AIChE

SEPARATIONS

Modeling of CO, Mass Transport Across a Hollow Fiber
Membrane Reactor Filled with Immobilized Enzyme

Ya-Tao Zhang
Dept. of Chemical and Biological Engineering, Zhejiang University, Hangzhou 310027, P.R. China

School of Chemical Engineering and Energy, Zhengzhou University, Zhengzhou 450001, P.R. China

Xing-Guo Dai and Guo-Hua Xu
Dept. of Chemical and Biological Engineering, Zhejiang University, Hangzhou 310027, P.R. China

Lin Zhang
Dept. of Chemical and Biological Engineering, Zhejiang University, Hangzhou 310027, P.R. China

Engineering Central of Membrane and Water Treatment, MOE, Hangzhou 310027, P.R. China

Hao-Qin Zhang and Jin-Dun Liu
School of Chemical Engineering and Energy, Zhengzhou University, Zhengzhou 450001, P.R. China

Huan-Lin Chen
Dept. of Chemical and Biological Engineering, Zhejiang University, Hangzhou 310027, P.R. China

Engineering Central of Membrane and Water Treatment, MOE, Hangzhou 310027, P.R. China

DOI 10.1002/aic.12732
Published online August 5, 2011 in Wiley Online Library (wileyonlinelibrary.com).

The enzyme-based contained liquid membrane reactor to capture CO, from the closed spaces is a very complicated process
with large numbers of interdependent variables. A theoretical and experimental analysis of facilitated transport of CO,
across a hollow fiber membrane reactor filled with immobilized carbonic anhydrase (CA) by nanocomposite hydrogel was
presented. CO, concentration profiles in the feed gas phase and the membrane wall were achieved by numeric simulation.
The effects of CO, concentration, CA concentration, and flow rate of feed gas on CO, removal performance were studied in
detail, and the model solution agrees with the experimental data with a maximum deviation of up to 18.7%. Moreover, the
effect of CO, concentration on the required membrane areas for the same CO, removal target (1 kg/day) was also
investigated. This could provide real-world data and scientific basis for future development toward a final efficient CO,
removal device. © 2011 American Institute of Chemical Engineers AICAE J, 58: 2069-2077, 2012
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Introduction possible poisonous substance produced during the regenera-
tion for amines, large quantities of consumption for metal
oxides, corresponding large volume and weight due to the
predesiccation for molecular sieve, and need to be cultured
in water system for microalgae. Importantly, as is well
known, CO, removal technologies in life-support systems
must be safe and reliable.” In contrast to the previously
described methods, membrane technologies, especially, lig-
uid membranes are attractive in CO, capture or separation,
typically for low-concentration CO, because they decrease
transport resistance so that high permeance is achieved to-
gether with high selectivity.®
However, the reaction must be enhanced by the use of a
catalyst that fosters the conversion of CO, to bicarbonate to
make it practical. Carbonic anhydrase (CA) is known to be
. Correspondence concerning this article should be addressed to L. Zhang at the fastest catalyst for the reaction. CA catalyzes the reversi-
inzhang@zju.edu.cn. .
ble hydration of CO, by a two-step process. In the first step,
© 2011 American Institute of Chemical Engineers CA hydrolyzes H,O to capture a hydroxyl releasing a

Carbon dioxide (CO,), a major greenhouse gas, is the
major contributor to global warming.' Therefore, it is very
important to capture and subsequently store CO, in a cost-
effective and safe approach. On the other hand, control of
CO, within a certain range is an important task, such as
closed life-support systems. Now, CO, capture or removal
technologies used in the closed spaces are mainly classified
into three categories: physical adsorption including molecu-
lar sieve and activated carbon,’ chemical absorption includ-
ing metal oxides, solid and liquid amines,® and biological
approaches including microalgae and higher order plants.*®
However, these systems have some limitations, such as,
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Figure 1. CO,-facilitated transport process in the hol-
low fiber membrane reactor filled with immo-
bilized CA enzyme.

