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1. INTRODUCTION

   Many countries in the world recently agreed to reduce emissions of greenhouse gases into the atmosphere or at least to keep them at the current level at the Kyoto Conference. Carbon dioxide has been proven to be 80% of a greenhouse gas, contributing to the increase of the earth’s surface temperature. And it is reported that half of the CO2 emissions are produced by industry and power plants using fossil fuels [1]. 

 The amount of interfacial area in the hollow fiber modules is about 10000m2/m3, while 1000 m2/m3 is reported in that of the conventional absorbers [2]. These advantages of the hollow fiber membrane contactor have been proved through many researches. Karoor and Sirkar [3] studied the absorption of CO2 and SO2 from CO2/N2 and SO2/air mixtures, respectively into water using a paralled flow module employing microporous polypropylene fibers. 
 The mass transfer rate in the membrane contactor module is limited by the mass transfer resistance in the gas, liquid phase and additional resistance introduced by the membrane itself. Although the interfacial area of the membrane is much more than conventional absorbers, the increase of its additional resistance can cause to decrease the mass transfer capacity of the membrane due to the resistance of the membrane itself, a resistance which is increased if the liquid wets the membrane. Therefore, we need to control the non-wetted condition of pores of membrane to keep the good performance of the membrane for gas absorption.

   In the present study, the gas absorption accompanied by chemical reaction using hollow fiber membrane absorbers was investigated in the theoretical and experimental aspects. Numerical model for mass transfer in gas absorption was developed and the CO2 absorption rate was simulated according to gas, liquid velocity and external mass transfer coefficient including mass transfer in gas and membrane. Using PTFE and PVDF membrane module, CO2 removal efficiency and flux with liquid and gas velocity were experimentally investigated and overall mass transfer coefficients were calculated. Through the comparison between the experimental results and the numerical model, we predicted the external and liquid resistances in CO2 absorption by PTFE and PVDF hollow fiber membrane. 

2. THEORY 
 Mass transfer in chemical reaction of liquid phase

   In the hollow fibers used in this study, the liquid of absorbent flow laminarly through the lumen side and the gas phase flow at the shell side in the module(Fig[1]). Firstly, the radial velocity profile vr which is formed by forced convection under assuming a fully developed laminar flow in tube is described by Eq.(1)
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Next, we can obtain Eq.(2) and Eq.(3) by establishing the differential mass balance of CO2 and MEA in the condition of chemical reaction. Conveniently, the CO2 and MEA are denoted as component A and B, respectively. 

Component A (CO2):      
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Component B (MEA):     
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The following boundary conditions for three regions are imposed on the membrane system.  
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At the membrane-liquid interface 

Component A : 
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where 
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Component B :    
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At the centerline of the tube 

Component A:    
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Component B:    
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At z=0 :        
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The concentration profiles of component A and B are obtained numerically by using Crank-Nicholson method.

3. EXPERIMENTAL 

The experimental sep-up for CO2 removal and recovery was shown in reference[6], in which it constituted hybrid process of membrane contactor and thermal stripping column. In the case of absorber, the gas containing 25% of CO2 (balance N2) was passed upstream in the tube side of the membrane module and the absorbent of MEA (2-monoethanalamine) 5wt% was supplied downstream in the shell side. The membrane contactors used as CO2 absorber in this study are the PTFE (Polytetrafluoruethylene, Sumitomo Co. Japan) and PVDF (Polyvinylidinefluoride, Krict Korea) hollow fibers. Table 1 shows the properties for each module. 
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4. RESULT AND DISCUSSION

 The calculated concentration profile of CO2 absorbed in liquid is presented in Fig. 2. In the direction of the diameter of one fiber, this figure shows the largest concentration gradient at the wall side of the fiber. This means that the gas-liquid mass transfer at membrane interface is conducted mostly at the wall side of the fiber in which the numerous pores exists. In the direction of the fiber length, the absorbed CO2 concentration is steeply increased at up side of fiber and then slightly increased along down side direction in the fiber’s wall. This initial sudden behavior results from the active mass transfer between the fresh liquid and gas phase coming into the fiber’s entrance.
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It is expected that the PTFE membrane possessing relatively large pore size decrease the CO2 absorption flux by increasing the membrane resistance. It could be proven by observing the phenomena that the absorbent easily penetrates into gas phase in the absorption test using PTFE membrane contactor. Hence, we have to control not only the hydrophobic state of membrane but also membrane pore size in order to form the stable interface between gas and liquid phase
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Fig. 3 showed the comparison of numerical and experimental fluxes in PVDF and PTFE membrane as a function of liquid velocity. When the numerical external mass transfer coefficients are 0.001m/s in PVDF and 0.0005 m/s in PTFE, respectively, the results of numerical and experimental fluxes are well agreed. As previously stated, in the numerical result the PTFE membrane had the lower mass transfer coefficient than the PVDF membrane. Finally, If we define the sum of membrane and gas phase resistance as external resistance, 1/kex, the liquid phase resistances can be obtained through the numerical external resistance and experimental overall mass transfer resistance on these two membranes.
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Fig 2.  Absorbed CO2 concentration profile in a hollow fiber.








Fig 4. The flux comparison of PTFE and PVDF membranes 


              as a function of liquid velocity.
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Table 1. Dimension and properties of absorber modules














� EMBED Word.Picture.8  ���





Fig 1. Cylindrical coordinate system in a membrane.
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Fig 3. The flux comparison of PTFE and PVDF membranes 


              as a function of liquid velocity.
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MEA-CO2

		Liquid - shell side, Gas - Tube side														Liquid - Tube side, Gas - shell side								Experimental data

		MEA - CO2 system								MEA 5wt%						MEA - CO2 system

		PVDF membrane														PVDF membrane

		Gas Cross-sectional area(Tube side) m2								7.52E-05						Liquid  Cross-sectional area(Tube side) m2								7.52E-05

		Liquid Cross-sectional area(Shell side) m2								1.89E-04						Gas Cross-sectional area(shell side) m2								1.89E-04

		Length (m)		0.23												Length (m)		0.23

		Gas surface area(Tube side) m2/m3								1154.02						Gas surface area(shell side) m2/m3								1488.1

		Liquid surface area(Shell side) m2/m3								1488.1						Liquid surface area(tube side) m2/m3								1154.02

		Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)		Flux(mol/sec.m2)		Gas(m/s)		Liq.(m/s)				Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)		Flux(mol/sec.m2)		Gas(m/s)		Liq.(m/s)		Kla (1/s)		Re.eff.[%]

