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SUMMARY

I. Title :
Development of membranev contactor module and hybrid process for

carbon dioxide recovery

II. Purpose and Background

Membrane separation technology is attracting much attention as an
efficient tool for carbon dioxide reduction to migrate the green house effects. In
this study, hybrid process equipped with the membrane contactor instead of the
packed tower as the absorber in the conventional process is applied for carbon
dioxide removal. Porous polyvinylidenefluoride (PVDF) and polypropylene (PP)
hollow fiber modules were used as membrane contactors and their performance
was compared with a conventional packed column. The CO: was removed by
the hollow fiber membrane contactor using amine-based solutions (MEA, DEA
and TEA) as the absorbent. The combined process was operated continuously
recycling absorbent through membrane contactor and thermal stripper. In
addition, the gas absorption accompanied by chemical reaction -using hollow fiber
membrane absorbers was investigated in the theoretical and experimental
aspects. Using 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 CO: absorption by the PVDF hollow fiber membrane.
Finally, we calculated CO2 recovery cost and electric power basic unit for the
membrane contactor hybrid process and conventional packed tower absorption

process, and then evaluated the processes from economical point of view.

ITI. Scope of Research

The details of the research content of the last two years (2nd stage) were :

- Design and optimization of PVDF hollow fiber membrane contactor module

- Experimental and theoretical study on CO:; removal efficlency and mass
transfer in porous hollow membrane contactor system

- Comparison of membrane contactor and absorption column for CO:z removal

efficiency



- Selection of CO2 absorbent for hollow fiber membrane contactor

- Assessment for stability and durability of membrane contactor

- Research on module scale-up for membrane contactor-stripper hybrid system

- Preparation of PVDF hollow fiber membrane contactor module for bench-scale
(2 Nm®/hr)

- Operation and optimization of pilot-scale(5 Nm>/hr) hybrid process for CO:
removal

- Economical assessment for membrane contactor hybrid process

- Study on module design for membrane contactor

IV. Results and Discussion

To improve and optimize the performance of the hybrid system,
microporous PVDF hollow fiber membrane was prepared and its permeation
characteristics were studied. The PVDF hollow fiber membrane was expected to
have better hydrophobicity compared to the PTFE and PP hollow fibers because
of its low mass transfer resistance. The permeation rate through the PVDF
membrane was found to be two to eight times of that of the PTFE or PP
membrane. From the CO; separation through the PVDF hollow fiber membrane
contactor, using water or MEA as an absorbent, it was found that the PVDF
membrane contactor newly developed in this study showed two to three times
higher separation efficiency than the conventional absorption system.

The gas absorption system can be simulated with a numerical model
assuming an irreversible second order reaction by means of the Crank-Nicholson
method. Defining gas phase and membrane resistance as the external resistance,
the CO: concentration profile in the liquid phase of a fiber was simulated. The
mass transfer between gas and liquid phase is achieved mostly at the wall side
of the membrane in which plenty of small pores are located. The CO; flux was
simulated in the variation of the initial concentration of the gas-liquid phase,
liquid velocity and external resistance. The CO; absorption test using an
absorber-stripper hybrid process was conducted and removal efficiency of CO2
and an overall mass transfer coefficient of the PVDF module were determined.
The data of the experimental absorption results of carbon dioxide in the MEA
absorbent were in agreement with the model predictions and we can predict the
external resistance in these membranes. Finally, the liquid phase resistances can
be obtained through the numerical external resistance and experimental overall
mass transfer resistance on these two membranes.

The membrane contactor increased the available gas-liquid contactor

_10_



area and mass transfer coefficient, and thus the hybrid process showed a higher
CO: removal efficiency than the conventional absorption tower. PVDF module
with smaller pore size showed the most stable gas-liquid interface and the
highest removal efficiency among the hollow fiber membrane contactor modules.
The overall mass transfer rate, KLa of the PVDF membrane contactor was
found to be 3 times higher than that of the packed column. In the calculation of
mass transfer resistance for the CO2 absorption, membrane resistance of PP and
PTFE hollow fibers was dominated due to the penetration of the liquid into
pores. PVDF module possessing the highest CO: absorption capacity showed the
smallest membrane resistance, and in this case, resistance in the liquid phase
prevailed as 62% of total resistance.

