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Abstract - Experiments on the absorption of CO2 into a hollow fiber contained liquid membrane absorber were 
performed. The feed gas was a mixture of CO, and N2, absorbent liquid was 2-amino-2-methyl-l-propanol and the 
hollow fiber was a microporous hydrophobic polytetrafluoroethylene membrane. Outlet concentration of CO2 from 
the absorber decreased as absorbent concentration increased, gas flow rate increased and were held constant for speed 
of agitation, but had a maximum value in the range of inlet concentration of CO2 from 5 to 40 mole %. The reac- 
tion rate constant obtained for CO2-amine system was 231 I/mol - s at 25 ~ using a flat stirred vessel, and the mem- 
brane-side-mass-transfer coefficient was 1.217• 10 -5 mol/cm 2 - s - atm in CO2/N2-amine system. A diffusion model 
based on mass transfer with fast-reaction was proposed to predict the performance of the absorber. 
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INTRODUCTION 

In conventional large-scale gas absorption processes, the 
gas mixture is contacted with a scrubbing liquor in devices 
like packed towers, spray towers, venturi scrubbers, and bub- 
ble columns. These dispersion-based contacting methods have 
many drawbacks. An approach having much promise and with- 
out these shortcomings is membrane-based contacting using 
microporous hollow fibers. The microporous membrane-bas- 
ed device acts as a gas absorber, with the gas flowing on 
one side and the absorbent liquid flowing on the other side 
of the membrane without either phase being dispersed in 
the other. The gas-liquid interface is at the pore mouth. Un- 
like that in a true liquid membrane process, the absorbent liq- 
uid has to be regenerated in a separate stripper which can 
be also a membrane-based contactor. These membrane-based 
gas separation devices offer several advantages [Lonsdale, 1982] 
over conventional contacting devices: much higher surface 
area per unit contactor volume; independent control of gas 
and liquid flow rates without any flooding, loading, weeping, 
or foaming: known gas-liquid interfacial area; modularity, 
easy to scale up or down; availability of all of the membrane 
surface area for contacting regardless of how low the indivi- 
dual phase flow rates are. 

The disadvantage [Bhave and Sirkar, 1986] is that the fi- 
bers supply a new mass transfer resistance, that of the mem- 
brane, which is not present in packed towers. This new resist- 
ance may make the mass transfer slower and less selective. 
The membrane-phase resistance may be eliminated when there 
is a very fast or instantaneous chemical reaction in the liquid 
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phase filled in the pores. 
Qi and Cussler [1985] studied the absorption of a number 

of gases using various solvents and aqueous solutions in a 
hydrophobic microporous hollow fiber device where the mem- 
brane pores were gas filled. Yang and Cussler [1986] have 
noted a 10-fold increase in the gas separation efficiency when 
using a hollow fiber device over a conventional packed col- 
umn. Sirkar [1992] has recently reviewed microporous mem- 
brane-based gas absorption processes. 

The type of tube and shell was, in general, used as a mod- 
ules of hollow fiber for gas separation [Qi and Cussler, 1985; 
Yang and Cussler, 1986; Rudisill and Leven, 1990; Karoor 
and Sirkar, 1993], but these modules need another desorption 
process of gas from the discharged liquid. A new type of 
membrane absorber such as a hollow fiber contained liquid 
membrane absorber (HFCLM) can be used in order to carry 
out simultaneously two processes of absorption and desorp- 
tion. This modules consist of two bundles of hollow fibers 
soaked into the absorbent liquid. The mixture gases flow in 
the tubes of  the first bundle, and the gas transferred to the 
absorbent liquid through the pores of tubes moves to the 
tubes of the second bundle, where the inert gas flows. 

In this present study, as the first part of gas separation in 
HFCLM, a diffusion model of gas absorption into aqueous 
solution of 2-amino-2-methyl-l-propanol (AMP) was propos- 
ed, overall reaction rate constant, individual liquid side- and 
overall gas side-mass transfer coefficient were measured re- 
spectively, and the measured values of  absorption rate of  
CO2 from the modules of HFCLM were compared with the 
predicted values for the changes of  experimental parameters 
such as concentrations of CO2 in feed gases and AMP in ab- 
sorbent liquid, speed of agitation and flow rate of feed gases. 
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THEORY 