		450		5

		450		10

		450		12		0.947784		0.000637		0.0997335		0.0010584				450		12		0.947784		0.0006369088		0.0396825397		2.66E-03				81.75

		450		16		1.15935		0.000779		0.0997335		0.0014112				450		16		1.15935		0.0007790807		0.0396825397		3.55E-03				100

		500		5

		500		10

		500		12		1.00188		0.000673		0.110815		0.0010584				500		12		1.00188		0.0006732612		0.0440917108		2.66E-03				77.77

		500		16		1.288		0.000866		0.110815		0.0014112				500		16		1.288		0.0008655332		0.0440917108		3.55E-03				100

		550		5

		550		10

		550		12		0.76836		0.000516		0.1218965		0.0010584				550		12		0.76836		0.0005163363		0.0485008818		2.66E-03		0.168		54.22

		550		16		1.2613		0.000848		0.1218965		0.0014112				550		16		1.2613		0.0008475909		0.0485008818		3.55E-03		0.464		89.01

		550		20		1.416988		0.000952		0.1218965		0.001764				550		20		1.416988		0.0009522129		0.0485008818		4.43E-03		0.521		100

		550		25		1.416988		0.000952		0.1218965		0.001764				550		25		1.416988		0.0009522129		0.0485008818		5.54E-03				100

		550		30		1.416988		0.000952		0.1218965		0.001764				550		30		1.416988		0.0009522129		0.0485008818		6.65E-03				100

		600		20		1.404		0.000944		0.132978		0.001764				600		20		1.404		0.000943485		0.0529100529		4.43E-03

		650		20		1.2094		0.000813		0.1440595		0.001764				650		20		1.2094		0.0008127142		0.057319224		4.43E-03

		MEA - CO2 system														MEA - CO2 system

		PTFE membrane														PTFE membrane

		Gas Cross-sectional area(Tube side) m2								5.50E-05						Liquid  Cross-sectional area(Tube side) m2								5.50E-05

		Liquid Cross-sectional area(Shell side) m2								1.13E-04						Gas Cross-sectional area(Shell side) m2								1.13E-04

		Length (m)		0.23												Length (m)		0.23

		Gas surface area(Tube side) m2/m3								700.19						Gas surface area(shell side) m2/m3								1339.5

		Liquid surface area(shell side) m2/m3								1339.5						Liquid surface area(tube side) m2/m3								700.19

		Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)		Flux(mol/sec.m2)		Gas(m/s)		Liq.(m/s)				Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)		Flux(mol/sec.m2)		Gas(m/s)		Liq.(m/s)		Kla (1/s)		Re.eff.[%]

		250		12		0.6966		0.00048		0.0137375		0.0013548				250		12		0.6966		0.00048		0.0368731563		3.64E-03				99

		250		16		0.644		0.000481		0.0137375		0.0018064				250		16		0.644		0.000481		0.0368731563		4.85E-03				100

		300		12		0.696642		0.00052		0.016485		0.0013548				300		12		0.696642		0.00052		0.0442477876		3.64E-03				90

		300		16		0.694066		0.000518		0.016485		0.0018064				300		16		0.694066		0.000518		0.0442477876		4.85E-03				92.8

		300		20		0.76342		0.00057		0.016485		0.002258				300		20		0.76342		0.00057		0.0442477876		6.06E-03				98.8

		350		12		0.707978		0.000529		0.0192325		0.0013548				350		12		0.707978		0.000529		0.0516224189		3.64E-03				78

		350		16		0.75126		0.000561		0.0192325		0.0018064				350		16		0.75126		0.000561		0.0516224189		4.85E-03				83.3

		350		20		0.83164		0.000621		0.0192325		0.002258				350		20		0.83164		0.000621		0.0516224189		6.06E-03				92.2

		400		12		0.67706		0.000505		0.02198		0.0013548				400		12		0.67706		0.000505		0.0589970501		3.64E-03		0.161		65.8

		400		16		0.79557		0.000594		0.02198		0.0018064				400		16		0.79557		0.000594		0.0589970501		4.85E-03		0.22		77.2

		400		20		0.91666		0.000684		0.02198		0.002258				400		20		0.91666		0.000684		0.0589970501		6.06E-03		0.328		88.9

		400		25		0.91666		0.000684		0.02198		0.0028225				400		25		0.91666		0.000684		0.0589970501		7.58E-03				100

		400		30		0.91666		0.000684		0.02198		0.003387				400		30		0.91666		0.000684		0.0589970501		9.09E-03				100

		MEA - CO2 system														MEA - CO2 system

		PP membrane														PP membrane

		Gas Cross-sectional area(Tube side) m2								2.55E-05						Liquid  Cross-sectional area(Tube side) m2								2.55E-05

		Liquid Cross-sectional area(Shell side) m2								1.91E-04						Gas Cross-sectional area(Shell side) m2								1.91E-04

		Length (m)		0.23												Length (m)		0.23

		Gas surface area(Tube side) m2/m3								1297.86						Gas surface area(shell side) m2/m3								2855.29

		Liquid surface area(Shell side) m2/m3								2855.29						Liquid surface area(tube side) m2/m3								1297.86

		Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)		Flux(mol/sec.m2)		Gas(m/s)		Liq.(m/s)				Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)		Flux(mol/sec.m2)		Gas(m/s)		Liq.(m/s)

		450		20		1.1593		0.0004060183		0.2941176471		1.75E-03				450		20		1.1593				0.0392670157		1.31E-02

		550		20		1.3412		0.0004697246		0.3594771242		1.75E-03				550		20		1.3412				0.0479930192		1.31E-02

		650		20		1.507882		0.0005281012		0.4248366013		1.75E-03				650		20		1.507882				0.0567190227		1.31E-02

		Overall mass transfer coefficient calculation														Simulated data

								Porosity 0.6

		PVDF		a:contact area(m2/m3)				892.86								MEA - CO2 system						PVDF membrane

		Liq.(m/s)		Kla (1/s)		1/KL		kex(m/s)		1/kex(m/s)		1/(m.kL.E)

		0.0026595745		0.168		5314.6428571429		0.001		1000		4314.6428571429				Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)		Flux(mol/sec.m2)		Gas(m/s)		Liq.(m/s)		Kla (1/s)		kex

		0.0035460993		0.464		1924.2672413793		0.001		1000		924.2672413793										0.0006310022				0.00266				0.001

		0.0044326241		0.521		1713.7428023033		0.001		1000		713.7428023033										0.00082421				0.00355				0.001

																						0.0010073231				0.00443				0.001

		PTFE		a:contact area(m2/m3)				937.64														0.001227813				0.00554				0.001

		Liq.(m/s)		Kla (1/s)		1/KL		kex(m/s)		1/kex(m/s)		1/(m.kL.E)

		0.0036363636		0.161		5823.850931677		0.0005		2000		3823.850931677				MEA - CO2 system						PTFE membrane

		0.0048484848		0.22		4262		0.0005		2000		2262

		0.0060606061		0.328		2858.6585365854		0.0005		2000		858.6585365854				Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)		Flux(mol/sec.m2)		Gas(m/s)		Liq.(m/s)		Kla (1/s)		kex

																						0.000836822				0.00758				0.0005

																						0.0006926852				0.00606				0.0005

																						0.0005704563				0.00485				0.0005

		1/KL=1/kg+1/km+1/m.kL.E																				0.0004409319				0.00364				0.0005

		1/kex=1/kg+1/km

		1/KL=1/km+1/m.kL.E
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0

0

0

0

0

0

0

0

0

0

0

0



MEA-CO2 (final)