For MEA, the hollow fibers showed a high CO: removal efficiency, but
poor chemical and physical stability because the MEA absorbent chemically
attacked fibers or physically well penetrated into fiber's pores. For TEA, the
hollow fibers showed a low COz removal efficiency, but good chemical and
physical stability. In the case of mixed absorbent adding MEA to aqueous TEA
solution, CO; removal efficiency of the hollow fiber membrane contactor was
enlarged, and this mixed absorbent made it possible to operate this system
under long term steady-state conditions due to creating stable liquid-gas
interface among the fiber’s pores.

Membrane contactor module for CQO2 recovery from flue gas of 5 Nm*/h
was designed and manufactured using PVDF hollow fiber with outer diameter of
800um. The economical evaluation through a recovery cost and electric power
consumption showed that compared to a conventional absorption process, the
membrane contactor hybrid process was able to recover CO; with a lower cost.
The electric power basic unit and recovery cost for the membrane contactor
hybrid process were 0.39 kWh/Nm>-CO, and 60%$/ton-of-carbon, respectively.

V. Plans of the use of the Research Results

The membrane contactor hybrid system for the separation of carbon
dioxide developed in this research is expected to be successfully applicable to
the petrochemical, environmental, energy (power plant) and iron-making. industry
emitting a large amount of COz We judge that this technology can be

industrialized if we continue the research and enlarge the application field.
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Table I-1. Comparison of Various Carbon Dioxide Separation Processes

Power
.. . Recovery
Method Efficiency(%6) Generation Recovery Cost ]
Ratio(%)
Cost(C/Kwh)
Absorption 29.1 7 30 80
Membrane 31.1 8 40 90
Hybrid(M+A) 29.7 7 30 R0
PSA 285 11 60 95
TSA 29.5 18 170 70

* '94 4 RITEY A7 B1AM X8
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13wt.% PVDF 80wt.% DMAc

= = =

Stirring (70°C,12hr)
K”_J?-

7Twt.% LiCl additive
s S S——

Stirring (90 C ,24hr)
e N s——

Wet-spinning

v

water treatment (%<, 24hr)

K__‘_L;,—-

Heating—-water treatment
(60°C, 6hr)

Dry (24°C, 24hr)
—_—

Asymmetric hollow fiber membrane

_i_’_,_l?—

Fig. 1.1 Schematic diagram of membrane preparation procedure
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1. Polymer Reservoir 5. Non-solvent reservoir
2. Polymer filter 6. Spinneret

3. Polymer pump 7. Coagulation bath

4, Non-solvent pump 8. Bobbin

Fig. 1.2 Schematic apparatus for hollow fiber membrane preparation.

_.39_



Fig. 1.3 A photograph apparatus of hollow fiber membrane

preparation.
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3 5
2
X >
4
N2
1.N, gas bottle 2 Needle valve

3 Pressure transducer  4.Membrane contactor
5.Bubble flow meter

Fig. 1.4 Schematic experimental apparatus for gas permeation flow

test using hollow fiber membrane contactor.
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PTFE Celanese ~ Memtech PVDF(A) PVDF(B)
Membranes

(A) : fiber OD = 1.07mm
(B) : fiber OD = 0.80mm

Fig. 1.5 Comparison of Ny flux in different hollow fiber membrane module

at 1 atm.
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Fig. 1.6 A SEM photograph of cross—section of asymmetric porous
PVDF hollow fiber membrane.