The theoretical model is developed here to describe the 
absorption of CO2 from CO2-N2 mixture flowing in the tube 
into liquid through the pore of  the porous hollow fiber, where 
bundles of the hollow fibers are soaked. We call this modules 
as a hollow fiber contained liquid membrane absorber 0-IFC- 
LM). The following assumptions are utilized to set up the gov- 
erning mass transfer differential equation: 1) the absorbent liq- 
uid exists outside the tube and is perfect mixing, 2) the mix- 
ture gases flow inside the tube with a plug flow and are 
ideal gas, 3) the pores of tube are filled with gas mixture, 4) 
the reaction of CO2 with a reactant in the absorbent liquid 
occurs outside the tubes, and is a fast pseudo-first-order reac- 
tion, 5) steady-state and isothermal condition, 6) application 
of Henry's law, 7) no absorption of inert gas. Using these as- 
sumptions, the conservation equation for CO2 flowing inside 
of the tube is given by 

~ - -  4 QI(1--XA 1 ) = 0 ( 1 )  

The boundary conditions are followings. 

at z=0; XA=XA1 (2) 

at z=L; XA=XAz (3) 

AlSO, the conservation equation of COz outside the tube side 
is given by 

D ~ 
D i k,. (x a - Xat ) = --~ k ~  (XAt_XA) (4) 

HA 

where, the relationship between concentration of CO2 of tube 
side and that of liquid side is given as following from the as- 
sumption of 6) 

pat=Ha CAL , (5) 

P.~=HA Cato (6) 

and r is the enhancement factor defined as qk n D A C,t~e.o/kt ~ 
in the case of fast pseudo first-order reaction. 

Using the boundary conditions such as Eq. (2) and (3), in- 
tegration of differential Eq. (1) is expressed as follows, 

IS : (7) x a -xat 

where, 

A~. k~ RT 
tr, n-- 

Ql(1--XA 1 ) 

Rearrangement of Eq. (4) becomes as follows, 

(Xa - x / t )  = ~ X A  -- XA) ( 8 )  

where, 
D o  k L r  A 

t =  D e l g  n + D o  k [ r  ( 9 )  
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Integrated the combined type of Eq. (7) and (8), the follow- 
ing equation is obtained. 

a In (Xa2-Xa) (1--XA~) +b XaE--XA1 = ~  fl (10) 
(XA 1 --XA) (1--XA : ) (1--XA 1 ) (1--XA 2 ) 

where, 

1 1 a - - -  b = - -  
(1--XA) 2' 1--X~, 

E X P E R I M E N T A L  

All chemicals in this study were reagent grade and were 
used without further purification. The hollow fiber used in 
this study were a microporous hydrophobic polytetrafluoro- 
ethylene (PTFE-21, Mitsubishi Co., outside diameter; 2 mm, 
inside diameter; 1 mm, porosity; 50 %). 

The modules of these fibers were made by placing a bun- 
dle of 7 fibers with which length of each fiber was 60 cm 
in a cylindrical glass vessel with 9.5 cm diameter and 10.2 
cm depth. The volume of absorbent liquid in the vessel was 
700 cm s. These membrane modules were installed in the ap- 
paratus shown schematically in Fig. 1. The gas mixture were 
feeded inside of the tubes with constant flow rate and com- 
position adjusted by using the mass flow controller through 
the saturator contained water. The absorption temperature was 
controlled by an air-bath. The compositions of  CO2 at inlet 
and outlet of  the bundle were analyzed by a gas chromato- 
graphy (Shimadzu GC-8A, TCD, packing material; Porapak 
Q, detector temperature; 130 ~ the flow rate of carrier gas, 
He; 20 cm3/min), and flow rates of outlet were measured by 
a soap-bubbler. The absorbent liquid was mixed by agitator, 
and the concentration of liquid was measured by HC1 titration. 

The ranges of  flow rate of gas mixture were 20-100 cm3/ 
min, those of composition of CO2 in feed gases of CO2-N2 
mixture, 5-40 mole %, those of concentration of AMP as ab- 
sorbent agent, 0-2 mol/1, and those of agitation speed, 150- 
500 rev/min, and absorption experiments were carried out at 
25 ~ and atmospheric pressure. 

The mass transfer rates of CO_, transferred from tube side 
into the absorbent liquid were obtained from the differences 
of composition of COz and flow rates between inlet and 
outlet of tubes at steady-state condition. 