		0		0		0		0		0		0		0

		0		0		0		0		0		0		0

						0				0		0		0

						0								0

						0								0



PVG0.0396

PVG0.044

PVG0.0485

PTG0.0368

PTG0.0442

PTG0.0516

PTG0.058

Liquid velocity[m/s]

CO2 Flux[mol/m2.sec]

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



resistance

		0		0		0		0		0		0

		0		0		0		0		0		0

						0						0

						0						0

						0						0



Gas velocity
     [m/s]

0.0485

0.0396

0.044

0.0396

0.044

0.0485

0.0396

0.044

0.0485

Liquid velocity[m/s]

CO2 Removal Efficiency[%]

CO2 Flux [mol/s.m2]

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

				0		0				0		0		0		0

														0		0

														0		0



Gas velocity
     [m/s]

0.044

0.037

0.052

0.059

0.037

0.044

0.052

0.037

0.044

0.052

0.059

0.059

Liquid velocity[m/s]

CO2 Removal Efficiency[%]

CO2 Flux [mol/s.m2]

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



		0.00364		0.00364		0.00364		0.00364

		0.00485		0.00485		0.00485		0.00485

		0.00606		0.00606		0.00606		0.00606

		0.00758		0.00758		0.00758		0.00758



kex = 0.0005

kex = 0.05

kex = 0.005

kex = 0.00005

kex0.00005

kex0.0005

kex0.005

kex0.05

Liquid velocity[m/s]

CA Flux [mol/sec.m2]

0.000244114

0.0004409319

0.000479988

0.0004842839

0.0002785433

0.0005704563

0.0006381305

0.0006458062

0.0003043514

0.0006926852

0.0007955611

0.0008075805

0.0003288774

0.000836822

0.0009923218

0.0010111544



		0.00266		0.00266		0.00266		0.00266

		0.00355		0.00355		0.00355		0.00355

		0.00443		0.00443		0.00443		0.00443

		0.00554		0.00554		0.00554		0.00554



kex = 0.01

kex = 0.00001

kex = 0.0001

kex = 0.001

kex0.01

kex0.001

kex0.0001

kex0.00001

Liquid Velocity [m/s]

CA Flux[mol/sec.m2]

0.0006706776

0.0006310022

0.0003980217

0.0000863977

0.0008938603

0.00082421

0.0004658202

0.0000891123

0.0011139059

0.0010073231

0.000518267

0.0000908101

0.0013905732

0.001227813

0.0005702086

0.0000922351



		Liquid - shell side, Gas - Tube side														Liquid - Tube side, Gas - shell side

		H2O- CO2 system														H2O- CO2 system

		PVDF membrane														PVDF membrane

		Gas Cross-sectional area(Tube side) m2								7.52E-05						Liquid  Cross-sectional area(Tube side) m2								7.52E-05

		Liquid Cross-sectional area(Shell side) m2								1.89E-04						Gas Cross-sectional area(shell side) m2								1.89E-04

		Length (m)		0.23												Length (m)		0.23

		Gas surface area(Tube side) m2/m3								1154.02						Gas surface area(shell side) m2/m3								1488.1

		Liquid surface area(Shell side) m2/m3								1488.1						Liquid surface area(tube side) m2/m3								1154.02

		Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)		Flux(mol/sec.m2)		Gas(m/s)		Liq.(m/s)				Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)		Flux(mol/sec.m2)		Gas(m/s)		Liq.(m/s)

		20		20		0.02782										20		20		0.02782		0.000018695		0.0017636684		4.43E-03

		20		40		0.03916				0.0044326		0.003528				20		40		0.03916		0.0000263154		0.0017636684		8.87E-03

		20		60		0.0406				0.0044326		0.005292				20		60		0.0406		0.0000272831		0.0017636684		1.33E-02

		40		20		0.02782										40		20		0.02782		0.000018695		0.0035273369		4.43E-03

		40		40		0.06492				0.0088652		0.003528				40		40		0.06492		0.0000436261		0.0035273369		8.87E-03

		40		60		0.074198				0.0088652		0.005292				40		60		0.074198		0.0000498609		0.0035273369		1.33E-02

		60		20		0.028855				0.0132978		0.001764				60		20		0.028855		0.0000193905		0.0052910053		4.43E-03

		60		40		0.07				0.1218965		0.001764				60		40		0.07		0.0000470398		0.0052910053		8.87E-03

		60		60		0.090687				0.1218965		0.001764				60		60		0.090687		0.0000609415		0.0052910053		1.33E-02

		H2O - CO2 system														H2O - CO2 system

		PTFE membrane														PTFE membrane

		Gas Cross-sectional area(Tube side) m2								5.50E-05						Liquid  Cross-sectional area(Tube side) m2								5.50E-05

		Liquid Cross-sectional area(Shell side) m2								1.13E-04						Gas Cross-sectional area(Shell side) m2								1.13E-04

		Length (m)		0.23												Length (m)		0.23

		Gas surface area(Tube side) m2/m3								700.19						Gas surface area(shell side) m2/m3								1339.5

		Liquid surface area(shell side) m2/m3								1339.5						Liquid surface area(tube side) m2/m3								700.19

		Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)		Flux(mol/sec.m2)		Gas(m/s)		Liq.(m/s)				Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)		Flux(mol/sec.m2)		Gas(m/s)		Liq.(m/s)

		70		20		0.15973				0.0038465		0.002258				70		20		0.15973		0.000119246		0.0103244838		6.06E-03

		70		30		0.179828				0.0038465		0.003387				70		30		0.179828		0.000134250		0.0103244838		9.09E-03

		100		20		0.113049				0.005495		0.002258				100		20		0.113049		0.000084396		0.0147492625		6.06E-03

		100		30		0.148912				0.005495		0.003387				100		30		0.148912		0.000111170		0.0147492625		9.09E-03

		100		40		0.171275				0.005495		0.004516				100		40		0.171275		0.000127865		0.0147492625		1.21E-02

		150		20		0.1283				0.0082425		0.002258				150		20		0.1283		0.000095782		0.0221238938		6.06E-03

		150		30		0.169317				0.0082425		0.003387				150		30		0.169317		0.000126403		0.0221238938		9.09E-03

		150		40		0.1860119				0.0082425		0.004516				150		40		0.1860119		0.000138867		0.0221238938		1.21E-02

		200		40		0.190546				0.01099		0.004516				200		40		0.190546		0.000142252		0.0294985251		1.21E-02



&R&P/&N



		0		0

		0		0

		0		0



PVDF 60

PTFE 150

Liquid velocity [m/s]

Flux [mol/sec.m2]

0

0

0

0

0

0



		Liquid - shell side, Gas - Tube side														Liquid - Tube side, Gas - shell side								Experimental data