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

proton. In the second step, the hydroxyl attacks the carbonyl
bond of CO, to yield bicarbonate and the unreacted enzyme.
The hydration step occurs at the CO,-rich side. At the CO,-
lean side, the reverse reactions occur, liberating COZ.Q_11
Using CA as a catalyst, the design of an immobilized lig-
uid membrane (ILM) or a supported liquid membrane (SLM)
has shown the potential to remove low-concentration CO,.
Enns'? showed that CA, in the presence of a phosphate
buffer, could increase CO, transfer across a SLM (150-um
thick) by as much as 500-fold depending on pH and CA
concentration. Suchdeo and Schultz'? reported a theoretical
and experimental analysis of facilitated transport of CO,
across a membrane containing NaHCO5 and CA. In the pres-
ence of CA (0.1 mg/mL) and 1 M NaHCO;3, the CO, flux
across a 0.02-cm membrane was over threefold higher than
the corresponding flux in the absence of enzyme. From
experiments at various enzyme concentrations and membrane

thickness, it appeared that the apparent CO, reaction rate
was directly proportional to the enzyme concentration.
However, in the subsequent 2 decades, none of these
succeeded in reporting a stable, high-efficiency design. One
of the important reasons was the instability of SLM or ILM
due to evaporative loss and subsequent deactivation of the
chemical facilitator.'* Later, SLM or ILM evolved into con-
tained liquid membranes (CLMs)."” In CLM operations, a
thin film of water or aqueous solution is held in the intersti-
tial space between two independent sets of intimately com-
mingled hydrophobic microporous hollow fibers. One set of
fibers carries a feed gas, and the other set carries a sweep
gas. The stability of CLM design has been enhanced greatly
by holding the aqueous solution within the interstitial space
of hydrophobic surfaces. Cowan et al.® provided a first-level
optimization of CA-based CLM system and proved its utility
as a means for separating CO, from low-concentration CO,
sources, such as air and respiratory gas. Given a feed con-
centration of 0.1% (v/v) CO,, the selectivity of CO,/N, was
1090, CO,/O, was 790, and CO, permeance was 4.71 X
107® mol/(m> s Pa). The CLM design results in a system
that was very stable even in the presence of dry feed and
sweep gas. However, the short catalytic lifetime of free
enzyme limits their usefulness, and the loss of enzyme solu-
tion could not be completely solved.

To improve catalytic stability of enzymes, Cheng et a
reported a hollow fiber contained hydrogel-CA membrane
contactor for CO, removal from the enclosed spaces. A
poly(acrylic acid-co-acrylamide) hydrogel was prepared for
the immobilization of CA. Activity of immobilized CA
could be maintained without apparent reduction during the
investigation period of 6 months. By combination of both
advantages of CO,-facilitated transport using CA and the
hydrogel, the hydrogel-CA CLM showed good CO, removal
capability, reducing CO, from 0.52% in the inlet feed gas to
below 0.090%. These hydrogels have good water retention
capacity, and the loss of membrane liquid could be miti-
gated. However, to compress the volume of the CA-based
CLM, CO, removal capability should be further improved.
This problem could be solved by improving salt absorbency
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Figure 2. Flow configuration and mass-transfer resistance profiles.
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of hydrogels. Hydrogels with high salt absorbency could im-
mobilize more CA solution to enhance the performance of
the CA-based CLM. Therefore, we have prepared a novel
poly(acrylic acid-co-acrylamide)/hydrotalcite (PAA-AAm/HT)
nanocomposite hydrogel for the CA immobilization.'”'®
Water and salt absorbency of the nanocomposite hydrogel
was improved greatly in comparison with common hydrogels.
Moreover, immobilized CA maintains the majority of enzy-
matic activity because of the formation of a microenviron-
ment almost all composed of free water inside the porous net-
work structures of the nanocomposite hydrogel. We have
reported the results of developing a novel hollow fiber mem-
brane reactor contained immobilized enzyme for selective
separation of low-concentration CO, from mixed gas
streams.'® In the reactor, two bundles of PVDF hollow fiber
membrane were aligned staggered parallel in a tube module,
and PAA-AAm/HT nanocomposite hydrogel was filled
between fibers, in which CA enzymes were immobilized. Im-
mobilized CA could retain the majority of enzymatic activity,
and thermal stability was also improved. The data showed
that this enzyme-based membrane reactor could effectively
separate CO, at low concentration from mixed gas streams.
Prolonged runs lasting 30 h showed that separation perform-
ances of the membrane reactor were quite stable.