(a),(a) = OD (1070 um)
(b),(b") = OD (800 um)
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Table 1.1 Permeation properties and pore structure parameters of the

membranes
Fiber O.D 1070 pm 800u m
Fiber 1.D 830p m 6601 M

FIuxN2 (cm3/cm=2s~' cm~1Hg)

15%x10° | 2.0x 107

Pore size 0.03u m 0.023um

- PVDF/LiCl/DMAc = 13/7/80wt.%

- inner coagulant = water

|

- outer coagulant = water
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Table 1.2 Dimension and characteristics of PVDF HFMC module

Fiber OD 1070 ym 800 um
Housing size 7.62cm x 52cm 7.62cm x 52cm
Packing density 0.45 0.45
NO of fiber 2282 4083
Surface area 39889cm? 53361cm?

Contact area

16.82cm?/cm3

22.51cm?/cm?3
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(a) lab size (LX¢ : 30cmX<2cm)

(b)pilot size (LX¢ : 66cmX7.6cm)

Fig. 1.7 A photograph of PVDF hollow fiber membrane module.
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Fig. 1.8 Schematic illustration of PVDF hollow fiber membrane module.
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MFC
%ﬁﬁ Lean gas CO,
.;!? e
0
GC
Absorber Stripper
Abso:‘bentﬂ{ . _ |
(40°C) : ,. 80°C
ki
Heating
:@ Band
Rich gas A CO, absorbed
€O, 25% absorbent
(25°C)
Reboiler
(105°C)
B+
CO, stripped Cooler

absorbent

Fig. 2.1 Experimental set up for CO: recovery process using

absorption.
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Table 2.1 Dimension and properties of absorber.

PTFE PVDF
Diameter (m) 0.02 0.02
Length (m) 0.23 0.23
Module Surface Area (m?/m?3) 1339.5 1488.1
Contact Area (m2/m3) 937.64 -
Volume(cm3) 72.2 72.2
I.D. (m) 1000 830
O.D. (um) 1913 1070
Fiber Pore size (4m) 1 0.03
Porosity (%) 70 -
Packing density 0.64 0.4
Number of fiber 70 139
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Fig. 2.2 COg removal efficiency and flux of PVDF membrane.
(MEA 5wt% solution).
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Fig. 2.3 COz removal efficiency and flux of PTFE membrane
(MEA 5wt% solution).
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Fig. 24 Film model for mass transfer across an ideal

non-wetted membrane [44].
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Reading of raw data
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Calculation of parameters
I r_—
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Fig. 2.6 Algorithm for Crank-Nicholson method.
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Table 2.2 Dimension and properties of absorber modules.

Cuy

N

(%)

I x mb O

10 mol/m3
809 mol/m?3
2x107% m?/sec
4 x10-% m?/sec
1x1073 m3/(mol-sec)
0.49
2
8.3x10™%m
4.43 x1073 m/sec
0.23 m
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Fig. 2.7 Absorbed COz concentration profile in a hollow fiber.

Kex=

0.001m/s,
Refer Table 2.1 for the calculation parameters.

- 70 -



809.00

8.00

8.98
. Length

o ¢o 013 m o
c 896 | las 023 m 80890 "
= B0 033 m =
2 043 m g
< 894 @
S O

8.92

8.90 ‘ — — : : - : : 808.75

0 0.2 04 0.6 0.8 1
Dimensionless length

Fig. 28 CO2 and MEA concentration profile as a function of fiber
dimensionless length for fibers with different total lengths.

Other parameters than fiber length are the same as in Fig. 24
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Fig. 29 Simulated local flux of CO2 as a function of fiber
dimensionless  length  for  different initial CO2
concentrations in gas phase, Cao. Other parameters than

Cao are the same as in Fig. 2.4
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Fig. 2.11 Simulated local fluxes of CO2 versus liquid phase
velocity in PVDF fiber with different external resistance.
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Fig. 2.12 Simulated local fluxes of CO:2 versus liquid phase
velocity in PTFE fiber with different external resistance.
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Fig. 2.13 The flux comparison of PTFE and PVDF membranes as a

function of liquid velocity.