		MEA - CO2 system								MEA 5wt%						MEA - CO2 system

		PVDF membrane														PVDF membrane

		Gas Cross-sectional area(Tube side) m2								7.52E-05						Liquid  Cross-sectional area(Tube side) m2								7.52E-05

		Liquid Cross-sectional area(Shell side) m2								1.89E-04						Gas Cross-sectional area(shell side) m2								1.89E-04

		Length (m)		0.23												Length (m)		0.23

		Gas surface area(Tube side) m2/m3								1154.02						Gas surface area(shell side) m2/m3								1488.1

		Liquid surface area(Shell side) m2/m3								1488.1						Liquid surface area(tube side) m2/m3								1154.02

		Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)		Flux(mol/sec.m2)		Gas(m/s)		Liq.(m/s)				Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)		Flux(mol/sec.m2)		Gas(m/s)		Liq.(m/s)		Kla (1/s)		Re.eff.[%]

		450		5

		450		10

		450		12		0.947784		0.000637		0.0997335		0.0010584				450		12		0.947784		0.0006369088		0.0396825397		2.66E-03				81.75

		450		16		1.15935		0.000779		0.0997335		0.0014112				450		16		1.15935		0.0007790807		0.0396825397		3.55E-03				100

		500		5

		500		10

		500		12		1.00188		0.000673		0.110815		0.0010584				500		12		1.00188		0.0006732612		0.0440917108		2.66E-03				77.77

		500		16		1.288		0.000866		0.110815		0.0014112				500		16		1.288		0.0008655332		0.0440917108		3.55E-03				100

		550		5

		550		10

		550		12		0.76836		0.000516		0.1218965		0.0010584				550		12		0.76836		0.0005163363		0.0485008818		2.66E-03		0.168		54.22

		550		16		1.2613		0.000848		0.1218965		0.0014112				550		16		1.2613		0.0008475909		0.0485008818		3.55E-03		0.464		89.01

		550		20		1.416988		0.000952		0.1218965		0.001764				550		20		1.416988		0.0009522129		0.0485008818		4.43E-03		0.521		100

		550		25		1.416988		0.000952		0.1218965		0.001764				550		25		1.416988		0.0009522129		0.0485008818		5.54E-03				100

		550		30		1.416988		0.000952		0.1218965		0.001764				550		30		1.416988		0.0009522129		0.0485008818		6.65E-03				100

		600		20		1.404		0.000944		0.132978		0.001764				600		20		1.404		0.000943485		0.0529100529		4.43E-03

		650		20		1.2094		0.000813		0.1440595		0.001764				650		20		1.2094		0.0008127142		0.057319224		4.43E-03

		MEA - CO2 system														MEA - CO2 system

		PTFE membrane														PTFE membrane

		Gas Cross-sectional area(Tube side) m2								5.50E-05						Liquid  Cross-sectional area(Tube side) m2								5.50E-05

		Liquid Cross-sectional area(Shell side) m2								1.13E-04						Gas Cross-sectional area(Shell side) m2								1.13E-04

		Length (m)		0.23												Length (m)		0.23

		Gas surface area(Tube side) m2/m3								700.19						Gas surface area(shell side) m2/m3								1339.5

		Liquid surface area(shell side) m2/m3								1339.5						Liquid surface area(tube side) m2/m3								700.19

		Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)		Flux(mol/sec.m2)		Gas(m/s)		Liq.(m/s)				Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)		Flux(mol/sec.m2)		Gas(m/s)		Liq.(m/s)		Kla (1/s)		Re.eff.[%]

		250		12		0.6966		0.00048		0.0137375		0.0013548				250		12		0.6966		0.00048		0.0368731563		3.64E-03				99

		250		16		0.644		0.000481		0.0137375		0.0018064				250		16		0.644		0.000481		0.0368731563		4.85E-03				100

		300		12		0.696642		0.00052		0.016485		0.0013548				300		12		0.696642		0.00052		0.0442477876		3.64E-03				90

		300		16		0.694066		0.000518		0.016485		0.0018064				300		16		0.694066		0.000518		0.0442477876		4.85E-03				92.8

		300		20		0.76342		0.00057		0.016485		0.002258				300		20		0.76342		0.00057		0.0442477876		6.06E-03				98.8

		350		12		0.707978		0.000529		0.0192325		0.0013548				350		12		0.707978		0.000529		0.0516224189		3.64E-03				78

		350		16		0.75126		0.000561		0.0192325		0.0018064				350		16		0.75126		0.000561		0.0516224189		4.85E-03				83.3

		350		20		0.83164		0.000621		0.0192325		0.002258				350		20		0.83164		0.000621		0.0516224189		6.06E-03				92.2

		400		12		0.67706		0.000505		0.02198		0.0013548				400		12		0.67706		0.000505		0.0589970501		3.64E-03		0.161		65.8

		400		16		0.79557		0.000594		0.02198		0.0018064				400		16		0.79557		0.000594		0.0589970501		4.85E-03		0.22		77.2

		400		20		0.91666		0.000684		0.02198		0.002258				400		20		0.91666		0.000684		0.0589970501		6.06E-03		0.328		88.9

		400		25		0.91666		0.000684		0.02198		0.0028225				400		25		0.91666		0.000684		0.0589970501		7.58E-03				100

		400		30		0.91666		0.000684		0.02198		0.003387				400		30		0.91666		0.000684		0.0589970501		9.09E-03				100

		MEA - CO2 system														MEA - CO2 system

		PP membrane														PP membrane

		Gas Cross-sectional area(Tube side) m2								2.55E-05						Liquid  Cross-sectional area(Tube side) m2								2.55E-05

		Liquid Cross-sectional area(Shell side) m2								1.91E-04						Gas Cross-sectional area(Shell side) m2								1.91E-04

		Length (m)		0.23												Length (m)		0.23

		Gas surface area(Tube side) m2/m3								1297.86						Gas surface area(shell side) m2/m3								2855.29

		Liquid surface area(Shell side) m2/m3								2855.29						Liquid surface area(tube side) m2/m3								1297.86

		Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)		Flux(mol/sec.m2)		Gas(m/s)		Liq.(m/s)				Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)		Flux(mol/sec.m2)		Gas(m/s)		Liq.(m/s)

		450		20		1.1593		0.0004060183		0.2941176471		1.75E-03				450		20		1.1593				0.0392670157		1.31E-02

		550		20		1.3412		0.0004697246		0.3594771242		1.75E-03				550		20		1.3412				0.0479930192		1.31E-02

		650		20		1.507882		0.0005281012		0.4248366013		1.75E-03				650		20		1.507882				0.0567190227		1.31E-02

		Overall mass transfer coefficient calculation														Simulated data

								Effective Porosity 0.37

		PVDF		a:contact area(m2/m3)				560								MEA - CO2 system						PVDF membrane

		Liq.(m/s)		Kla (1/s)		1/KL		kex(m/s)		1/kex(m/s)		1/(m.kL.E)

