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Abstract: Five kinds of expanded polytetrafluoroethylene (ePTFE) flat membranes
with different porosity and micro-pore size were chosen to carry out the unsteady
state gas absorption experiments. The influence of the membrane porosity and
micro-pore size on the membrane absorption process was investigated. Experimental
results showed that the membrane porosity had an impact on the membrane absorption
process, and the degree of this impact depended on the absorption system and the
membrane pore size. For a rapid mass transfer process, the porosity affected the
mass transfer more significantly, while for the slow mass transfer process the porosity
almost did not affect the mass transfer. The modeling analysis showed that the
porosity affected the concentration profile of the solute near the membrane surface on
the liquid side, which led to the reduction of the mass transfer area of the membrane.
Hence, the apparent effect on the mass transfer of the membrane absorption process.

Keywords: Membrane absorption, mass transfer process, membrane porosity

INTRODUCTION

Gas membrane absorption was first proposed for a blood oxygenator in 1975
(1). In the membrane absorption process, the membrane provides a steady
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interface between the gas and the liquid phases, and compared to the
traditional absorption towers (2), it prevents problems like flooding,
unloading, channeling, lower efficiency, etc., Zhang Qi and Cussler (3)
were the first to demonstrate the use of the hollow fiber membrane
contactor for gas cleanup in 1985, and since then, many researchers have
done a lot of studies in terms of mass transfer mechanism, non-ideal fluid
dynamics on the shell side, and its application (1-5).

In many of these studies of the membrane absorption process, the resist-
ance-in-series model has been used to describe the mass transfer process, and
the calculations of mass transfer resistances on the tube side, the shell side, and
in the membrane phase have brought about many correlations. Most of these
reports (3, 4, 7-9) have presented similar correlations of the mass transfer
resistances on the tube side and the membrane phase, whereas correlations
of the shell side mass transfer are quite different in each study (3, 4, 7-9).
Many researchers (4, 7-9) attributed this difference to a non-ideal flow and
end-effects on the shell side. However, it has been found that some of these
mass transfer correlations were based on the total area of the pores (10, 11),
while the others were based on the whole membrane area (12, 13). This
may be one of the reasons that have brought about the different correlations
of the shell side mass transfer in the hollow fiber membrane absorption
process. The membrane porosity is the key factor that affects the mass
transfer area in the membrane absorption process. However, it is regretful
to note that most researchers believe that the porosity only changes the
mass transfer resistance of the membrane phase (3, 4, 7-9). Kim et al. (10)
and Baudot et al. (11) pointed out that the mass transfer process should take
place through the micro pores only, and that the contact area should be the
total area of the pores, implying that the membrane porosity could signifi-
cantly affect the mass transfer. However, Karoor et al. (12) and Kreulen
et al. (13) believed that the whole membrane area should be used to
calculate the mass transfer coefficient, and they found that the membrane
porosity had no effect on the mass transfer process, according to their calcu-
lation. These two kinds of viewpoints are quite conflicting. According to the
analysis of mass transfer behavior near the membrane surface in the
membrane absorption process, the solute mass transfer on the membrane
surface on the liquid side has two directions. One is in the vertical (normal)
direction, the other is along the membrane surface (tangential direction),
and thus the concentration profile of the solute near the membrane surface
on the liquid would be formed. The porosity, pore size, interval between
pores, etc, could affect the solute concentration profile, and the effective
mass transfer area could be between that of the whole membrane area and
that of the total area of the pores. So, we set out to investigate this issue
further, and explain how the effective mass transfer area changes in relation
to the membrane porosity, the pore size and the absorption system.

In this work, five kinds of flat membranes with different porosity and pore
size were chosen to carry out membrane absorption experiments with a
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stagnant absorbent so that factors related to hydrodynamics, such as non-ideal
flow and end-effects that other researchers have mentioned in connection with
the hollow fiber membrane absorption process were eliminated. The exper-
imental systems were pure CO,-pure water and CO,-NaOH solution. The
influence of porosity and the pore size on the mass transfer behavior of the
membrane absorption process has been investigated. Based on experimental
results, the mechanism of how the porosity affected the mass transfer
behavior of the membrane absorption process has also been discussed.