- 77 -



0.6 0.004
—@—PVDF(Experimental)
—&—PTFE(Experimental)
05 | —QO—PVDF(Experimental)
. ——PTFE(Experiental) 1 0.0032
04
— 0.0024 _
2 <+ Ky
~ 03 E
4] -
< 0.0016 *
0.2
0.0008
01
A,__———-—-A"”/A ~
0 ‘ ‘ ‘ ‘ ' ' 0
0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007
Liquid velocity [m/s]
Fig 214 Overall mass transfer coefficient and resistance of

liquid phase in PVDF and PTFE membranes as a

function of liquid velocity.

_78_



4000
—e—PVDF
—&—PTFE
3000
0 1/Kox=2000
=
)
fu: 2000
x
= 1/kex=1000
1000
0
0.000 0.002 0.004 0.006 0.008

Liquid velocity [m/s]

Fig. 2.15 Resistance in the liquid phase as a function of liquid

velocity using numerically predicted external resistance.
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List of symbol

a gas-liquid contact area (m%/m>)
Ca concentration of COz in gas phase (mol/m°>)
Cs concentration of RNHain liquid phase (mol/m®)

Cao(Cag) initial concentration of component A in gas phase (mol/m®)

Cro initial concentration of component B in liquid phase (mol/m?>)
Da diffusivity of CO: in gas phase (m%/s)

Ds diffusivity of RNH; in liquid phase (m®/s)

di,do inside and out side diameter of the fiber, respectively (m)
E enhancement factor (-)

ki second order reaction rate constant (m’*/mol.sec)

K overall liquid phase mass transfer coefficient (m/s)

KL liquid phase mass transfer coefficient for chemical absorption (m/s)
Km membrane mass transfer coefficient (m/s)

kg gas phase mass transfer coefficient (mol/s kPa m?)

Kex external mass transfer coefficient (m/s)

Pg PP, COg partial pressures in the bulk gas phase, membrane-liquid

interface and gas-membrane interface, respectively (kPa)

APim log-mean partial pressure driving force (kPa)
m distribution coefficient (-)

r radial coordinate (m)

R fiber radius (m)

) velocity (m/sec)

Vi, Yo inlet and outlet CO2 concentration in the gas phase in mol
fraction(-)

Yim log-mean of yi and yo in mol fraction(-)

z axial coordinate (m)

fiber length (m)

Greek Letters

1% stoichiometric coefficient (-)
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Fig. 3.1 Chemical structures of PVDF and PP hollow fibers.
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Table 3.1 Dimensions of PVDF and PP Hollow Fiber Membrane

Contactors.
Properties PVDF PP
Module Module
Diameter (m) 0.02 0.02
Length (m) 0.23 0.23
Module Surface Area (m?/m?) 1488.1 2855.29
Contact Area (m?2/m?) - 1998.7
_ _ Volume(cm?3) 72.2 72.2
- o 1.D. (um) 830 250
O.D. (um) 1070 550
Eiber Pore size (um) 0.03 0.25
Porosity (%) - 70
Packing density 0.4 0.4
Number of fiber 139 519
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Table 3.2 Chemical and Physical Properties of Various Absorbents.
Alkanolamines
58t MEA TEA MBEA
s (Monoethanol (Triethanol (Methyldiethanol NaOH  K;COq
amine) amine) amine)
Structure OHCH,CH,NH,  N(HOCH,CH,); CHZN(HOCH,CH,),
Mol. weight 61.09 1438.19 119.17 40 138.2
Specific 1.0179 1.1258 1.0418 213 243
gravity
Solubility
in weight % at 100 100 100 50.8 52.9
20 °C
Absolute
Viscosity 241 1013 101 -
(cps at 20 °C)
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Fig. 3.2 CO: removal efficiency and absorption rate of PVDF and
PP membrane in the various alkanolamine (5wt.%)
solutions. (CQO2 removal efficiency : 99%-95%)
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PVDF hollow fiber PVDF+MEA(50wt.%) PVDF+TEA(100wt. %)
s s ; - .