		0.0026595745		0.168		3333.3333333333		0.001		1000		2333.3333333333				Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)		Flux(mol/sec.m2)		Gas(m/s)		Liq.(m/s)		Kla (1/s)		kex

		0.0035460993		0.464		1206.8965517241		0.001		1000		206.8965517241										0.0006310022				0.00266				0.001

		0.0044326241		0.521		1074.8560460653		0.001		1000		74.8560460653										0.00082421				0.00355				0.001

																						0.0010073231				0.00443				0.001

		PTFE		a:contact area(m2/m3)				937.64														0.001227813				0.00554				0.001

		Liq.(m/s)		Kla (1/s)		1/KL		kex(m/s)		1/kex(m/s)		1/(m.kL.E)										2.15E-03				0.01

		0.0036363636		0.161		5823.850931677		0.0005		2000		3823.850931677				MEA - CO2 system						PTFE membrane

		0.0048484848		0.22		4262		0.0005		2000		2262

		0.0060606061		0.328		2858.6585365854		0.0005		2000		858.6585365854				Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)		Flux(mol/sec.m2)		Gas(m/s)		Liq.(m/s)		Kla (1/s)		kex

																						1.04E-03				0.01

																						0.000836822				0.00758				0.0005

																						0.0006926852				0.00606				0.0005

																						0.0005704563				0.00485				0.0005

		1/KL=1/kg+1/km+1/m.kL.E																				0.0004409319				0.00364				0.0005

		1/kex=1/kg+1/km																				1.04E-03				0.01

		1/KL=1/km+1/m.kL.E
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		0		0		0		0

		0		0		0		0

		0		0		0		0

						0		0



kex=0.001

kex=0.0005

PVDF(Experimental)

PTFE(Experimental)

PVDF(Numerical)

PTFE(Numerical)

Liquid velocity [m/s]

CO2 Flux [mol/sec.m2]

0

0

0

0

0

0

0

0

0

0

0

0

0

0



		0		0		0		0

		0		0		0		0

		0		0		0		0



PVDF(Experimental)

PTFE(Experimental)

PVDF(Numerical)

PTFE(Numerical)

Liquid velocity [m/s]

KLa [1/s]

1/(m.kL.E)

0

0

0

0

0

0

0

0

0

0

0

0



		0		0		0		0		0		0		0

		0		0		0		0		0		0		0

						0				0		0		0
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						0								0



PVG0.0396

PVG0.044

PVG0.0485

PTG0.0368

PTG0.0442

PTG0.0516

PTG0.058

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



		0		0		0		0		0		0

		0		0		0		0		0		0

						0						0

						0						0

						0						0



Gas velocity
     [m/s]

0.0485

0.0396

0.044

0.0396

0.044

0.0485

0.0396

0.044

0.0485

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

				0		0				0		0		0		0

														0		0

														0		0



Gas velocity
     [m/s]

0.044

0.037

0.052

0.059

0.037

0.044

0.052

0.037
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		0.00364		0.00364		0.00364		0.00364
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		0.00606		0.00606		0.00606		0.00606
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		Overall mass transfer coefficient calculation

								Effective Porosity 0.37														Effective Porosity 0.37

		PVDF		a:contact area(m2/m3)				560								PVDF		a:contact area(m2/m3)				560

		Liq.(m/s)		Kla (1/s)		1/KL		kex(m/s)		1/kex(m/s)		1/(m.kL.E)				Liq.(m/s)		Kla (1/s)		1/Kla(s)		1/kex(m/s)		1/(kex.a)(s)		1/(m.kL.E)		1/(kL.E.a)		1/KL (s/m)		KL (m/s)

		0.0026595745		0.168		3333.3333333333		0.001		1000		2333.3333333333				0.0026595745		0.168		5.9523809524		1000		1.7857142857		2333.3333333333		4.1666666667		3333.3333333333		0.0003

		0.0035460993		0.464		1206.8965517241		0.001		1000		206.8965517241				0.0035460993		0.464		2.1551724138		1000		1.7857142857		206.8965517241		0.3694581281		1206.8965517241		0.0008285714

		0.0044326241		0.521		1074.8560460653		0.001		1000		74.8560460653				0.0044326241		0.521		1.9193857965		1000		1.7857142857		74.8560460653		0.1336715108		1074.8560460653		0.0009303571

		PTFE		a:contact area(m2/m3)				937.64								PTFE		a:contact area(m2/m3)				937.64

		Liq.(m/s)		Kla (1/s)		1/KL		kex(m/s)		1/kex(m/s)		1/(m.kL.E)				Liq.(m/s)		Kla (1/s)		1/Kla(s)		1/kex(m/s)		1/(kex.a)(s)		1/(m.kL.E)		1/(kL.E.a)		1/KL (s/m)		KL (m/s)

		0.0036363636		0.161		5823.850931677		0.0005		2000		3823.850931677				0.0036363636		0.161		6.2111801242		2000		2.1330148031		3823.850931677		4.0781653211		5823.850931677		0.0001717077

		0.0048484848		0.22		4262		0.0005		2000		2262				0.0048484848		0.22		4.5454545455		2000		2.1330148031		2262		2.4124397423		4262		0.0002346316

		0.0060606061		0.328		2858.6585365854		0.0005		2000		858.6585365854				0.0060606061		0.328		3.0487804878		2000		2.1330148031		858.6585365854		0.9157656847		2858.6585365854		0.0003498144

																NaOH(2M)				a=2320m2/m3

																				1/Kla(s)		1/kga		1/kma				1/(kL.E.a)

		1/KL=1/kg+1/km+1/m.kL.E																		0.813		0.1734		0.548				0.0916

		1/kex=1/kg+1/km																		1/Kl(s)		1/kg		1/km				1/(kL.E)

		1/KL=1/km+1/m.kL.E																		1886.16		402.288		1271.36				212.512
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		0.0026595745		0.0036363636		0.00266		0.00758

		0.0035460993		0.0048484848		0.00355		0.00606

		0.0044326241		0.0060606061		0.00443		0.00485

						0.00554		0.00364



kex=0.001

kex=0.0005

PVDF(Experimental)

PTFE(Experimental)

PVDF(Numerical)

PTFE(Numerical)

Liquid velocity [m/s]

CO2 Flux [mol/sec.m2]

0.0005163363
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0.0006310022

0.000836822

0.0008475909
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0.001227813
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MEA-CO2

		Liquid - shell side, Gas - Tube side														Liquid - Tube side, Gas - shell side								Experimental data

										MEA 5wt%

		PVDF membrane														PVDF membrane

										7.52E-05														7.52E-05

										1.89E-04														1.89E-04

		Length (m)		0.23												Length (m)		0.23

										1154.02														1488.1

										1488.1														1154.02

		Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)				Gas(m/s)		Liq.(m/s)				Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)				Gas(m/s)		Liq.(m/s)		Kla (1/s)		Re.eff.[%]