The immobilized CA-based, hollow fiber membrane reac-
tor to capture CO, is a complicated process with large num-
bers of interdependent variables. Therefore, it is impossible
to optimize this system by means of experimental methods
alone. Systems analysis and modeling is an important guid-
ing approach. Modeling study on CO, separation by facili-
tated transport membranes immobilized with amine solutions
and CA has been reported.”>> Differently, in this study, a
nanocomposite hydrogel was used to immobilize CA
enzyme. It is well known that it is very difficult to obtain
the diffusion coefficient of CO, in the hydrogel. To simplify
the issue, the CO, resistance in the hydrogel is proposed
according to the experimental results.

In this article, one objective is to obtain CO, concentra-
tion profiles in the feed gas phase and the membrane wall by
numeric simulation. The other objective is to evaluate the
performance of the membrane reactor for the separation of
low-concentration CO, from a CO,/air mixture by means of
both experimental and numerical methods.

Theory

The consecutive transfer processes of CO, occur in the
hollow fiber membrane reactor filled with immobilized CA
enzyme as shown in Figures 1 and 2:

® CO, diffuses from the bulk of feed toward the inner sur-
face of feed fiber membrane wall.

® CO, diffuses through the feed fiber.

® CO,; is hydrated to bicarbonate by CA enzyme on the
outside surface of feed fiber membrane, and bicarbonate dif-
fuses across the hydrogel layer to the outer surface of sweep
fiber membrane.

® Bicarbonate is dehydrated to CO, by CA enzyme on the
outer surface of sweep fiber, and CO, diffuses through
sweep fiber.

The diffusion coefficient of CO, in the membrane (D,,),
which is related with the flow state of CO, within the mem-
brane pore, can be determined by Knudsen number (K,),
which is defined as
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Table 1. Physicochemical Parameters Used in This Study

Parameter Values Source
Mean free path of CO, (1) 39.7 nm Hirschfelder et al.>*
Mean free path of O, (1) 54.7 nm
Mean free path of N, (1) 60 nm

Knudsen number (K,) 0.13 Eq. 1
Diffusion coefficient of 1.39 x 107> m?*/s Pritchard and

CO; in air (Dy) Currie®
Knudsen diffusion (Dy) 1.2 x 107 m%s Eq. 3
Diffusion coefficient of CO, 4.42 x 1077 m?/s Eq. 2

in the membrane (D,,)
kear of CO, hydration 7.9 x 10° s~ Baird et al.*®
Molecular weight of 30 kDa Manufacturer

carbonic anhydrase

A
Ky =— (H
dP

In this study, Knudsen number (K,,) is 0.13, and both Knudsen
and surface flow diffusions are taken into consideration. The
resistance to mass transfer within the membrane is mainly due
to the membrane’s structure and the presence of a stagnant
film within the pore. Therefore, the diffusion coefficient of
CO, in the membrane (D,,,) can be described by Fick’s law and

defined as
e/1 1\
Dp=-—+— 2
. T<Dg+Dk) @

Obviously, the diffusion coefficient of CO, in the membrane
(D,,) is a combination of the diffusion coefficient of CO, in air
(D,) and the Knudsen diffusion (Dy), which takes into account
the molecules interactions within the pore’s wall. In addition,
the physicochemical parameters used in this study are shown
in Table 1.

The Knudsen diffusion is expressed as”’~®

dy | 8RT
D=2 3
K= 3\ e, ©)

The resistance to mass transfer within the hydrogel layer is
very complex. In our previous work,' the effect of CO,
concentration and CA concentration on the resistance to mass
transfer has been studied in detail. The results showed that CA
enzyme could improve the facilitated transport of CO, and
reduce the transport resistance. On the other hand, higher CO,
concentration could increase the mass-transfer resistance, and
the separation performance of the membrane reactor also
decreased. Therefore, the resistance to mass transfer within the
hydrogel layer, which is mainly due to the CA enzyme
concentration (Cg) and the CO, concentration of feed inlet

(Cyp), can be defined as
1 Co\’
—— g =0 4
I a (CE) 4)

Based on the above, assuming the system operated at steady
state, the overall mass transfer coefficient (Kqgy) within the
membrane wall and the hydrogel layer can be described as
(negligible wall thickness of membranes)

1 b Co\° ot/1 1 Co\’
— = ) =2 == = 5
KOV Dm + a<CE) & (Dg + Dk) * a(CE ( )
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Figure 3. Schematic illustration of hollow fiber contained immobilized enzyme membrane reactor.
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Mathematical Model

The mathematical model is set based on the following
assumptions:

® isothermal conditions and ideal gas behavior;

® steady-state operated system;

e fully developed laminar flow in the feed fiber;

® negligible axial diffusion;

® constant gas pressures; and

e uniform distribution of CA enzyme in the hydrogel layer.