~ ' 
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Fig. 1. Experimental setup for gas absorption using hollow 
fiber contained liquid membrane absorber. 
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RESULTS AND DISCUSSION 

Physical properties such as the liquid-phase diffusivity 
and solubility of CO2 in aqueous solutions, reaction rate con- 
stant and mass transfer coefficients, which were used for a- 
nalysis about the transport phenomena in  this HFCLM sys- 
tem, were obtained as followings. 

Because the diffiasivity and solubility of a gas in aqueous 
phase were dependent of the ionic strength in the electrolyte 
aqueous solutions [Danckwert, 1970], these values were ob- 
tained from the empirical equation suggested by Messaoudi 
and Sada [1996], which expressed a relationship between the 
combined parameter and concentration of AMP. 

log 1 "~--~A'/I-IA( -D~~WAW/I-IAW / = c Cffa~fP.o (11) 

where, subscript w indicates water, C~eo, initial concentration 
of AMP, and c and d, empirical constants. DAW and 1/I-l~w 
were obtained from the reference [Danckwerts, 1970; Hikita, 
et al., 1976] as 1.97• 10 5 cm2/s, 3.05• 10 5 mol/atm �9 cm 3, 
at 25 ~ respectively. 

The constants, c and d in Eq. (11) were obtained as 0.11 and 
0.36, respectively from reference [Messaoudi and Sada, 1996]. 

It has been reported [Chakraborty et al., 1986; Yih and 
Shen, 1988] that the overall reaction taking place between 
CO2 and AMP in aqueous solutions is 

CO2 + RNH2 + H20 ~ HCO3- + RNH~ (12) 

This reaction is believed to take place according to the zwit- 
terion path [Sartori and Savage, 1983; Yih and Shen, 1988] 
as follows, 

CO2 + RNH2 ~ RNH; + COO- (13) 

RNH; COO- + H20 ~ HCO; + RNH; (14) 

This zwitterion path is an extension of the zwitterion mech- 
anism for carbamate formation first proposed by Caplow [1968]. 
By assuming the steady-state for the zwitterion, the reaction 
rate can be derived as 

kl k2 
rA = ~ [CO2(aq)I[RNH2] (15) 

In the present work, to confirm the resulting expression 
and evaluate the reaction rate constant, an (m, n)-th order re- 
action equation of the type (rA=k~, C~ C~) is considered, and 
both the order of reaction and the rate constant are deter- 
mined from gas absorption rates in the fast reaction regime, 
according to the Hikita and Asai [1964] approach. 

Yih and Shen [1988], Sada et al. [1985] and Hikita and 
Asai [1964] reported that the order of reaction with respect 
to COz and AMP in aqueous solution was 1 and 1, respec- 
tively, and the order of overall reaction of CO2 with AMP 
was 2. Also, they concluded that these reactions occurred in 
the range of fast reaction region. 

The reaction rate of COz with AMP in the range of fast 

reaction region can be expressed [Doraiswany and Sharma, 
1984]. 

S A = C~kl l  D A CAMp, o (16) 

The mass transfer rate of CO2 into AMP aqueous solutions 
were obtained from the measured absorption rate of CO2 with 
the same stirred vessel used in the previous study [Lee, 1997] 
at speed of agitation, 200 rev/min. The influence of AMP con- 
centration on the absorption rate was examined by plotting N~J 
(D~D~A//I"IA) v e r s u s  ~rCaueo as shown in Fig. 2. The reaction rate 
constant (k11) was evaluated to be 231//mol �9 s obtained from 
the slope of the linear relationship between NA/(~D---flI-IA) and 
~ o  as shown in Fig. 2. To confirm to the fast reaction re- 
gion, the requirement (~/k11D A CAMe, o)/l~ ~ < C,u~e.o/Ca*) [Doraiswa- 
ny and Sharma, 1984] must be fulfiUed. This is satisfied when 
AMP concentration are approximately greater than 0.5 mol/l. 

The conservation equation of CO2 for the liquid-side in 
the CO2-H20 system with HFCLM is given [Lee, 1997] by 

dna 
-A,o k[(CA --CA) (17) 

dt 

The initial rate of absorption [Lee, 1997] can be expressed 
by 

dV _ Ato RT.kLO CA (18) 
dt t ~ Pr-Pv 

where, pr is the atmospheric pressure (1.0 atm), pv, water va- 
por pressure (0.03126 atm) at 25 ~ and CA equals to zero at 
initial condition. 