		450		5

		450		10

		450		12		0.947784		0.000637		0.0997335		0.0010584				450		12		0.947784		0.0006369088		0.0396825397		2.66E-03				81.75

		450		16		1.15935		0.000779		0.0997335		0.0014112				450		16		1.15935		0.0007790807		0.0396825397		3.55E-03				100

		500		5

		500		10

		500		12		1.00188		0.000673		0.110815		0.0010584				500		12		1.00188		0.0006732612		0.0440917108		2.66E-03				77.77

		500		16		1.288		0.000866		0.110815		0.0014112				500		16		1.288		0.0008655332		0.0440917108		3.55E-03				100

		550		5

		550		10

		550		12		0.76836		0.000516		0.1218965		0.0010584				550		12		0.76836		0.0005163363		0.0485008818		2.66E-03		0.168		54.22

		550		16		1.2613		0.000848		0.1218965		0.0014112				550		16		1.2613		0.0008475909		0.0485008818		3.55E-03		0.464		89.01

		550		20		1.416988		0.000952		0.1218965		0.001764				550		20		1.416988		0.0009522129		0.0485008818		4.43E-03		0.521		100

		550		25		1.416988		0.000952		0.1218965		0.001764				550		25		1.416988		0.0009522129		0.0485008818		5.54E-03				100

		550		30		1.416988		0.000952		0.1218965		0.001764				550		30		1.416988		0.0009522129		0.0485008818		6.65E-03				100

		600		20		1.404		0.000944		0.132978		0.001764				600		20		1.404		0.000943485		0.0529100529		4.43E-03

		650		20		1.2094		0.000813		0.1440595		0.001764				650		20		1.2094		0.0008127142		0.057319224		4.43E-03

		PTFE membrane														PTFE membrane

										5.50E-05														5.50E-05

										1.13E-04														1.13E-04

		Length (m)		0.23												Length (m)		0.23

										700.19														1339.5

										1339.5														700.19

		Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)				Gas(m/s)		Liq.(m/s)				Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)				Gas(m/s)		Liq.(m/s)		Kla (1/s)		Re.eff.[%]

		250		12		0.6966		0.00048		0.0137375		0.0013548				250		12		0.6966		0.00048		0.0368731563		3.64E-03				99

		250		16		0.644		0.000481		0.0137375		0.0018064				250		16		0.644		0.000481		0.0368731563		4.85E-03				100

		300		12		0.696642		0.00052		0.016485		0.0013548				300		12		0.696642		0.00052		0.0442477876		3.64E-03				90

		300		16		0.694066		0.000518		0.016485		0.0018064				300		16		0.694066		0.000518		0.0442477876		4.85E-03				92.8

		300		20		0.76342		0.00057		0.016485		0.002258				300		20		0.76342		0.00057		0.0442477876		6.06E-03				98.8

		350		12		0.707978		0.000529		0.0192325		0.0013548				350		12		0.707978		0.000529		0.0516224189		3.64E-03				78

		350		16		0.75126		0.000561		0.0192325		0.0018064				350		16		0.75126		0.000561		0.0516224189		4.85E-03				83.3

		350		20		0.83164		0.000621		0.0192325		0.002258				350		20		0.83164		0.000621		0.0516224189		6.06E-03				92.2

		400		12		0.67706		0.000505		0.02198		0.0013548				400		12		0.67706		0.000505		0.0589970501		3.64E-03		0.161		65.8

		400		16		0.79557		0.000594		0.02198		0.0018064				400		16		0.79557		0.000594		0.0589970501		4.85E-03		0.22		77.2

		400		20		0.91666		0.000684		0.02198		0.002258				400		20		0.91666		0.000684		0.0589970501		6.06E-03		0.328		88.9

		400		25		0.91666		0.000684		0.02198		0.0028225				400		25		0.91666		0.000684		0.0589970501		7.58E-03				100

		400		30		0.91666		0.000684		0.02198		0.003387				400		30		0.91666		0.000684		0.0589970501		9.09E-03				100

		PP membrane														PP membrane

										2.55E-05														2.55E-05

										1.91E-04														1.91E-04

		Length (m)		0.23												Length (m)		0.23

										1297.86														2855.29

										2855.29														1297.86

		Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)				Gas(m/s)		Liq.(m/s)				Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)				Gas(m/s)		Liq.(m/s)

		450		20		1.1593		0.0004060183		0.2941176471		1.75E-03				450		20		1.1593				0.0392670157		1.31E-02

		550		20		1.3412		0.0004697246		0.3594771242		1.75E-03				550		20		1.3412				0.0479930192		1.31E-02

		650		20		1.507882		0.0005281012		0.4248366013		1.75E-03				650		20		1.507882				0.0567190227		1.31E-02

		Overall mass transfer coefficient calculation														Simulated data

								Porosity 0.6

		PVDF		a:contact area(m2/m3)				892.86														PVDF membrane

		Liq.(m/s)		Kla (1/s)		1/KL		kex(m/s)		1/kex(m/s)		1/(m.kL.E)

		0.0026595745		0.168		5314.6428571429		0.001		1000		4314.6428571429				Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)				Gas(m/s)		Liq.(m/s)		Kla (1/s)		kex

		0.0035460993		0.464		1924.2672413793		0.001		1000		924.2672413793										0.0006310022				0.00266				0.001

		0.0044326241		0.521		1713.7428023033		0.001		1000		713.7428023033										0.00082421				0.00355				0.001

																						0.0010073231				0.00443				0.001

		PTFE		a:contact area(m2/m3)				937.64														0.001227813				0.00554				0.001

		Liq.(m/s)		Kla (1/s)		1/KL		kex(m/s)		1/kex(m/s)		1/(m.kL.E)

		0.0036363636		0.161		5823.850931677		0.0005		2000		3823.850931677										PTFE membrane

		0.0048484848		0.22		4262		0.0005		2000		2262

		0.0060606061		0.328		2858.6585365854		0.0005		2000		858.6585365854				Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)				Gas(m/s)		Liq.(m/s)		Kla (1/s)		kex

																						0.000836822				0.00758				0.0005

																						0.0006926852				0.00606				0.0005

																						0.0005704563				0.00485				0.0005

		1/KL=1/kg+1/km+1/m.kL.E																				0.0004409319				0.00364				0.0005

		1/kex=1/kg+1/km

		1/KL=1/km+1/m.kL.E
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		0.00364		0.00364		0.00364		0.00364

		0.00485		0.00485		0.00485		0.00485

		0.00606		0.00606		0.00606		0.00606

		0.00758		0.00758		0.00758		0.00758



kex = 0.0005
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kex = 0.01

kex = 0.00001

kex = 0.0001
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kex0.01
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		Liquid - shell side, Gas - Tube side														Liquid - Tube side, Gas - shell side

		PVDF membrane														PVDF membrane

										7.52E-05														7.52E-05

										1.89E-04														1.89E-04

		Length (m)		0.23												Length (m)		0.23

										1154.02														1488.1

										1488.1														1154.02

		Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)				Gas(m/s)		Liq.(m/s)				Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)				Gas(m/s)		Liq.(m/s)