Using these assumptions, the mass-transfer continuous equa-
tion in cylindrical coordinates for CO, is as shown in Eq. 6

oc 10 ( oC
VOE:Dg;E <r5> (6)

The above equation is subjected to the following initial and
boundary condition

atz =0, C=Cy; @)

ac

_Dgﬁ

atr =R = Koy (C — C4) (8)

As Eq. 6 is second-order partial differential equation, which
should be changed to ordinary differential equations by means
of variable separation method. If we let ¢(r, z) = E (z) F (1),
after the separation of variable method, the ordinary
differential equation could be obtained, namely

D
E = Aexp (7 £ ;&) ©)
Vo
4(rdE) 4+ JrF =0 (10)
—Dy % = KovF

According to Eq. 10, the following equation (Eq. 11) could be
obtained

F = AJo(2r) + BYo(Jr) (11)

For Yo(Ar), owing to the singularity at » = 0, then B = 0.
Therefore, Eq. 11 is transformed to
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F =AJo(Ar) (12)
In addition, according to the boundary condition, Eq. 13 is
obtained

DJJ(ZR) = KovJo(/R) (13)

According to Eq. 13, the eigenvalue, 4,, could be determined,
and the eigenfunction is

Fo=Jo(/nr) (14)

Therefore, the solution is

c(z,r) = ZA,, exp <—ﬂ_i VBOZ) Jo(Aar) (15)
n=1

The coefficient A, could be determined by initial value, and
the result is as follows

2Cy

Ay =
RICGaR) 1+ 2272 2
oV

16)

Experimental Section

The hollow fiber membrane reactor used in this study is
shown in Figure 3, which is constructed by two

Table 2. Specifications of the Membrane Reactor
Used in This Study

Characteristics Values
Fibers material PVDF
Module length (mm) 580
Module outer diameter (mm) 30
Module inner diameter (mm) 27
Fiber outer diameter (um) 1200
Fiber inner diameter (xm) 850
Wall thickness of fibers, o (um) 175
Number of fibers 53
Fiber length (mm) 500
Fiber porosity ¢ 0.6
Tortuosity factor t 1.5
Mean pore diameter, d}, (nm) 300
Total membrane area (m2) 0.2
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Figure 4. Schematic diagram of experimental setup.
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independent sets of intimately commingled hydrophobic
microporous PVDF hollow fibers prepared by the spinning
machine in our laboratory containing immobilized enzyme
with nanocomposite hydrogels,'”'® whose geometrical
properties are shown in Table 2. Two nylon meshes were
used as the spacer to control the thickness of hydrogel
layer, which was about 1.5 mm. The fabrication of the
membrane module involved preparation of a fiber bundle
and putting them in a shell and finally potting the ends with
a resin mixture to form a tube sheet. Two sets of fibers of
known length and numbers were placed close to each other,
rolled together in the middle up to a particular length while
the two ends were kept separate. One set of fibers (27
fibers) carried the feed gas, and the other (26 fibers) carried
the sweep gas.

The build experimental setup is shown in Figure 4. The
feed gas stream consists of a mixture of CO, and air. The
desired CO, concentration was obtained by an air compres-
sor (Hangzhou Hang Kong Compressor). Delivery of all

Diffusion resistance, m’.s.Pa/mol

T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600

CA concentration, mg/|
Figure 5. Effect of CA concentration on the diffusion

resistance within the hydrogel layer (CO,
concentration: 0.1%).
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gases was regulated by mass flow controllers. The feed side
pressure was controlled at 5 X 10° Pa by a back-pressure
regulator (Tescom, USA). Helium (He) was supplied to the
permeate side as a sweep gas, and the pressure was kept
constant at almost atmospheric pressure. Compositions of all
gas streams were analyzed by a gas chromatograph (GC)
(Agilent Model 1790, Agilent Technologies) with TCD de-
tector, which was connected to a chromatograph workstation
(Zhida N2000, Zhejiang University, China).

Results and Discussion
Diffusion resistance within the hydrogel layer

The diffusion resistance within the hydrogel layer is very
complex, which is mainly due to CO, concentration and CA
concentration. Therefore, the effect of CO, concentration
and CA concentration on the diffusion resistance within the
hydrogel layer was studied in detail. As is well known, per-
meance (Q) could be calculated from flux (/) and the partial
pressure difference across the membrane (Ap), Q = J/Ap.