Fig. 3.3 SEM photographs of PVDF hollow fibers submerged in MEA
50 wt.% and TEA 100wt.% solutions.
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Fig. 3.4 Tensile strengths of PVDF hollow fibers submerged
into MEA 100 wt.% and TEA 100wt.26 solutions.
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Fig. 35 IR analysis on pure PVDF hollow fiber submerged in
MEA 100%, TEA 100% and MDEA 100% solutions.
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Fig. 3.6 IR analysis on PP hollow fibers submerged in MEA
100%, TEA 100% and MDEA 100% solutions.
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Fig. 3.7 CO2 removal efficiency and absorption rate per module
volume of PVDF and PP hollow fibers in the mixed
solution of TEA and MEA.
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Fig. 3.8 Long-term stability test of PVDF and PP hollow

fibers on various absorbents.
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Fig. 39 IR analysis on PVDF hollow fiber submerged in mixed
absorbent of TEA 15wt.% and MEA 2wt.% for 5

months.
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Table 4.1 Dimensions of packed column and PVDF

hollow fiber membrane

module.
Packed Column PVDF
Module
Diameter 0.027 m 0.02m
Length 0.2m 0.23m
Surface Area / module volume 710 m?/m? 1391.4 m2/m3
Volume 114.45 cm3 72.2 cm?
I.D. 8304m
0.0D. 1070/m
Fiber Pore size 0.03um
Packing density 0.4
Number of fiber 130
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Table 4.2 Alkanolamines as absorbents in carbon dioxide absorption.

HoH M
MEA Momoethanolamine HO— ¢ —¢ — N
H H H
Prima .
ary AMP 2-amino—2-methyl-1-propanol CH,CCH,NH,CH,0H
amine
. . HoH foH H
DGA Diglycolamine H°_9_°_°—9_9 —r(
HH 'H H H
_ ) _ CH,CH,OH
DEA Diethanolamine —N_ e
CH,CH,OH
oIP o ) _ — CHiCH(OHICH,
A Di~isopropanolamine . CH,CH(OH)CH,
Secondary
amine o -
PE 2—-piperidineethanol
CH,CH,OH
=4 Pi H H—N N—H
iperazine - -
P _/
) ) _- CH,CH,OH
) TEA Triethanolamine HOCH,CH, — N 1 CH.OH
Tertiary i
amine — CH,CH,0H
. . CH _ 2 2
MDEA Methyldiethanolamine 2+ N CH,CH,OH
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Pcoa(v) <> COy(l)

COL(l) + 2H,0 & HCO4 + H,0"
HCO4 () + H,O «> CO42 + H3OF
2H,0 & H;0" + OH-

PZH* + H,0 « PZ + H,0*

Protonated Piperazine

PZ + CO, + H,0 «> PZCOO: + H;0*

Piperazine Carbamate

H,O + H*PZCOO:- «» H;0*+ PZCOO-

Protonated Piperazine Carbamate

PZCOO" + CO, + H,0 <> OOCPZCOO" + H;0*

Piperazine Dicarbamate

Fig. 4.1 Reactions of carbon dioxide and

aqueous piperazine solution.
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\‘ CO; —— RsNH™ + HCOs

Fig. 4.2 Reactions of carbon dioxide and aqueous
TEA solution.
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Do, (cm®/s) = 0.024exp {~ 2122 /T(K)} (4.4)
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Fig. 43 CO; removal efficiencies of MEA 5wt% and

piperazine bwt% in PVDF membrane.
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44 Long-term test of PVDF membrane in piperazine
10wt%. (Gas flow rate 600 cc/min, absorbent flow
rate 20 cc/min)
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PVDF Hollow fiber + Piperazine 30wt%
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Fig. 45 IR data of PVDF hollow fiber and PVDF hollow fiber
submerged to piperazine 30 wt% for one month.

