porous membrane made a reduction of the mass transfer area. In many
studies on the membrane absorption process, resistance-in-series model has
been used to describe the mass transfer process. In these models, membrane
micro-structure characteristics are incorporated into only one phenomenologi-
cal parameter, the resistance of membrane phase (17), while in some cases,
i.e., when pure CO, was used like this study, the membrane phase resistance
can be ignored. So, these models do not explicitly take into account the par-
ameters like porosity.

Little attention has been paid to the influence of porosity on mass transfer
in the membrane absorption processes, and the concerned viewpoints were
conflicted or controversial. Kreulen et al. (7, 18) confirmed that the
membrane micro-structure characteristics did not affect the mass transfer. In
contrast, Kim and Yang (10) elicited the theoretical model which agreed
well with their experimental results, using the total area of pores as
effective mass transfer area. Huseni and Rangwala (19) used a hollow fiber
membrane with a porosity of 30% for the absorption of carbon dioxide, and
point out that the ratio of the effective mass transfer area to the whole
membrane area was 0.58, which means the effective mass transfer area is
not the total area of pores nor the membrane surface. This is different from
the conclusions of Kreulen (7, 18) and Kim (10). Evren (20) separated the
whole membrane into “TD zone” (transfer and diffusion zone) and “D
zone” (diffusion zone). It was figured that gas transferred to the absorbent
and diffused above the pores, but only diffusion occurred above the
membrane polymeric body. However, only one kind of membrane with a
porosity of 38% was used in his experiment.

It is extensively accepted that the mass transfer coefficient will increase
with the increasing of membrane porosity, which means the increase of real
bi-phase contact area. However, Zhang Xiuli (21) and Zhang Zeting (22)



09: 21 25 January 2011

Downl oaded At:

Modeling Study of Porosity Influence 3291

studied the mass transfer performances of carbon dioxide absorbed by water or
NaOH aqueous through micro-porous expanded polytetrafluoroethylene
(ePTFE) flat membrane, it was found that the membrane porosity had little
effect on the mass transfer performance of the liquid phase for the CO,-
water system, but had a significant effect for the CO,-NaOH aqueous
system. The results were explained by illustration, they pointed out that the
different mass transfer characters are due to the concentration profile in the
liquid phase, the ratio of the “dead” area for mass transfer to overall
membrane area is related to the membrane porosity and the absorption rate.
The influence of porosity almost can be negligible when the solute concen-
tration profile overcast the membrane surface on the liquid side that is to
say the influence of porosity can be ignored after the solute concentration
profile diffused over the midpoint of proximate pores. Simulation and
theory are necessary for further understanding of the experiment results.

In this work, the influencing factors on the solute concentration profile
were analyzed qualitatively. A theoretical model based on advancing front
model (23) was presented to analyze the effect of porosity on the membrane
absorption process. According to the rate of the solute concentration layer
to overcast the whole surface of the membrane, the influence of porosity
can be determined. And the absorption rates were calculated based on the
model developed in this study.

MATHEMATICAL MODEL
Model Development

In the absorption model, flat membranes were employed to avoid the influence
of the non-ideal flow in the shell side of hollow fiber module. The carbon
dioxide gas phase, which kept a constant pressure, was absorbed by sodium
hydroxide aqueous or de-ionized water. Both the gas and liquid phase were
all immobile, so that the influence of liquid flow can be avoided.

The solute concentration at the gas/liquid interface is presumed to follow
Henry’s law ¢* = pH. And the reaction between carbon dioxide and hydroxyl
ion is presupposed to be instantaneous and irreversible in the mol ratio of 1:1.
When pure water is used as absorbent, the concentration of hydroxyl ion in
liquid phase can be calculated as 10~ " mol - L™ .

In general, micro-pores which are distributed on the membrane exhibit
non-uniform sizes and shapes. For predigestion of the model, the structure
of micro-porous membranes can be assumed as repeats of a columnar pore
and a polymeric body with invariant size (20), which is shown in Fig. 1(a).
It is assumed that the micro-pores in the membranes are not wetted.

According to the advancing front model (23), there exists a sharp
boundary, or reaction front, at which the reaction takes place, and which
separates the inner region containing no hydroxyl ion from the outer region
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micro-pore
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Figure 1. Schematic representation of the advancing front model.

which contains no solute (carbon dioxide), as depicted in Fig. 1(b). Carbon
dioxide taken up from the gas phase diffuses through the inner region to the
reaction front, where it reacts with hydroxyl ion. The diffusion of
the reaction products and absorbent are assumed to be negligible. As the
absorbent is consumed by the reaction, this reaction front advances inwards
towards the interior of the liquid phase.