The diffusion resistance equals to the reciprocal of
] L]
= 1x10° .
5
o °
» 8
g 1x10°
8
C
i
7 9x10' 1
g
=
D
v
= 7
5 8x10°1
.
T T T T
0.0 0.2 0.4 0.6 0.8 1.0

CO, concentration, %
Figure 6. Effect of CO, concentration on the diffusion
resistance within the hydrogel layer (CA con-
centration: 1000 mg/L).
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permeance (Q), J = Ap/(1/Q). 1/Q is the reciprocal of per-
meance, which was used as the parameter to evaluate the
diffusion resistance. Figure 5 shows the effect of CA con-
centration on the diffusion resistance within the hydrogel
layer. It clearly showed that CA successfully decreases CO,
diffusion resistance within the hydrogel layer. This is
because that the turnover of CA is greater than 1 X 10 57!
making it the fastest known catalyst for the CO, hydration
reaction, and the actual reaction rate of CO, is also propor-
tional to the CA concentration in the hydrogel layer. In addi-
tion, from Figure 5, CA concentration is inversely propor-
tional to diffusion resistance, which is nearly a power func-
tion model. Figure 6 shows the effect of CO, concentration
on the diffusion resistance within the hydrogel layer. On the
contrary, more CO, could increase CO, diffusion resistance
within the hydrogel layer, and CO, concentration is propor-

tional to diffusion resistance, which is also nearly a power
function model. This indicates that at the beginning CO,
was hydrated and dissolved in the hydrogel layer, once bi-
carbonate ions in the hydrogel layer reached the saturated
state, no more CO, could be accepted in the hydrogel layer.
Thus, CO, accumulates on the permeate side and the driving
force will decrease gradually and diffusion resistance will
increase accordingly. Once the diffusion resistance is large
enough, no CO, could pass through the membrane resulting
in no further separation.

Based on the above, the diffusion resistance within the
hydrogel layer, which is mainly due to the CA enzyme con-
centration (Cg) and the CO, concentration of feed inlet (C),
could be defined as Eq. 4.

CO,; concentration profiles in the feed gas phase and
the membrane wall

From the equations, CO, concentration profiles in the feed
gas phase and the membrane wall obtained by means of
Matlab software are shown in Figure 7. Herein, to show CO,
removal efficiency more clearly, the dimensionless concen-
tration defined as C/C( was used in Figure 7. From the axial
view, CO, concentration decreases with the increase of Z
axis. This is because CO, diffusion in the radial direction
occurs while axial convection takes place. Then, part of CO,
diffuses across the enzyme membrane reactor to the sweep
side, so CO, concentration in the outlet of the feed side
would gradually decrease. In the actual experiment, CO,
concentration including 0.1, 0.3, 0.6, and 0.9% in the inlet
of the feed gas could be reduced to 0.052, 0.16, 0.33, and
0.5%, respectively, in the outlet of the feed gas by means of
the membrane reactor. CO, removal ratio of the membrane
reactor is 48, 46.7, 45, and 44.4%, respectively. From Figure
7, CO, removal ratio is 46%, and the model prediction is in
good agreement with the experimental results.

However, according to Figure 7, CO, concentration in the
radial has little change, and the concentration profile is
almost a straight line. It is mainly because that CO, diffu-
sion in the radial is so fast. Therefore, the two-dimensional
CO, concentration profiles in the feed gas phase (A) and the
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Figure 8. Actual CO, concentration in the feed gas phase (A) and the membrane wall (B) at dimensionless radial
positions (CO, concentration: 0.1%; CA concentration: 1000 mg/L).
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membrane wall (B) are obtained, as shown in Figures 8 and
9. It is clear that CO, concentration in the feed gas phase
displays parabola distribution, as shown in Figures 8A and
9A. As the Reynolds number of CO, in the feed gas phase
is less than 2300, which belongs to the laminar flow. In
addition, the parabola trend changes slightly with the
increase of Z axis. In the membrane wall, CO, molecule dif-
fuses quickly and is approximately Fick diffusion, as shown
in Figures 8B and 9B. Moreover, CO, concentration and
flux distribution in the membrane wall of the feed fiber are
also obtained and are shown in Figure 10. Similarly, CO,
concentration and flux decrease with the increase of Z axis
owing to CO, diffusion in the radial.