- 110 -



4. g7

II]Ol‘
=
X
fo
~
o

stera: Eelg g

Elo[«

20
T

< PVDF membrane contactorg& A8 3]
< A% TEAS plperazme-J olAtglEtA R F & v WAY E5ES Ugd
&2 Piperazine 5wt%7} TEA 5wt% HT}h
-7 v 52 &S JUEHE & F Atk ol R piperazine® COz 7} ®E

o}
$d o FuHE& mechanism®] carbamateE HA st wHLolX v TEAT CO¢
(o)
o

gbg W Fykg-o] carbamate 4 W&ol ofY7] W] we FEEES UYEW
t}. 28y &4 4l piperazine & PVDF membrane contactoroﬂ A ALEE A 2
pore7} HA wetting H& AL 713 duh. o] A Aol F7lste] %7
o BEYEes #ANE F fla 43 —rﬂﬁg«l ?ﬂ g Mt E F JeB=E
membrane®] FFAE AbEstylE sttt 22y F5E2 2N 22 AEE
7R3 e TEAE §94-89°] £& piperazine 3 & A $ Fig. 479 2 Z o
A BRAR = AAHE 2@ A7HESt non-wetting 2AE o] FEE <A F &S A
2 F Ao =3 589 EZHoA £43) piperazineS ALEFS H¥ B} oFY A
71-d Fg o2 QA TEAS piperazined EFF A7 ¢k 1549 o 2 F54&

Fig. 48 & T4 52 %2 PVDF membrane contactor®} packed column$ A}
E8E A% Ad 7HA FFAel dig O]"}i}%i 2 ags v agzold
PVDF membrane®]| A & piperazine 5wt%2 EFA7F oF 95% o]l &2l a&of A
feed gas 9F 350 cc/ming A stE wtd Diperazineﬂ} TEA ¢ E&FFA A=
°F 500 co/ming A stATH °]A-& TEAZF 7oz Adste] EA = pore
ANA tHE -4 AAE FAse @59 piperazined Z-$-o vl 2] Aol
Zopg oz dsto] A7l Zdet gFdn. 2L F5AE packed columndl A&
Azl A#E HEH piperazine 5wt% S FFA7F F 95% o]Ade] ] E&NA feed
gas 9 450 cc/ming A3 ¥ piperazine ¥ TEA9 E&&FA= <9 500
co/ming Hde ALRZ F33) & o packed columnol A& TEAS] H77t 2o
A REE Fod A2 AEEA] ¥es & 7 A
PVDF membrane®} packed column® oi& 7FX FFAd dis #2545
w3ly] Y3 ¢ BE Ry olitstwA F4E&E Fig. 499 WERT 49
FTFEES 2L 2194 #zg @ PVDF membrane©] —E—-/F‘%E‘:‘r ok 154 =
2 F58e 2t o]RAE Table 419 PVDF membrane® &< &9 dimension
< s B o @9 299 fF EWFHo] PVDF membrane‘ﬂ FTHET 9

- 111 -



Fig. 4102 PVDF membrane® Fge ZTHH &
Bl T Zolt} Fluxel 21014, PVDF membrane> W& ZWA 02 J3) &
gET of 159 A& F488 B

Table 43 < PVDF membranesl A o2 714 548 AHEdE 4% &
2 -3t FAHA T non-wetting A1ZF, 9 BHAAMY BANE F44E g
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Fig. 46 CO2 removal efficiency and flux of various

absorbents in PVDF membrane module.

- 113 -



100

95

90

85

80

75 PVDF hollow fiber membrane contacor
Feed gas composition CO,/N, = 20/80 [v%)]
Feed gas flow rate 400-500 [cmslmin]

CO, removal efficiency [%]

70 |
Absorbent flow rate 20 [cm*/min]
65 | ® PZ5wt% + TEA 15wt%
O PZ5wt%
60 1 1 (] 1 [
0 500 1000 1500 2000 2500 3000
Time [min]

Fig. 47 Long-term test of PVDF hollow fiber membrane

contactor.