The value of k[ can be obtained from the initial rate of 
CO2 absorption in Eq. (18) at a given speed of agitation in 
the absorption vessel. 

The rates of absorption of pure CO2 were measured in 
the HFCLM, where the pure gas flowed in the tube at a 
given flow rate and water existed outside the bundle of the 
tubes. The volumes of absorbed gas were plotted according 
to the time of absorption at the flow rate of gas, 40.2 cm3/ 
min and speed of agitation, 300 rev/min in Fig. 3 typically. 
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Fig. 2. Effect of  A M P  concentration o n  N A H A ] D3~A at 25 ~ 
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Fig. 3. Absorption volume vs. time at agitation speed, 300 rev/ 
rain and flow rate of COs, 40.2 cm3/min. 

As shown in Fig. 3, the linear relationship between the ab- 
sorbed volume and absorption time was satisfied, kL ~ ob- 
tained from the slope of the plots in Fig. 3 was 4.05 • 10 -3 
cm/s. The values of k~ obtained by changes of the speed of 
agitation were shown in Table 1, where kL ~ increased from 
150 to 300 rev/min, but were held constant from 300 to 500 
rev/min. 

The conservation equation of COz for the overall mass 
transfer in the COz/Nz-HaO system with HFCLM is given by 

-~- 4 QI(1--XA 1) = 0 (19) 

Integration of Eq. (19) with boundary condition as shown in 
Eq. (2) and (3) yields the following equation, 

a In (XA2--XA)(1--XA1) § XA2--XA1 = ~ (20) 
(XA 1 --XAX1--XA 2 ) (1--XA 1 ) (1--XA 2 ) 

where, 

AtoKo RT 
ao=  

QI(1--XA 1 ) 

The value of  Ko in Eq. (20) can be obtained from the 
measured values of xa2 at the outlet of  the tubes. The outlet 

concentrations of COz were measured in the Co2/rN2-H20 
system at the given values of XA1 , QI and speed of agitation, 
and the value of Ko were calculated from the Eq. (20). These 
values were shown in Table 1. 

In the case of mass transfer without chemical reaction, 
equals to 1. Therefore, combined Eq. (10) with Eq. (20), the 
relationship for modules of hollow fiber between overall 
mass transfer coefficient and individual mass transfers can be 
expressed as followings. 

u,~ fl= ~ (21) 

1 1 HA - -  + -  (22) 
OeKo Bi~, DokL 

The values of k,. were calculated by using Ko, k~ and Eq. 
(22), and shown in Table 1. Because the k,. is the mass 
transfer coefficient in the pore of the membrane, k,, may be 
independent of experimental variables such as the speed of 
agitation, the gas flow rate and inlet concentration of absorb- 
ed gas. The average value of k,, from each value of  k,, as 
shown in Table 1 was 1.217• 10 s tool/era: - s �9 atm, and 
this value would be used for prediction of  outlet concentra- 
tion of  CO: in Eq. (10). 

The performance of absorber in the absorption of COa with 
HFCLM of COz/Na-AMP aqueous solution system was an- 
alyzed by comparison of the measured outlet concentrations 
of CO2 with the calculated values from Eq. (10) for the 
changes of experimental variables such as inlet concentration 
of COa, concentration of AMP, flow rate of mixed gases and 
speed of agitation. 

The concentration of CO2 in bulk body of AMP solution 
becomes to be zero on the assumption that reaction of CO: 
with AMP should be fast pseudo first-order reaction, that is, 
x~ equals to zero. 

Fig. 4 shows the relationship between the measured outlet 
concentration of CO2 and initial concentration of AMP, where- 
in initial concentration of AMP was varied from 0 to 2 mol/ 
l, inlet concentration of COz, flow rate of gas mixture, and 
speed of agitation were held constant at 10 mole %, 40 cm3/ 
min, 300 rev/min, respectively. The solid line represents the 
outlet concentration of CO: calculated from Eq. (10). As 
shown in Fig. 4, the measured values decreased as the con- 
centrations of AMP increased, and approached reasonably to 
the calculated values. This is caused by increase of enhance- 
ment factor due to increase of the reaction rate. The theoret- 
ical prediction had a maximum deviation of  0.43 % from the 

Table 1. Mass transfer coefficient for change of agitation speed in CO2/rN2-U20 system 