Effect of CO; concentration, CA concentration, and
flow rate of the feed gas on CO, removal performance
of the membrane reactor

Figure 11 compares the measured and simulated CO,
removal performance of the membrane reactor under
the various CO, concentrations. Obviously, CO, removal
performance of the membrane reactor decreases as CO,

o 104 o
5 I3.6x10
I
€ 094
§ F3.0x10° __
8 W
8~ 0.8 ) g
2 F24x10° 2
2 g7- 5
k<] i
g +1.8x10"
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05
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Dimensionless axial distance (Z/1)
Figure 10. CO, concentration and flux distribution in
the membrane wall of the feed fiber at the
various dimensionless axial distances (CO,
concentration: 0.1%; CA concentration: 1000
mg/L).
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Figure 11. A comparison of the measured and simu-
lated CO, removal performance of the mem-
brane reactor under the various CO, con-
centrations (CA concentration: 1000 mg/L).

concentration in the feed side is increased. CO, concentra-
tion is a very important impact factor, and separation per-
formance of the membrane reactor is directly influenced by
the feed stream CO, concentration (pCO,). Therefore, it is
important to investigate the effect of different CO, concen-
trations on the separation performance of the membrane re-
actor. There is reactive boundary layer in the interface
between membrane and hydrogel layer. More CO, will
gather in the boundary layer with the increase in CO, con-
centration. The boundary layer resistance will increase
accordingly. Therefore, the performance of the reactor will
decrease. The simulation results are in very good agreement
with the measured values at lower feed CO, partial pressure
with a maximum deviation of up to 14.2%.

Figure 12 compares measured and simulated CO, removal
performance of the membrane reactor under the various CA
concentrations. When CO, concentration in the feed gas is
higher, there would be a demand for greater rates of hydra-
tion and dehydration of CO, with CA enzyme. Higher CA
concentration is required to achieve maximum CO, removal
capability. When there is no immobilized CA enzyme in the

hydrogels, the membrane reactor loses its separation
3 —— Model
1.0¢10™ 1 O Experiment

8.0x10™ 4

6.0x10™ 4

CO, concentration of feed outlet, viv

4.0x10* T T T
0.0 0.4 0.8 12 16

CA concentration, g/l
Figure 12. A comparison of the measured and simu-
lated CO, removal performance of the mem-
brane reactor under the various CA concen-
trations (CO, concentration: 0.1%).

DOI 10.1002/aic 2075



9.0x10"

—— Model
O Experiment

8.0x10™ 4

7.0x10™ 4
6.0x10™ 4

5.0x10™ 4 Q

CO, concentration of feed outlet, viv

4.0x10™ 4

0.1 0.2 03 0.4 05
Flow rate of feed gas, m/s
Figure 13. A comparison of the measured and simu-
lated CO, removal performance of the mem-
brane reactor under the various flow rates
of the feed gas (CO, concentration: 0.1%;
CA concentration: 1000 mg/L).

performance. It is because that hydrogel layer accounts for
the major transport resistance. With addition of CA, the trans-
port resistance decreases markedly. As the solubility of bicar-
bonate is much more than that of CO, in water, the transport
capacity for CO, is much higher in bicarbonate form than for
COs(,q) even though the diffusivity for CO,,q is greater than
that for bicarbonate. Bicarbonate transport greatly improved
the total CO, mass transfer. Therefore, when the CA concen-
tration was low, there was less CA enzyme to hydrate and
dehydrate all the CO, at a maximum rate. Thus, CO, perme-
ance increased with increasing the amount of CA enzyme.
Because O, and N, cannot react with CA enzyme, the selec-
tivity increased as the CA concentration increased. Moreover,
the model solution agrees with the experimental data with a
maximum deviation of up to 10.2%.