Mathematical Description

The gas phase is pure carbon dioxide and the gas pressure was maintained
constant, so there could be no resistance to mass transfer in the gas side or
in the pores. On the assumptions that Henry’s law coefficient and diffusion
coefficient were obtained from literature (22) and are invariable, the concen-
tration of carbon dioxide in the inner region can be predicted by Eq. (1). For
the simplification of calculation, the gas/liquid interface is presumed to be a
hemispherical face with the radius 7,
2
%: DB%(M)} (rp <r <ry) (1)

t=0 ¢c=0 (r>r)
r=r, c=c" (t>0)
r=r ¢c=0 (>0)
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A material balance over the reaction front can be written as

dry oc
COH—Z:— ™ t=0 rr=r, (2)

r=ry

The equations can be changed into normalized dimensionless form by
defining dimensionless parameters as follows.

c*—c r r c* Dt
0= R=— R=2 e= T=€= 3)
c* p p COH~ r,

Then the boundary-value problem in its normalized form will be yielded.

30 19(R6)
eZ—_

or R 0OR?
R>1 6=1 (r=0)
R=1 0=0 (+>0)

(1<R<R “4)

and

ar, _ 0

dr ~ OR

7=0 Rf =1 (5)
R=Ry

Combining with Eq. (5), the independent variables of Eq. (4) can be changed
from (R, 7) to (R, R)).

LERO) _ _ 9 26
R 3R* T 3R; IR

(1<R=<Ry (6)

R=R,
OR=1,R)=0 OR=Rs, R)=1

These equations are inherently non-linear, and can not be solved analyti-

cally. However, they can be solved by perturbation methods (24). The

parameter € can be taken to serve as the perturbation parameter. Here,
assume the perturbation solution in terms of & as follows:

=6y +€ 6,+€>6, (7)

Substituting Eq. (7) into Eq. (6), the perturbation equations can be found by
collecting terms in equal powers of €.
Terms of order €°:

182(R00) _0
R OR2
6(R=1,R;)=0, 6(R=Rs, Ry)=1

®)
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Terms of order E€':

10°(R6;) 960 36
R OR®  OR; 3R

)

R=R;

O(R=1,R)=0, 6(R=R;, R)=0
Terms of order €2

1 (R62) 369 961

L) 991
R OR*  OR; OR

ke, Ry OR

(10)

R=Ry

6,(R =0, Rf) =0, 6R= Ry, Rf) =0

Then the solutions to the three equations above can be worked out.
Zero-order solution:

1-1/R

Oy = ———
"T1—1/R,

(11)

First-order solution:

(12)

Ry —2 (1 1) R*—3R+2
: _

TR~ 1\ R} 6R(R; — 1)

Second-order solution:

5 4 3 2
_ —12Ry + 53R; — 85R; + 60R; — 8R; — 8 <1 1)
R

0, =
? 360R2(R; — 1)°
Ry +2
S (R-3R+2) (13)
36RHR; — 1)
4Ry — 1
—— (3R~ I5R® +20R* - 8)
360R:(Ry — 1)
Eq. (5) can be written as Eq. (14) by substituting Eq. (7) in it.

dRy _ 96
dr  OR

00,

20
+e—| +e22
T

(14)
Rer, R

R=R;

Substituting Eqs. (11-13) into Eq. (14) and rearranging it, Eq. (15) is
elicited.

dR 1 1 1+ 6R;
e (15)
dr ~ Ri(R;— 1) 3R, 45R;
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Separating the variables, then integrating Eq. (15) and substituting the
boundary conditions, the solution to 7 is given.
3(Ry — 1)* + 2Ry — 1)°
= :
6

> e LR 1)
45 Ry

1
+ECR - (16)

It can be seen from Fig. 1(a) that the distance between the center of a pore
and the midpoint of the two proximate pores could be calculated by Eq. (17).

P (17)
E

1
Ry=""== (18)
&

The overall absorption rate before the reaction front reaches the midpoint
of the two proximate pores can be calculated by Eq. (19).
ac

N, = _Dﬁ X 27Tr§ X

Amembmnes _ 2Dc* Amembmnes 00

(19)

r=ry pore p R R=1

When the influence of porosity is negligible, the influence caused by the
existence of membrane can be ignored, which means direct gas/liquid contact.
The absorption rate can be written as

_ 2Dc* Amembmne a0

= 20
! Iy oR (20)

R=1

EXPERIMENT

In this experiment, pure carbon dioxide (gas phase) continuously flowed into
the flat module during the absorption process, and the absorbent was either de-
ionized water or 0.1 M NaOH solution. Experimental setup is shown in Fig. 2.
Three kinds of expanded polytetrafluoroethylene (ePTFE) flat membranes in
Table 1 were employed. The detailed operation method and parameters can
be obtained from the reference literature (22).