- 114 -



100

98

96 |

04 | PVDF membrane

® PZ5ut%
92} |O PZ10W%

© PZ 5wt% + TEA 5wt%
90

Packed column

88 |M PZ5wt%
O PZ10wt%
PZ Swt%+TEA 5wt%

CO, removal effciency [%]

86

1 1 1 1 1

100 200 300 400 500 600 700

Feed gas flow rate [cm®/min]
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Table 4.3 Comparisons of CQ, absorption on various absorbent concentrations.

23 N i - BT (95%914 Removal
N on-wetting time
3} 8} % ] g ° |{mol/m® - s Eff.9] Gas
(min) Mz o .
FA A )  F(cc/min)
MEA 5wt% B4 400 BIESES 14 600
Swt% 0.23 100(89%)
TEA 12wt% oA 2700 LIESES 0.228 100(88%)
15wt% 0.29 150(76%)
TEASwt% +MEA 1wt% i) 1400 B A& 0.38 200(7496)
TEAlS5wt% +MEA 2wt% Bigs: 1400 H| A & 0.97 400
5wt% 0.96 400
Piperazine A 300 v A &
PVDF 10wt% 1.51 600
PZ 2wt% +TEA 5wt% QA 1200 LIRS 0.85 350
PZ 5wt% +TEA bwt% A 1200 EIES R 1.46 600
PZ 5wt% +TEA 15wt% okA 1200 H] 4 & 1.45 600
PZ 2wt% +TEA 15wt% B! 1200 = 1.04 450 (95%)
PZ 2wt% +TEA 30wt% -l - LIESE-S 0.97 400
PZ 5wt% +TEA 30wt% A - LIESE3 1.43 600
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Table 4.4 Dimensions of various hollow fiber membrane contactor

PVDF(#1) | PVDF(#2) | PVDF#3) | PVDF(#5) | PVDF (#6)
Diameter 0.02 m 0.02 m 0.02 m 0.02 m 0.02 m
Length 0.23 m 0.33 m 0.43 m 0.23 m 0.23 m
Module| Surface area per| 1391.4 1391.4 1391.4 13914 1391.4
module volume | m%/m’ m®/m’ m®/m° m”/m’ m®/m°
Volume 72.2 cm® | 10362 cm® | 135.02cm’® | 1625 cm® | 288.88 cm’
I.D. 830 um 830 um 830 m 830 m 830 um
O.D. 1070 tm | 1070 gm 1070 1m 1070 pm 1070 ¢m
Fiber Pore size 0.03 m 0.03 gm 0.03 (m 0.03 ¢m 0.03 m
Packing density 0.4 04 0.4 0.4 0.4
Number of fiber 130 130 130 293 520
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Fig. 418 CO: removal efficiency and flux of PVDF #1, #2
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Fig. 419 CO2 removal efficiency and flux of PVDEF #1,
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Table 5.1 Absorption module dimension of packed column and PVDFE

module.
Packed | Desorption PVOF PVDF
B Column column Module Module
Diameter 0.094m | 0.095m 0.076 m 0.076 m
Length 2m 156m 0.52m 052m
Surface Area | 372 m2/ms - 1541.69 m2m® | 2149.5 mym®
Volume 0.0138 m® — (0.00237 x 3) m® | (0.00237 x 3)m?
| 1.D. 830/m 660
0.D.  1o7om 800/m
Fiber Pore size 0.03/m 0.023/m
Packing density N 045 _6;{5.1
Number of fiber 2050 | 3900
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o} COz gas9 calibration Z# =& Jehyoh.
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Table 52 Analysis of boiler combustion gas as feed gas in bench scale

system.
Co Co, N, 0, Temp., | Temp.gy, Eff A
Greenline il 4 ppm 108 % 6.7 % 25°C 21C 99.8 % 1.47
G.C. - 1% 88.9 %
co NOx 50,
4 ppm 47 ppm 1 ppm
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Fig. 5.3 Calibration of Nz gas .
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Fig. 5.4 Calibration of CO; gas.
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Table 5.3 Application of CO2 20% (N2 balance) standard gas .