Agitation k~ • 10 3 Q1 XA 1 XA 2 
speed 

[rev/min] [cm/s] [cm3/min] [mole %] [mole %] 
K o X l 0  8 

moi/cm:- s- atm] 
I ~  x l0 s 

[mol/cm 2- s" atm] 

150 2.94 41.2 10.1 9.72 1.254 1.336 
200 3.49 41.7 9.8 9.38 1.444 1.431 
250 4.04 38.8 9.7 9.19 1.653 1.057 
300 4.35 40.3 10.1 9.53 1.854 1.281 
400 4.65 39.5 10.1 9.48 1.980 1.056 
500 4.44 41.8 9.6 9.09 1.798 1.138 
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Fig. 4. Effect of concentration of AMP on outlet concentra- 
tion of CO2 at 300 rev/min, XA1, 10 mole %, Q1, 40 cm3/ 
min, and agitation speed, 300 rev/min. 
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Fig. 6. Effect of speed of agitation on outlet concentration of 
CO2 at CAMp, o, 1.5 mol//, XAa, 10 mol%, and Q1, 40 cm3/ 
min. 

experimental results. 
The outlet concentrations of CO2 were measured according 

to the change of flow rates of mixture gases at the given 
values of XA1, CAMeo and speed of agitation. 

Fig. 5 shows a plot of the measured outlet concentration 
of CO., versus flow rate of gas mixture varied from 20 to 
120 cm3/min at constant value of inlet concentration of CO2, 
initial concentration of AMP and speed of agitation, 10 mole 
%, 1.5 mol/l, 300 rev/min, respectively. As shown Fig. 5, the 
measured outlet concentration of CO2 increased as flow rate 
of gas mixture increased. 

Decrease of absorption rate due to decrease of residence 
time of gas in the tubes may make the outlet concentration 

of CO2 increased as gas flow rate increased. 
The outlet concentrations of C O  2 w e r e  measured according 

to the change of speed of agitation at the given values of XA~, 
CAMP.o and Q1. Fig. 6 shows the plot of the outlet concentra- 
tions of CO2 versus the speed of agitation in the range 150- 
500 rev/min at xal, 10 mole %, CAMeo, 1.5 mol/l and Q1, 40 
cm3/min. As shown in Fig. 6, the outlet concentrations of 
CO2 were held constant for the change of the speed of agi- 
tation. 

Although k~ and km affect outlet concentration of  CO2 for 
physical absorption, Xa2 should be effected by km rather than 
k~ because the combined term of kL ~ and ~ becomes to be 
xlk  u D A CAMP, o in the case of absorption with fast-pseudo first- 
order reaction. 
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QI ( cm3/min ) 

Fig. 5. Effect of  flow rate of gas on outlet concentration of 
CO2 at CAMp,~ 1.5 mol//, x~,, 10 mole %, and agitation 
speed, 300 rev/min. 
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Fig. 7. Effect of inlet concentration of CO2 on outlet concen- 
tration of CO2 at Q1, 40 cm3/min, and agitation speed, 
300 rev/min. 
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Fig. 8. Effect of inlet concentration of CO2 on outlet concen- 
tration of COz at CAupo, 1.5 tool/I, and agitation speed, 
300 rev/min. 

The influence of inlet concentration of  COz on outlet con- 
centration of COz was examined by plotting XAZ versus x~l. 
Fig. 7 and 8 show typically the plots of the measured outlet 
concentration of CO2 against the inlet concentration of COz 
at concentration of AMP, 1.5 tool/l, Q~, 40 cm3/min and agi- 
tator speed, 300 rev/min. 

As shown in Fig. 7 and 8, the measured outlet concen- 
tration of COz increased and decreased as inlet concentration 
of COz increased from 5 to 40 mole %. The solid lines in 
Fig. 7 and 8 represent the calculated value from Eq. (10) for 
various values of AMP concentration and flow rate, respec- 
tively. It is interesting to note ~a t  there are maxi_nzum ranges 
in such plots which shift from right and upper side to left 
and lower side as AMP concentration increases and flow rate 
decreases in Fig. 7 and 8, respectively. 

C O N C L U S I O N  

The outlet concentrations of CO, were measured using a 
hollow fiber contained liquid membrane absorber with vari- 
ous experimental variables such as AMP concentration, in- 
let concentration of CO2, gas flow rate and speed of agita- 
tion in COjNz-AMP system in order to analysis the perfor- 
mance of HFCLM. Liquid side mass transfer coefficients were 
obtained in the range 150-500 rev/min of agitation speed in 
COz-H20 system. 