RESULTS AND DISCUSSION
Modification of the Perturbation Solutions

The accuracy of the perturbation solution is related to the values taken on by
the parameter. It is usually possible to calculate only the first few terms of the
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2® 3
1< 1<l
6
9
] 11 11
7 10
= 12
1 4
5
-
CO; cxlinder 2 depressed valve 3 adjustable valve
four ways vabve 5 liuid seal 6 U-pressure gauge
soap filra flow raeter 8 raerabrane raodule 9 funnel
10 graduated flask 11 clip 12 bolt bar

Figure 2. The experimental setup.

perturbation solution because of the algebraic complexity. And if properly
used, a great amount of information will be yielded from the first few terms.
The normalized concentration distributions obtained from the pertur-
bation solution (0’;, 05) at a normalized reaction front position Ry= 2 are
shown in Fig. 3. And the normalized time solutions (74,7 are shown in
Fig. 4. The first-order and second-order solutions for various values of €
are shown in these figures. When &€ = 0.5, these solutions are almost super-
posed. But as the value of € increasing, the disparity between the first- and
second-order solutions becomes more explicit. Especially when € = 100,
the second-order solutions become minus because only the first three terms
of solution have been calculated but the posterior terms are truncated.
Shanks (25) advocated a series of non-linear sequence-to-sequence trans-
formation, which are very useful when the perturbation series is slowly con-
vergent or divergent. Since only the first three terms have been calculated

Table 1. Mricro-structural parameters of membranes

Mean pore Surface Surface
radius (10~ m) porosity area (m?)
1# 2.0 89.1% 0.045
2# 2.0 68.2% 0.045

3# 2.0 50.5% 0.045
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Figure 3. Normalized concentration distributions at a normalized reaction front
position Ry = 2.

in Eq. (7), the simplest non-linear transformations can be applied to get the
result of the normalized concentration distribution.

_ 6061— € (606, — 67)

N 6,— € 6,

gl € /R}H1/6 + (4R — 1)/20[1 + (R/Ry)*6§] + 1/6[1 — (R/R;)* 651}
- I+ € /RH1/6 + (4R; — 1)/20[1 + (R/R;) 6]}

0*

1)

The same transformation can be applied to the terms in Eq. (16), yielding
for the normalized time.

. Tm— E (1T — 1)
T =

T — e T
1 = 3R? + 2R3+ € [2/15(1 — 3R? + 2R)) /Ry + (Ry — 1)°]
6+ (4/5) (€ /Ry)

(22)

Pedroso and Domoto (26) had demonstrated these transformations and
found that the transformed solutions were more accurate. The first- and

L0 0 0
09 T.“"' i
T oo
0.8 o 2.5 0 :
0 . 4 — L
: T — ;i f—
0. ¢ o 0.0 T Lt
rou P
ot Tl ¢ Eb -
0.3 1.0 - - "__,_—-/
0.2 1.4 L6 1.8
0.1 0.5 &
5.0

0.0

! 1 L4 e L8 0.0 oo

R 1 L4 L6 LE
1 R
o R/ f
(a) e=05, 1/ =3 &' 1, i
=] () e=10, 7/ =} e'r, (cye=100, 7/ =Y e'z,
=

Figure 4. Normalized time solutions as a function of the normalized reaction front
position.
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second-order solutions have the opposite sign, suggesting that the exact
solutions will probably be found between these two solutions. The
nonlinear transformed solutions 6* and 7 are shown as well in Fig. 3 and
Fig. 4. The curves of the transformed solutions are always found to be
between those of the first- and second-order solutions. This result means
that 6* and 7" can be used in the following discussion, and the accuracy is
satisfactory.

Position of the Reaction Front

When the liquid phase is kept stable, the concentration distribution of the
solute in the liquid phase changes with time. So the position of the reaction
front is time-dependent according to the assumption of the advancing front
model. The normalized positions of the reaction front can be calculated by
iteration in Eq. (22).

The effects of absorbent concentration and gas pressure on the position of
reaction front at normalized time 7"/ € = 115, are shown in Fig. 5 and Fig. 6
respectively. The results in Fig. 5 show that the dimensionless position of the
reaction front at the normalized time 7*/ € = 115 decreases as the absorbent
concentration increases. When the absorbent concentration increases, more
hydroxyl ions exist in unit volume, and more carbon dioxide can be
consumed, so the advancing rate of reaction front is slowed up. It is shown
in Fig. 6 that the dimensionless position of the reaction front increases
along with the increase of gas pressure. This is because the concentration of
the solute at the gas/liquid interface increases with the increasing of gas
pressure according to Henry’s law, so the driving force for mass transfer
becomes bigger.