EXPERIMENT

In this experiment, pure CO, (gas phase) continuously flowed into the flat
module during the absorption process, and the absorbent was either pure
water or 0.1 M NaOH solution. Experimental setup is as shown in Fig. 1.
Two vessels with 300 mm length, 150 mm width, and 25 mm height were
connected together and the expanded polytetrafluoroethylene (ePTFE) flat
membrane placed in between. The whole surface area of the membrane was
450 cm?. Membrane structural parameters are listed in Table 1.

Before the experiment, pure CO, flowed into the vessel for about 30 min
to purge the air out. When the experiment started, the vessel was filled up with
1000 ml absorbent as quickly as possible, and then both the outlet and the inlet
of the liquid were plugged up by clip 11. The pressure of the gas phase was
controlled at about 15 mm H,O by seal 5 to prevent CO, from bubbling

| 11 11
| 7 1
I 12
1 e | :
- I
= |
—
1 CO- cylinder 2 depressed valve 3 adjustable valve
4 four ways valve 5 liquid seal 6  U-pressure gauge
7 soap film flow mcter 8 membrane module 9  funncl
10 graduated flask Il celip 12 bolt bar

Figure 1. The experimental flow chart.
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Table 1. Mricro-structural parameters of membranes®

Mean pore size d (um) Surface porosity &
1# 0.2 0.52
2# 0.2 0.89
3# 2 0.60
4# 2 0.85
S# 2 0.90

“The flat membranes were manufactured by the Military
Center of the Quartermaster Research Institute of the General
Logistics Department of PLA. The parameter of porosity was
determined by wet and dry flow method.

through the liquid phase. The absorbed CO, flux was measured by a soap film
flow meter. All the experiments were carried out at 20°C. As CO, was being
absorbed, the pressure on the gas side began to decrease, and CO, continued to
flow from the gas cylinder and passed through a flow meter 7 into the absorber
to maintain the pressure balance. During the experiment, there was no outlet
for both the gas and the absorbent though there was a continuous gas feed into
the module (Fig. 1). This situation then means that the absorption process was
at an unsteady state because the concentration of CO, in the liquid was
increasing with time, bringing about reduced driving force. The soap film
passed through the graduations which were noted as Vy, Vs, ..., V; with the
accumulative time intervals recorded as t;, t, ..., t; respectively. So, the
CO, absorption rate from time #;—; to #; could then be calculated by Eq. (1)
and the corresponding time by Eq. (2).

V.—V._
N(t) = ’_7f11 (1
J J=
t—tj-
=1t +jle (2

where V; is the absorbed CO, volume measured by soap film flowmeter.

RESULTS AND DISCUSSION

According to the resistance-in-series model, the mass transfer resistance was
simply the arithmetic sum of the gas phase resistance, the liquid phase resist-
ance, and the membrane phase resistance. In order to simplify the whole
problem and distinguish which factors played the most important role
for this experimental absorption process, pure gas was used to characterize
the mass transfer resistance in the liquid phase. Since pure CO, was used,
the gas phase resistance could be ignored. Due to the hydrophobicity of the
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membrane, pure CO, filled in the membrane pores, and during the absorption
process, the membrane resistance was just the resistance to gas diffusion
through the gas itself in the micro-pores of the membrane. The membrane
pore size ranged from 0.2 pm to 2 wm, while the molecular mean free path
of CO, at experimental conditions was about 100 nm (14), which is much
smaller than that of the membrane pore size, justifying the Poiseuille flow
through the membrane pores. If the gas diffusion rate is very small, the gas
diffusion resistance in the membrane is very small too (14). So, the dominating
mass transfer resistance in the membrane absorption process would be the
diffusion resistance in the static liquid phase. The details would be further
discussed later.

The Influence of Porosity on Membrane Absorption Process when
the Mean Pore Size was Relatively Small

From Table 1, the pore size of 1# and 2# membranes was 0.2 wm, which was
smaller than that of 3#, 4# and 5# membranes. Figure 2 is the SEM photograph
of 1# and 2# membranes. It is clear from this figure that the porosity of 2#
membrane was bigger than that of 1# membrane. The absorption rates of
CO, and their variation with time using 1# and 2# membrane were
measured and the experimental results are shown in Fig. 3.