The data of absorption rate for CO~-AMP system under 
the fast reaction regime were analyzed by chemical absorp- 
tion theory to evaluate reaction rate constant as 231 I/mol - s 
using a stirred vessel with a flat gas-liquid interface at 25 ~ 

The analysis of the CO2/N2-HzO system using the film the- 
ory allows the calculation of the membrane-side-mass-trans- 
fer coefficient as 1.217• 10 5 mol/cm 2 - s - alan, which is used 
for prediction of outlet concentration of COz in CO2/Nz-AMP 
system. 

The outlet concentration of  CO2 decreased as AMP con- 
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centration increased, gas flow rates decreased and were held 
constant for speed of agitation, but had a maximum value 
in the range of inlet concentration of CO2, 0-40 mole %. 

A diffusion model based on mass transfer with fast-reac- 
tion in a modules of hollow fiber consisted of plug flow in- 
side tube and perfect mixing outside tube could predict the 

performance of the absorber by comparison theoretical values 
with measured ones. 
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N O M E N C L A T U R E  

A,, : sur face area of tube inside [cm 2] 
A,o : surface area of tube outside [cm 2] 
A,e : surface area of equivalent diameter of tube [cm z] 
Ca : concentration of CO2in bull body of liquid in a stirred 

vessel [mol//] 
C,~ : solubility of CO~ in liquid [mol/l] 
CALo : concentration of CO2 in bulk body of liquid in HFCLM 

[mol//] 
C~, : concentration of CO2 in liquid at tube outside in 

HFCLM [mol//] 
C~p.o : initial concentration of AMP [mol//] 
C~ : concentration of reactant [mol//] 
[CO,(aq)] : concentration of CO: dissolved in amine solution 

[mol//] 
DA : diffusivity of CO2 in AMP aqueous solution [cmZ/s] 
DAw : diffusivity of CO2 in water [cm-'/s] 
Di : inside diameter of tube [cm] 
Do : outside diameter of tube [em] 
D, : equivalent diameter of tube [cm] 
HA : Henry constant of CO., in liquid [atm. cm3/mol] 
HAW : Henry constant of CO2 in water [atm. cm3/mol] 
I~ : gas-side overall mass transfer cofficient [mol/cm-'. s. atm] 
km : membrane mass transfer coefficient [mol/cm 2. s. atm] 
k[ : liquid-side mass transfer coefficient [cm/s] 
kl : forward reaction rate constant in Eq. (13) [cm3/mol-s] 
k'l : backward reaction rate constant in Eq. (13) [cm3/mol.s] 
kz : forward reaction rate constant in Eq. (14) [s-~] 
kjj : second order reaction rate constant in Eq. (16) [cm3/mol.s] 
k,,,, : (re+n) order reaction rate constant [cm ~ ..... ~)/mol ('~§ 1).s] 
L : length of tube [cm] 
nA : moles of CO2 absorbed into water [mol] 
Na : mass transfer rate of CO2 [mol/cm2 s] 
Nr : number of tube [-] 
Pa, : partial pressure of CO2 at tube inside [atm] 
PA* : equilibrium partial pressure of CO2 equivalent of CALo 

[atm] 
Pr : atmospheric pressure [atm] 
P, : water vapor pressure [atm] 
QL : inlet flow rate of gas [cm3/min] 
R : gas constant [atm-cm3/rnol , K] 
[RNHz] : concentration of amine [mollO 
rA : reaction rate of COz with amine [mol/cm ~- s] 
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t : absorption time of CO2 into water [s] 
T : temperature [K] 
t : absorption time of CO2 into water [s] 
T : temperature [K] 
V : absorption volume of COz into water [cm3] 
XA : concentration of CO2 in tube [mol %] 
xA1 : inlet concentration of CO2 of tube [mol %] 
xa2 : outlet concentration of CO: of tube [mol %] 
XA, : concentration of COz at tube inside [tool %] 
x~ : equilibrium concentration of CO~ equivalent to C~o 

[mol %] 
z : position of tube [cm] 

Greek Letters 
~Xm : dimensionless constant defined by Eq. (7) 
Cto : dimensionless constant defined by Eq. (20) 

: dimensionless constant defined by Eq. (9) 
e : porosity of membrane 

: enhancement factor defined by x/kllD a C~p.o/k [ 
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