16
P=1x10'Pa —
14 F P=2xI0Fa « ...
P=1x10' Ry e
12 r

€,y (mol = m’)

Figure 5. Normalized position of reaction front at the normalized time 7/ € = 115
as a function of the absorbent concentration.
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Figure 6. Normalized position of reaction front at the normalized time 7%/ € = 115

as a function of the gas pressure.

The value of perturbation parameter € is determined by the pressure of
the gas phase and the concentration of absorbent. So &€ can be regarded as a
qualitative measure of the advancing rate of reaction front. The position of
reaction front at the normalized time 7/ € = 115 is shown in Fig. 7 as a
function of &. Results mean that the advancing rate of reaction front
increases with the increase of gas pressure, but decreases with the increase
of absorbent concentration. Accordingly, it can be recognized that the
advancing rate of the reaction front increases with the increasing of €.

16

14

12

€

8 10

Figure 7. Normalized position of reaction front at the normalized time 7%/ € = 115

as a function of €.
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Effect of Porosity on Absorption Process

As described by Zeting Zhang (22), there are transfer zones and non-transfer
zones near the membrane surface on the liquid side. Before the reaction front
reaches the midpoint of two proximate pores, the hemispherical concentration
profile of solute does not cover the whole surface of the membrane, so there
are “dead” areas for mass transfer. Within the “dead” areas, no mass
transfer occurs since the solute concentration is zero out of the advancing
front. When the reaction front reaches the midpoint and overlays each
other, the layer of solute overcasts the whole surface of the membrane, the
solution concentration near the membrane surface can be considered to be
homogeneous, so the effect of porosity becomes weakened or even disappears.

The normalized time 7*/€ , which is consumed for the reaction front to
reach the midpoint of two proximate pores, is denoted by 7,,. The calculated
T,, for various porosities are shown in Fig. 8 and Fig. 9 as a function of
absorbent concentration and gas pressure respectively. The value of 7,
increases as absorbent concentration increases, and decreases when gas
pressure increases. This is coincident with the conclusion above that the
advancing rate of the reaction front increases with the decreasing of the
absorbent concentration or the increasing of gas pressure.

When low absorbent concentration or high gas pressure are applied, the
layer of the solute overcast the whole surface of the membrane fast.
Compared with the whole experiment time, the period for the concentration
profile to overcast the whole membrane surface is too small to be influential,
so the influence of porosity is little. On the can contrary, when high absorbent
concentration or low gas pressure are applied, the reaction front reaches the

250

200 F

150 F

100 F

50

0 Il L 1 1
0 200 400 600 800 1000 1200
Con (mol-m™)
Figure 8. Normalized time consumed for the reaction to reach the midpoint of two
proximate pores as a function of the absorbent concentration (p = 1 atm).
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50
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Figure 9. Normalized time consumed for the reaction to reach the midpoint of two
proximate pores as a function of the gas pressure (Coy- = 1000 mol - m™ ).

midpoint of proximate membrane pores slowly, there exist “dead” areas for
mass transfer, so the influence of porosity become visible. Just as the exper-
iment data of our previous work (22), the effect of porosity on the
membrane absorption process is seriously in the “fast transfer” system but
little in the “slow transfer” system.

Figure 10 shows how the normalized time 7,, depends on the porosity of
membrane when the perturbation parameter € = 0.3. It can be seen that the

120

100 |

60

m

40

20

Figure 10. Normalized time consumed for the reaction to reach the midpoint of two
proximate pores as a function of the porosity (€ = 0.3).
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value of 7, decreases sharply when the porosity increases. This means the
influence of porosity is relatively small when the porosity is bigger. This is
due to the shorter distance between two proximate pores when the porosity
becomes big.

In the event that the time 7,, is comparative to or more than the overall
experiment time, which means that the reaction front does not reach the
midpoint before the experiment is finished, the effect of porosity must be
taken into account. Therefore, the overall absorption rate can be calculated
by Eq. (19).

If the time 7, counts for little compared with the overall experiment time,
it can be ignored. That is to say, if the layer of solute overcast the whole
surface of membrane in a short time, no “dead” area for mass transfer
exists, so the effect of porosity can be ignored. In this case, the overall absorp-
tion rate can be calculated by Eq. (20).