As Fig. 3(a) shows, when pure water was used as an absorbent, the absorp-
tion rate of 1# and 2# membranes varied with time and the trend was similar. In
general, CO, absorption process in pure water is a physical absorption process,
and the mass transfer process is relatively slow compared to CO,/NaOH
solution absorption process. So, for this kind of slow mass transfer system,
the porosity of the membrane had a negligible influence on the membrane
absorption process when the membrane mean pore size was relatively small.

However, when 0.1 M NaOH solution was used as absorbent, the absorp-
tion rate of 2# membrane was higher than that of 1# membrane as Fig. 3(b)
shows. Further, the absorption rate with its variation with time was different
for 1# and 2# membranes. The process of CO, absorption in 0.1 M NaOH
solution is enhanced by a chemical reaction, and so the mass transfer is rela-
tively rapid. For a rapid mass transfer system, the influence of membrane
porosity on the membrane absorption was even more serious when the
mean pore size of membrane was small. In this case, the absorption rate
was higher for higher membrane porosity.

The Influence of Porosity on Membrane Absorption Process when
the Mean Pore Size was Relatively Big

As shown in Table 1, the pore size of 3#, 4# and 5# membranes was 2.0 pum,
which was bigger than that of 1# and 2# membranes. Figure 4 shows the SEM



Downl oaded At: 09:36 25 January 2011

3250 Z. Zhang et al.

20K 14

(a) 1# membrane

40HM 20K 2o o0s

(b) 2# membrane

Figure 2. The SEM photos of 1# and 2# membrane, (a) for 1# membrane, (b) for 2#
membrane.

photographs of 3#, 4# and 5# membranes. The porosity of 3#, 4#, and 5#
membranes was 0.60, 0.85, and 0.90 respectively. The absorption rates of
CO, and their variation with time for 3#, 4#, and 5# membranes were
measured. The experimental results are shown in Fig. 5.
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Figure 3. The absorption rate vs. time, when using 1# and 2# membrane (a) for the
CO,-pure water system, (b) for CO,—0.1 M NaOH solution system.

As Fig. 5(a) shows, when pure water was used as an absorbent, the
absorption rate of 3#, 4#, and 5# membranes varied with time in a similar
fashion, just like the absorption rates for 1# and 2# membranes. However,
in CO,/NaOH solution system, as shown in Fig. 5(b), it is obvious that the
absorption rate increased with the increasing membrane porosity for 3#, 4#,
and 5# membranes, but its variation with time was different, though the differ-
ence was not much compared to that for 1# and 2# membranes when 0.1 M
NaOH solution was used as an absorbent (Fig. 3(b)).
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19KU

(c) 5# membrane

Figure 4. The SEM photos of 3#, 4#, and 5# membrane, (a) for 3# membrane, (b) for
4# membrane, (c) for 5# membrane.

Generally then, when the pore size of the membrane was bigger, for a
rapid mass transfer system, the membrane porosity did have an effect on the
mass transfer in the membrane absorption process, and the absorption rate
also increased with increasing membrane porosity. At the same time, from
Fig. 3(b) and Fig. 5(b), it could also be found that when the membrane pore
size was smaller, the influence of the porosity on membrane absorption
process was even more serious.

As a summary, according to the analysis above, it is known that for a slow
mass transfer system, such as the physical absorption process, the membrane
porosity had almost no influence on the membrane absorption process.
However, for a rapid mass transfer system, such as chemical absorption, the
membrane porosity did have influence on the membrane absorption process
and the effect was even more serious when the pore size of the membrane
was small.
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Figure 5. The absorption rate vs. time, when using 3#, 4#, and 5# membrane, (a) for

the CO,-pure water system, (b) for CO,—0.1 M NaOH solution system.

The Mechanism of the Influence of Porosity on the Membrane

Absorption Process

The Mathematical Model of the Overall Mass Transfer Coefficient

In an unsteady state membrane absorption process, the mass equilibrium of
CO, on the liquid side yields:

N* — 3 N(1) - At
URI) R
ln :——.tn
N* Vv

Aty =ty — 1,
N* = PHV -RT/P = HVRT

(3a)

(3b)
(3¢)
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where A is membrane area, (A = 0.045 mz), H is Henry’s coefficient
of CO, in liquid, P is the gas pressure, R is the gas constant
(R = 8.314 Pam’ /(mol K)), T is the experimental temperature (in this
study, T=293.15K), V is the volume of absorbent (in this study,
V =1000 ml), and K; is the overall mass transfer coefficient based on the
liquid phase. The overall mass transfer coefficient could then be determined
from a semilog plot of the flux rate versus time. The typical figure showing
the plot based on Eq. 3 is shown in Appendix A.