		20		20		0.02782										20		20		0.02782		0.000018695		0.0017636684		4.43E-03

		20		40		0.03916				0.0044326		0.003528				20		40		0.03916		0.0000263154		0.0017636684		8.87E-03

		20		60		0.0406				0.0044326		0.005292				20		60		0.0406		0.0000272831		0.0017636684		1.33E-02

		40		20		0.02782										40		20		0.02782		0.000018695		0.0035273369		4.43E-03

		40		40		0.06492				0.0088652		0.003528				40		40		0.06492		0.0000436261		0.0035273369		8.87E-03

		40		60		0.074198				0.0088652		0.005292				40		60		0.074198		0.0000498609		0.0035273369		1.33E-02

		60		20		0.028855				0.0132978		0.001764				60		20		0.028855		0.0000193905		0.0052910053		4.43E-03

		60		40		0.07				0.1218965		0.001764				60		40		0.07		0.0000470398		0.0052910053		8.87E-03

		60		60		0.090687				0.1218965		0.001764				60		60		0.090687		0.0000609415		0.0052910053		1.33E-02

		PTFE membrane														PTFE membrane

										5.50E-05														5.50E-05

										1.13E-04														1.13E-04

		Length (m)		0.23												Length (m)		0.23

										700.19														1339.5

										1339.5														700.19

		Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)				Gas(m/s)		Liq.(m/s)				Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)				Gas(m/s)		Liq.(m/s)

		70		20		0.15973				0.0038465		0.002258				70		20		0.15973		0.000119246		0.0103244838		6.06E-03

		70		30		0.179828				0.0038465		0.003387				70		30		0.179828		0.000134250		0.0103244838		9.09E-03

		100		20		0.113049				0.005495		0.002258				100		20		0.113049		0.000084396		0.0147492625		6.06E-03

		100		30		0.148912				0.005495		0.003387				100		30		0.148912		0.000111170		0.0147492625		9.09E-03

		100		40		0.171275				0.005495		0.004516				100		40		0.171275		0.000127865		0.0147492625		1.21E-02

		150		20		0.1283				0.0082425		0.002258				150		20		0.1283		0.000095782		0.0221238938		6.06E-03

		150		30		0.169317				0.0082425		0.003387				150		30		0.169317		0.000126403		0.0221238938		9.09E-03

		150		40		0.1860119				0.0082425		0.004516				150		40		0.1860119		0.000138867		0.0221238938		1.21E-02

		200		40		0.190546				0.01099		0.004516				200		40		0.190546		0.000142252		0.0294985251		1.21E-02
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		Liquid - shell side, Gas - Tube side														Liquid - Tube side, Gas - shell side								Experimental data

										MEA 5wt%

		PVDF membrane														PVDF membrane

										7.52E-05														7.52E-05

										1.89E-04														1.89E-04

		Length (m)		0.23												Length (m)		0.23

										1154.02														1488.1

										1488.1														1154.02

		Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)				Gas(m/s)		Liq.(m/s)				Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)				Gas(m/s)		Liq.(m/s)		Kla (1/s)		Re.eff.[%]

		450		5

		450		10

		450		12		0.947784		0.000637		0.0997335		0.0010584				450		12		0.947784		0.0006369088		0.0396825397		2.66E-03				81.75

		450		16		1.15935		0.000779		0.0997335		0.0014112				450		16		1.15935		0.0007790807		0.0396825397		3.55E-03				100

		500		5

		500		10

		500		12		1.00188		0.000673		0.110815		0.0010584				500		12		1.00188		0.0006732612		0.0440917108		2.66E-03				77.77

		500		16		1.288		0.000866		0.110815		0.0014112				500		16		1.288		0.0008655332		0.0440917108		3.55E-03				100

		550		5

		550		10

		550		12		0.76836		0.000516		0.1218965		0.0010584				550		12		0.76836		0.0005163363		0.0485008818		2.66E-03		0.168		54.22

		550		16		1.2613		0.000848		0.1218965		0.0014112				550		16		1.2613		0.0008475909		0.0485008818		3.55E-03		0.464		89.01

		550		20		1.416988		0.000952		0.1218965		0.001764				550		20		1.416988		0.0009522129		0.0485008818		4.43E-03		0.521		100

		550		25		1.416988		0.000952		0.1218965		0.001764				550		25		1.416988		0.0009522129		0.0485008818		5.54E-03				100

		550		30		1.416988		0.000952		0.1218965		0.001764				550		30		1.416988		0.0009522129		0.0485008818		6.65E-03				100

		600		20		1.404		0.000944		0.132978		0.001764				600		20		1.404		0.000943485		0.0529100529		4.43E-03

		650		20		1.2094		0.000813		0.1440595		0.001764				650		20		1.2094		0.0008127142		0.057319224		4.43E-03

		PTFE membrane														PTFE membrane

										5.50E-05														5.50E-05

										1.13E-04														1.13E-04

		Length (m)		0.23												Length (m)		0.23

										700.19														1339.5

										1339.5														700.19

		Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)				Gas(m/s)		Liq.(m/s)				Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)				Gas(m/s)		Liq.(m/s)		Kla (1/s)		Re.eff.[%]

		250		12		0.6966		0.00048		0.0137375		0.0013548				250		12		0.6966		0.00048		0.0368731563		3.64E-03				99

		250		16		0.644		0.000481		0.0137375		0.0018064				250		16		0.644		0.000481		0.0368731563		4.85E-03				100

		300		12		0.696642		0.00052		0.016485		0.0013548				300		12		0.696642		0.00052		0.0442477876		3.64E-03				90

		300		16		0.694066		0.000518		0.016485		0.0018064				300		16		0.694066		0.000518		0.0442477876		4.85E-03				92.8

		300		20		0.76342		0.00057		0.016485		0.002258				300		20		0.76342		0.00057		0.0442477876		6.06E-03				98.8

		350		12		0.707978		0.000529		0.0192325		0.0013548				350		12		0.707978		0.000529		0.0516224189		3.64E-03				78

		350		16		0.75126		0.000561		0.0192325		0.0018064				350		16		0.75126		0.000561		0.0516224189		4.85E-03				83.3

		350		20		0.83164		0.000621		0.0192325		0.002258				350		20		0.83164		0.000621		0.0516224189		6.06E-03				92.2

		400		12		0.67706		0.000505		0.02198		0.0013548				400		12		0.67706		0.000505		0.0589970501		3.64E-03		0.161		65.8

		400		16		0.79557		0.000594		0.02198		0.0018064				400		16		0.79557		0.000594		0.0589970501		4.85E-03		0.22		77.2

		400		20		0.91666		0.000684		0.02198		0.002258				400		20		0.91666		0.000684		0.0589970501		6.06E-03		0.328		88.9

		400		25		0.91666		0.000684		0.02198		0.0028225				400		25		0.91666		0.000684		0.0589970501		7.58E-03				100

		400		30		0.91666		0.000684		0.02198		0.003387				400		30		0.91666		0.000684		0.0589970501		9.09E-03				100

		PP membrane														PP membrane

										2.55E-05														2.55E-05

										1.91E-04														1.91E-04

		Length (m)		0.23												Length (m)		0.23

										1297.86														2855.29

										2855.29														1297.86

		Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)				Gas(m/s)		Liq.(m/s)				Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)				Gas(m/s)		Liq.(m/s)