Figure 13 compares measured and simulated CO, removal
performance of the membrane reactor under the various flow
rate of the feed gas. Gas separation usually uses an inert
gas such as argon or helium as the sweep gas to remove
permeates from the sweep side. To achieve high efficiency

400

]
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Figure 14. Effect of CO, concentration in the feed gas
on membrane area requirement for the
same CO, removal task (1 kg/day) (CA con-
centration: 1000 mg/L).
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Table 3. Comparison of Ideal and Actual CO, Turnover
Number (CA Concentration: 1000 mg/L)

CO, CO, Ideal CO, Actual CO,
Concentration Concentration Turnover Turnover
of Feed of Feed Number Number
Inlet (%) Outlet (%) (mol/s) (mol/s)
0.1 0.052 5.27 1.68 x 1077
0.3 0.16 5.27 479 x 1077
0.6 0.33 5.27 9.24 x 1077
0.9 0.5 5.27 137 x 1077

for the membrane reactor, it is pivotal to control the flow rate
of feed and sweep gas. The appropriate flow rate of feed and
sweep gases could enhance the specific surface area of the
gas—liquid contact to improve the removal efficiency. We
found that CO, transport could be facilitated if the flow rate
in the feed side was lower than that in the sweep side. As the
flow rate of the feed gas increased, CO, could accumulate on
the permeate side and the driving force would decrease gradu-
ally. Once the driving force was small enough, CO, could not
pass through the membrane and hydrogel layer efficiently. If
higher flow rate of the feed gas was used, CO, on the perme-
ate side could not be moved efficiently. On the other hand,
the boundary layer thickness of the gas phase in the sweep
side decreases with the increasing flow rate in the sweep side,
which has an effect of decreasing the mass-transfer resistance
resulting in a slight increase in the mass diffusion.”” Conse-
quently, a moderate flow rate of the feed gas and sweep gas
is good selection to produce high driving force. The numeri-
cally calculated results are in reasonable agreement with the
experimentally generated data with a maximum deviation of
up to 18.7%.

These deviations between model solution and experimen-
tal data are mainly due to the determination of the mem-
brane and hydrogel layer resistance. In addition, Boucif
et al.”’” have proposed that the essential reason to this differ-
ence is probably that the membrane assumed to be com-
pletely dry was partially wetted as a result of the gas and
liquid fluctuating pressures. In this study, the hollow fiber
membranes were partially wetted as a result of the gas and
hydrogel layer fluctuating pressures.

Membrane area requirement for the same CO,
removal task

The effect of CO, concentration in the feed gas on mem-
brane area requirement for the same CO, removal task (1
kg/day) was obtained and shown in Figure 14. CO, removal
technologies in life-support systems must be safe and reli-
able, which is characterized by small volume, low mass, low
rate of energy use, minimal use of consumables, and simple
and convenient operation. Therefore, the required membrane
area for the same CO, removal task should be as little as
possible. The results showed that higher CO, concentration
in the feed gas can significantly reduce the required mem-
brane area. In addition, we compared the actual and ideal
utilization rate of CA enzyme in the membrane reactor, and
the results are shown in Table 3. Obviously, the actual and
ideal utilization rate of CA enzyme is very low. It is because
that enzyme distribution in the hydrogel layers of the
membrane reactor might also limit the role of CA enzyme
for the hydration and dehydration reaction. This could cause
that CA enzyme could not be all involved in the catalyzed
reaction. Therefore, if the actual utilization rate of CA
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enzyme is improved further, the required membrane area for
the same CO, removal task would be lower.

Conclusion

CO,-facilitated transport across a hollow fiber membrane
reactor filled with immobilized CA by nanocomposite hydro-
gel was evaluated through experiment and simulation. CO,
concentration profiles in the feed gas phase and the mem-
brane wall were achieved by numeric simulation. The effects
of CO, concentration in the feed gas, CA concentration, and
flow rate of feed gas on CO, removal performance were also
investigated in detail, and our predictions are in very good
agreement with the measured values. Moreover, the effect of
CO, concentration on the required membrane areas for the
same CO, removal target (1 kg/day) was studied. Higher
CO, concentration in the feed gas can significantly reduce
the required membrane area. If the actual utilization rate of
CA enzyme is improved further, the required membrane area
for the same CO, removal task would be lower.
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Notation

Cy = CO, concentration in the feed inlet, v/v

Cg = CA enzyme concentration, mg/L

Dg = diffusion coefficient of CO, in air, m2/s

Dy = Knudsen diffusion coefficient, mz/s

D,, = diffusion coefficient of CO, in the membrane, m*/s
d,, = mean pore diameter, nm

K, = Knudsen number

Koy = overall mass transfer coefficient, m/s
vo = flow rate of the feed gas, m/s

Greek letters

mean free path, nm

= membrane’s pore tortuosity
wall thickness of fibers, um
= membrane’s porosity
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