As the CO; absorption process of this work was an unsteady state process,
the overall mass transfer coefficient was rapidly reducing with time in the
initial stage of the process. This initial stage was the most important part of
the equilibrium CO, absorption flux as shown in Fig. 3 and Fig. 5. Since
the mean overall mass transfer coefficient of the whole process time could
not accurately characterize the process due to significant reduction in the
driving force, the mass transfer behavior during the first 20 minutes should
be taken into account in this work. Unfortunately, the absorption flux at the
beginning of the experiment could not be measured accurately, because it
needed at least 3—5 minutes to form a stable gas-liquid interface after the
absorbent was fed into the module. So, the absorption process during 5—20
minutes has been considered in this paper.

The membrane resistance was calculated by Eq. (4), basing on the theory
of Poiseuille flow (14).

1 8uLmy,

km PP

“4)

where L is the membrane thickness, 7is the mean radius of membrane pores, P
is the mean pressure on the gas side, w is viscosity of CO,, and the value is
137 x 10”7 Pas at 20°C and 101325Pa. 7, is the tortuosity of the
membranes and is generally taken to be 2 (3, 5, 8).

Equation (3) was used to calculate the overall mass transfer coefficient for
different membranes, using either pure water or 0.1 M NaOH solution as
absorbent. The overall mass transfer coefficient vs. membrane porosity is
shown in Fig. 6. From Fig. 6, it can be found that the membrane porosity had
a insignificant effect on the overall mass transfer coefficient in pure water
CO, absorption process. However, when 0.1 M NaOH solution was used as
absorbent, the overall mass transfer coefficient increased with increasing
membrane porosity.

Equation (3) and Eq. (4) were used to calculate the overall mass transfer
resistance, 1/K; and the mass transfer resistance of the membrane, 1/k,, respect-
ively for each membrane. The results are shown in Table 2. It could be found that
the membrane resistance was quite small compared to the overall mass transfer
resistance for each membrane, and the contribution of the membrane resistance
in the overall mass transfer resistance was <7.37%, and could be ignored in this
study.
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Figure 6. Overall mass transfer coefficient vs. porosity, (a) for the CO,-pure water
system, (b) for CO,—0.1 M NaOH solution system.

Modeling Calculation and Analysis

According to the analysis above, the overall mass transfer resistance in the
membrane absorption process was controlled by diffusion of CO, on the
liquid side. As shown in Fig. 7, when CO, transfers through the membrane
pores, the concentration profile of CO, would be formed, and would
approach the concentration in the bulk liquid at point “I”, from the surface
of the membrane. In other words, the distance “/” is just equal to the
thickness of the liquid boundary layer through which the solute had to
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Table 2. Comparison between the overall mass transfer resistance and membrane
resistance for each membrane

Overall mass transfer Overall mass transfer

Membrane resistance when using resistance when using
resistance, pure water as absorbent, 0.1 M NaOH solution as
1/k,(s/m) 1/K; (/10° s/m) absorbent, 1/K, (/10° s/m)

1# 0.015 1.98 0.28

2# 0.012 1.95 0.15

3# 0.00024 2.03 0.20

44 0.00013 1.92 0.18

S5# 0.00021 1.85 0.16

diffuse before reaching the bulk liquid. According to the analysis of the
membrane absorption process, there were transfer zones and non-transfer
zones near the membrane surface on the liquid side as shown in Fig. 7 and
therefore the mass transfer area must be somewhere in between the total
area of the micro pores and the whole membrane surface area.