Calculation of Absorption Rate

In the process of model calculation, the diffusion of hydroxyl ion is ignored. In
fact, the diffusion of hydroxyl ion into the reaction front will slow the
advancing rate of the reaction front and accelerate the absorption. That is to
say, the concentration of hydroxyl ion is not constant in the actual case, it is
time-dependent. Accordingly, the perturbation parameter € 1is a function
of time. The absorption rate can be calculated by fitting the function of
€ = f(t) and substituting it into Egs. (19) and (20).

The calculated absorption rates are shown in Fig. 11 and Fig. 12
compared with the experiment results. According to the results of Zhang

8.00

7.00

» 1# Porosity89 1%
4 2# Porosity.63.2%
m 3§ Porosity 50 5%
Cal

6.00 |

5.00 |

4.00 |

3.00 |

N, (10 mol-s™)

2.00 |

1.00 |

0.00 : . ;
0 1000 2000 3000 4000

1(s)

Figure 11. Absorption rate as a function of time (0.1 M NaOH solution as absorbent).
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3.90 |

N.(10°mol-s™)

3.00 |

2.50 |

2.00 : :
0 1000 2000 3000 4000
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Figure 12. Absorption rate as a function of time (pure water as absorbent).

Zeting (22), the effect of membrane porosity is more obvious in the prior time-
interval, so only the absorption rates in the prior 3600 seconds are shown.
When 0.1 M NaOH solution is used as an absorbent, the membrane porosity
has a prominent effect on the absorption process, but the effect is little
when pure water serves as absorbent.

CONCLUSIONS

The nonlinear system of equations was derived based on the advancing front
model (23) to describe the unsteady process of membrane absorption. Pertur-
bation solutions were obtained and a nonlinear transformation was applied to
increase the accuracy of the solutions.

The position of the reaction front was calculated as a function of time. The
advancing rate of the reaction front increases with the increasing of gas
pressure, but decreases with the increasing of the absorbent concentration.
So the perturbation parameter & can be regarded as a qualitative measure
of the advance rate of reaction front. It can be recognized from the results
that the advancing rate of reaction front increases with the increase of €.

The influence of membrane porosity on the absorption process can be
determined according to the time for the reaction front to reach the
midpoint of two proximate pores. If the time is relatively long, this means
that the concentration layer of the solute overcasts the whole surface of the
membrane slowly, so the influence of membrane porosity should be taken
into account. In case the time can be ignored compared with the overall exper-
iment time, the influence of the membrane porosity is negligible. Perturbation
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methods usually give an accurate enough solution at small values of the
perturbation parameter. At the same time, the effect of porosity is present
only at small values of the perturbation parameter, which makes the derived
solution adequate for analyzing the effect of porosity. Absorption rates were
calculated based on the developed model and the calculated results agreed
well with the literature results.

NOMENCLATURE

A pembrane overall area of membrane (m?)

Apore cross-section area of micro-pore (mz)

C concentration of CO, (mol - m73)

c* equilibrium concentration of CO, at the gas/liquid interface
(mol - m™?)

CoH- concentration of hydroxyl ion (mol - m %)

D diffusion coefficient of CO, (m2 . s_l)

H Henry’s constant of CO, (mol - m - Pafl)

N, absorption rate of CO, (mol - sfl)

P pressure of the gas phase

R normalized dimensionless radial position as defined in
Eq. (3)

Ry normalized dimensionless position of the reaction front as

defined in Eq. (3)

R, normalized dimensionless distance between the center of
a pore and the midpoint of two proximate pores as
defined in Eq. (18)

r radial position (m)
Iy position of the reaction front (m)
T distance between the center of a pore and the midpoint of

two proximate pores (m)

mean radius of micro-pore on the membrane (m)

time (s)

overall experiment time (s)

time for the reaction front to reach the midpoint of two
proximate pores (s)

S

~

3

Greek Letters

e porosity of membrane

€ perturbation parameter as defined in Eq. (3)

0 normalized dimensionless concentration of CO, as defined
in Eq. (3)

o* modified solution to normalized concentration distribution

as defined in Eq. (21)
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6{ the first-order solution to normalized concentration distri
bution as defined in Fig. 3

6’{ the second-order solution to normalized concentration
distribution as defined in Fig. 3

T normalized dimensionless time as defined in Eq. (3)

T modified solution to normalized time as defined in Eq. (22)

Ton normalized dimensionless time for the reaction front to
reach the midpoint of two proximate pores

o the first-order solution to normalized time as defined in
Fig. 4

T{ the second-order solution to normalized time as defined in
Fig. 4
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