		450		20		1.1593		0.0004060183		0.2941176471		1.75E-03				450		20		1.1593				0.0392670157		1.31E-02

		550		20		1.3412		0.0004697246		0.3594771242		1.75E-03				550		20		1.3412				0.0479930192		1.31E-02

		650		20		1.507882		0.0005281012		0.4248366013		1.75E-03				650		20		1.507882				0.0567190227		1.31E-02

		Overall mass transfer coefficient calculation														Simulated data

								Effective Porosity 0.37

		PVDF		a:contact area(m2/m3)				560														PVDF membrane

		Liq.(m/s)		Kla (1/s)		1/KL		kex(m/s)		1/kex(m/s)		1/(m.kL.E)

		0.0026595745		0.168		3333.3333333333		0.001		1000		2333.3333333333				Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)				Gas(m/s)		Liq.(m/s)		Kla (1/s)		kex

		0.0035460993		0.464		1206.8965517241		0.001		1000		206.8965517241										0.0006310022				0.00266				0.001

		0.0044326241		0.521		1074.8560460653		0.001		1000		74.8560460653										0.00082421				0.00355				0.001

																						0.0010073231				0.00443				0.001

		PTFE		a:contact area(m2/m3)				937.64														0.001227813				0.00554				0.001

		Liq.(m/s)		Kla (1/s)		1/KL		kex(m/s)		1/kex(m/s)		1/(m.kL.E)										2.15E-03				0.01

		0.0036363636		0.161		5823.850931677		0.0005		2000		3823.850931677										PTFE membrane

		0.0048484848		0.22		4262		0.0005		2000		2262

		0.0060606061		0.328		2858.6585365854		0.0005		2000		858.6585365854				Gas(cc/min)		Liq.(cc/min)		R(mol/s.m3)				Gas(m/s)		Liq.(m/s)		Kla (1/s)		kex

																						1.04E-03				0.01

																						0.000836822				0.00758				0.0005

																						0.0006926852				0.00606				0.0005

																						0.0005704563				0.00485				0.0005

		1/KL=1/kg+1/km+1/m.kL.E																				0.0004409319				0.00364				0.0005

		1/kex=1/kg+1/km																				1.04E-03				0.01

		1/KL=1/km+1/m.kL.E
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		0.00364		0.00364		0.00364		0.00364

		0.00485		0.00485		0.00485		0.00485

		0.00606		0.00606		0.00606		0.00606

		0.00758		0.00758		0.00758		0.00758



kex = 0.0005

kex = 0.05

kex = 0.005

kex = 0.00005

kex0.00005

kex0.0005

kex0.005

kex0.05

Liquid velocity[m/s]

CA Flux [mol/sec.m2]

0.000244114

0.0004409319

0.000479988

0.0004842839

0.0002785433

0.0005704563

0.0006381305

0.0006458062

0.0003043514

0.0006926852

0.0007955611

0.0008075805

0.0003288774

0.000836822

0.0009923218

0.0010111544



		0.00266		0.00266		0.00266		0.00266

		0.00355		0.00355		0.00355		0.00355

		0.00443		0.00443		0.00443		0.00443

		0.00554		0.00554		0.00554		0.00554



kex = 0.01

kex = 0.00001

kex = 0.0001

kex = 0.001

kex0.01

kex0.001

kex0.0001

kex0.00001

Liquid Velocity [m/s]

CA Flux[mol/sec.m2]

0.0006706776

0.0006310022

0.0003980217

0.0000863977

0.0008938603

0.00082421

0.0004658202

0.0000891123

0.0011139059

0.0010073231

0.000518267

0.0000908101

0.0013905732

0.001227813

0.0005702086

0.0000922351
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PTFE(Numerical)

Liquid velocity [m/s]
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		Overall mass transfer coefficient calculation

								Effective Porosity 0.37														Effective Porosity 0.37

		PVDF		a:contact area(m2/m3)				560								PVDF		a:contact area(m2/m3)				560

		Liq.(m/s)		Kla (1/s)		1/KL		kex(m/s)		1/kex(m/s)		1/(m.kL.E)				Liq.(m/s)		Kla (1/s)		1/Kla(s)		1/kex(m/s)		1/(kex.a)(s)		1/(m.kL.E)		1/(kL.E.a)		1/KL (s/m)		KL (m/s)

		0.0026595745		0.168		3333.3333333333		0.001		1000		2333.3333333333				0.0026595745		0.168		5.9523809524		1000		1.7857142857		2333.3333333333		4.1666666667		3333.3333333333		0.0003

		0.0035460993		0.464		1206.8965517241		0.001		1000		206.8965517241				0.0035460993		0.464		2.1551724138		1000		1.7857142857		206.8965517241		0.3694581281		1206.8965517241		0.0008285714

		0.0044326241		0.521		1074.8560460653		0.001		1000		74.8560460653				0.0044326241		0.521		1.9193857965		1000		1.7857142857		74.8560460653		0.1336715108		1074.8560460653		0.0009303571

		PTFE		a:contact area(m2/m3)				937.64								PTFE		a:contact area(m2/m3)				937.64

		Liq.(m/s)		Kla (1/s)		1/KL		kex(m/s)		1/kex(m/s)		1/(m.kL.E)				Liq.(m/s)		Kla (1/s)		1/Kla(s)		1/kex(m/s)		1/(kex.a)(s)		1/(m.kL.E)		1/(kL.E.a)		1/KL (s/m)		KL (m/s)

		0.0036363636		0.161		5823.850931677		0.0005		2000		3823.850931677				0.0036363636		0.161		6.2111801242		2000		2.1330148031		3823.850931677		4.0781653211		5823.850931677		0.0001717077

		0.0048484848		0.22		4262		0.0005		2000		2262				0.0048484848		0.22		4.5454545455		2000		2.1330148031		2262		2.4124397423		4262		0.0002346316

		0.0060606061		0.328		2858.6585365854		0.0005		2000		858.6585365854				0.0060606061		0.328		3.0487804878		2000		2.1330148031		858.6585365854		0.9157656847		2858.6585365854		0.0003498144

																NaOH(2M)				a=2320m2/m3

																				1/Kla(s)		1/kga		1/kma				1/(kL.E.a)

		1/KL=1/kg+1/km+1/m.kL.E																		0.813		0.1734		0.548				0.0916

		1/kex=1/kg+1/km																		1/Kl(s)		1/kg		1/km				1/(kL.E)

		1/KL=1/km+1/m.kL.E																		1886.16		402.288		1271.36				212.512
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