The diffusion distance “I” could be calculated based on the following
assumptions:

1. Ideal gas behavior and Henry’s law are applicable,
CO, does not accumulate in the “/”” layer, and the reaction with OH ~ only
takes place at point “/” from the membrane or in the bulk liquid,

3. The concentration of OH ™ in the bulk liquid remains constant (because
the volume of the absorbent is excessive),

4. The velocity of CO, moving through the “/” layer was v;.

S P
‘

Liquid side

Membrane

Figure 7. The schematic of CO, diffusion in liquid side near the membrane surface
after transferring through the membrane pores.
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So, the time 7, that CO, concentration profile transfer through the “/” layer
could be calculated by the following equation

t, = 1/vg (%)

When CO, moved through the “/” layer with the apparent velocity as v,
the apparent velocity of the liquid was v, in the opposite direction. So, the flux
of CO, through the “I” layer could be calculated as v, - A - AC at time ¢. At the
same time, the flux of CO, through the “/”’ layer could also be calculated as
K; - A - AC. So, the value of v, would be equal to the value of Kj.

When CO, is absorbed in pure water or 0.1 M NaOH solution, there is a
reaction between CO, and OH ", because the absorbent is in excess. The only
difference is that when pure water or 0.1 M NaOH solution is used as
absorbent, the value of [OH ] is 10~ mol/I or 0.1 mol/1 respectively. The
rate controlling reactions are given by (15).

CO, + H,0 k": H* + HCO; 6)
—1

CO, + OH™ k": HCO; )
2

where ki, k_;, ko, and k_, are the reaction constants respectively. The
following two more reactions are involved and they are very fast reactions
so that they are assumed to be at equilibrium:

HCO; =% H* + CO¥™ )
Bk o
H,O0 =H" + OH ©)

where K, and K, are the equilibrium constants.
According to assumptions (2) and (3), the depletion rate of CO, due to the
reaction with OH  ion in time ¢ could be calculated as follows (15).

dCco,

p —(ki + ko[OHT]) x (CCO2 _kake ;> (10)

ki [OHT]

Using Eq. (5), Eq. (10) can also be written as

G dCco fs _
2 = —(k k[O d 11
L* (Cco, — ((k_1K2)/k1) - (1/[OH"])) Jo (1 +k[OH"Ddr— (11a)

t,=1/vy =1/K;, (11b)
where C* is the equilibrated concentration of CO, at the interface, Cy, is

the concentration of CO, in the bulk liquid, which could be calculated by
integrating the absorbed CO, with time by Eq. (13).
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Eq. (11) can be integrated to get the value of “I” as follows

ok

k OH™

K, x In k,llKg [ I ]

b — e —

B K [OHT]
= (ks + kO ] (12)
c, — | N()dt _ STN(r) - At (13)

Vubsorhent Vabsorhent

According to the assumptions and Eq. (12), Eq. (13), the value of “I”” was
calculated and is shown in Table 4. The parameters used in the calculation are
shown in Table 3.

As shown in Fig. 7, the pores on the membrane surface could be arranged
as equilateral triangles since the number of pores is large, and the porosity can
be expressed as follows (16) according to Fig. 7.

. (1/2)r?
(v/3/4)(2d,)’

So, half the interval between pores could be calculated by Eq. (15). The
calculated results are listed in Table 4, too.

1 2
dp=§‘/ﬁ'r (15)

Analyzing the results in Table 4, when pure water was used as an
absorbent, there was [ > d,,, that means, when CO, diffused through the

(14)

Table 3. The parameters used in the calculation”

Parameters Value
The equilibrated concentration of CO, 33.84 for pure water 83.84 for 0.1 M
in the interface, C¢&omol / m® (17) NaOH solution
The Henry’s coefficient of CO, in 3.34 x 10™* for pure water,
liquid, H, mol/(m>. Pa) (18) 8.27 x 107 for 0.1 M NaOH
solution
Reaction rate constant, ky, s~ ' (19) log k; = 3.29.85 — 110.54
log T — (17265.40/T), T: K
Reaction rate constant, k», log k, = 13.653 — (289.5/T), T: K
dm’mol~'s7! (19)
Equilibrium constant, K; (19) log Ky = (—3404.7/T) + 14.843
—0.03279T, T: K
Equilibrium constant, K, (19) 1x 1071

“all parameters are calculated at 20°C and 101325 Pa.
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Table 4. Comparing the pore interval with the layer “/” for pure water or
0.1 M NaOH solution absorption

The layer “I” for The layer “I” for The half
pure water 0.1 M NaOH interval
absorption solution absorption of pores,

Porosity (/107" m) (/1077 m) d, (/107" m)
1# 0.52 26.33 1.01 1.32
2# 0.89 25.12 0.97 1.01
3# 0.70 27.52 1.20 12.29
44 0.85 26.14 1.45 10.33
S# 0.90 25.03 0.99 10.04

boundary layer and reached the bulk liquid in the normal direction, the
distance that CO, diffused in the horizontal direction was larger than the
distance between the membrane pores. So, at point “/” from the
membrane surface, the concentration profile of the solute could cover the
entire membrane surface (see in Fig. 8). In this case, the whole
membrane surface area could be treated as the effective mass transfer
area, and the porosity could not affect the membrane absorption process.
Experimental results, which are shown in Fig. 3(a), Fig. 5(a) and
Fig. 6(a), support this hypothesis.

When the 0.1 M NaOH solution was used as absorbent, from Table 4, it
could be found that / < d,,, which means that the base of the orbicular fluid
infinitesimals only covered a part of the membrane surface and there were a
lot of “dead” areas in between the membrane pores (see in Fig. 9). In this
case, the porosity has a serious impact on the membrane absorption process,
as shown in Fig. 3(b), Fig. 5(b) and Fig. 6(b).

Prior to this study, many other authors concluded that the influence of
membrane porosity on the membrane absorption process was only limited
to the membrane phase resistance (3, 5, 8), and this resistance was calculated
by Eq. (4). However as it has already been discussed above, the membrane
porosity actually affected the concentration profile of CO, near the

e O A P R 0 i N GR
L r 1€t r3 11 1013

Figure 8. The schematic of the solute diffusing in the membrane surface of liquid
side when [ > d,,.
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Figure 9. The schematic of the solute diffusing in the membrane surface of liquid
side when I < d,,.

membrane surface on the liquid side, which led to a reduced mass transfer
area, and a serious impact on the membrane absorption process.

CONCLUSIONS

Five kinds of flat membranes, with different pore size and porosity, were
chosen to carry out the membrane-based CO, absorption experiment. The
influence of porosity on mass transfer was investigated. These experimental
results show that the porosity has little influence on the membrane absorption
process when using pure water as absorbent. However, when using 0.1 M
NaOH solution as absorbent, the influence of porosity on the membrane
absorption process is complex. For a membrane with a relatively small pore
size, the porosity affects the membrane absorption process significantly. In
the case of using the membrane with a relatively big pore size, the porosity
could affect the membrane absorption process but the influence could not be
SO serious.
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Figure 10. A typical figure showing the plot based on Eq. (3).
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A theoretical analysis has shown that the porosity affects the concentration

profile of CO, near the membrane surface on the liquid side, which led to the
loss of the membrane mass transfer area, and then affect membrane absorption
process. In a further study, the influence of porosity on the steady state
membrane absorption process in a hollow fiber membrane module with both
the gas mixture and liquid flowing would be considered.

APPENDIX A

A typical figure showing the plot based on Eq. (3) is shown in Fig. 10. From
Fig. 10, the degree of linear correlation is good.

NOMENCLATURE

The membrane area (m2)

The concentration of the solute (CO,) in the liquid (mol/ m?)
The concentration of the solute (CO,) in the bulk fluid (mol/ m’)
The equilibrated of the solute (CO,) in the liquid by Henry law
(mol/ m?)

The diameter of the pore (m)

The half interval between the pores (m)

The diffusion coefficient of the solute in the liquid (mz/ S)

The pressure in the gas side (pa)

The Henry coefficient of CO, in water (mol/ (m3'pa))

The overall mass transfer coefficient based on liquid phase (m/s)
The equilibrium constant of reaction® (mol / dm?)

The equilibrium constant of reaction’ (mol? / dm®)

The mass transfer coefficient of membrane (m/s)

The forward rate of constant of reaction® (s~ 1)

The reverse rate of constant of reaction® (dm / (mol-s))

The forward rate of constant of reaction’ (dm3 / (mol-s))

The reverse rate of constant of reaction’ (s_l)

The thickness of the imaginary stagnant film (m)

The absorption rate (ml/s)

The gas constant (Pa - m’ / (mol - K))

The experimental temperature (K)

Greek Letters

Vs

The surface porosity in each cell of the membrane (—)
The viscosity of CO, (Pas)
The superficial transport velocity of CO, in “I” layer (m/s)
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