Mixture gas Area Amount Percentage[%]
N2(80 v%) 133172998 0.789369 77.55723
COz (20 v%) 45649775 0.22842 2244277
Total 1.01 100
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Fig. 55 CO2 removal efficiency and absorption rate per
volume in packed column of pilot scale(MEA
5wt%6).
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Fig. 57 COz removal efficiency on feed gas flow rate in
packed column(MEA 20wt%).
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CO, removal efficiency [%]
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5.8 CO2 removal efficiency on feed gas flow rate
PVDF hollow fiber membrane contactor(O.D. 1070um,
#1) and Packed column (MEA 20wt2%).
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CO, removal efficiency [%]
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5.9 CO2 removal efficiency on feed gas flow

rate

CO, absorption rate per module volume[mol/m®.sec]
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PVDF hollow fiber membrane contactor(O.D. 1070um,

#1).
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Fig.5.10 CO2 removal efficiency and absorption rate per module
volume on feed gas flow rate in PVDF hollow fiber
membrane contactor(Q.D. 800um, #1).
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Table 6.1 Dimensions and cost of absorbers for COz recovery

PVDF hollow fiber

Hollow fiber Porosity[-] Outer dia.[mm] Cost
PTFE holl fib
oow Hber 07 19 10,000[%/m]
(Sumimoto)
0.7 0.55 750%¢/m]
PP hollow fiber 5 Nm®/hr
(Memtech) Fiber OD=0.5mm, Packing density=0.45| 1,650,000[%/ea]
Module ID=0.075m, Length=0.52m
- 1.1-0.8 50[%/ml

5 Nm¥hr
Fiber OD=0.8mm, Packing density=0.46
Module ID=0.075m, Length=0.52m

1,104,000[ % /eal

Packing materials ; Pro—-Pak

(KRICT)
20 Nm®/hr
Fiber OD=0.7mm, Packing density=0.50] 2,200,000{%/ea]
Module ID=0.125m, Length=1.5m
5 Nm’/hr
Packed tower Tower 1D=0.094m, Height=2.0m 13,000,000[%#/eal

Module packing density

= 04-05
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Recovery cost [W/kg-CO,]
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/
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Fig. 6.1 CO2 recovery cost of absorption modules.
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Table 6.2 Properties for large-scale CO2 recovery process

Packed tower

Membrane contactor

Dimensions

(KEPRI) (PVDF, KRICT)
20 Nm>/hr
450 Nm>/hr Fiber OD=0.7mm,

Tower 1D=0.4m, Height=22m

Packing density=0.50
Module ID=0.125m, Length=1.5m

Capital AA AFAHY SF 15% (2209FQ)/H E)x23 8 &
cost 1891 x0.15 = 297d ¢4 = 506057+
Life T 2047 &4 A 2087 EAFAS 1d)
time CO; 8 F/297H4 %Y CO2 39 3/(5,0605H x20)
Recovery CO: 3ol 2ot 7H4 s,
cost (Membrane contactor)/(Packed tower) = 3.75
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Fig. 6.2 Electric power basic unit of COz recovery

Processes.

- 167 -



Recovery cost [$/TC]

550

T

537

R

200

T

150

100

50

(/A M St S R I B s B B B E R Sy Gt

163.3

933 90.2

60.7

Cryogenic Adsorption  PSA+  Absorption Membrane

Fig. 6.3 Comparisons of CO2

Processes.

Membrane

- 168 -

Contactor

recovery cost for various



2 % = 7] (Membrane

29
Hi o 239 HEF7e o0& A(phase)ite A

=
& @A ERAATEAM M del g8HAATL gle F5FH(Absorption

F(channeling), 7 &(foaming) 2 %3}
9} &7 Table 71904 H

2 s o]
sl 2ol BY% FEre s|Ee EoFABH us 2 @—%Mzi 016}04

u}
=T HJE57e Aoz FIATY HHE $EFHox D glon, 1
FHxo] ZA MSCS(Melting spinning cold

stretching), TIPS(Thermally-induced phase separation) ® PI(Phase inversion) &
Ho2 Us 5 Utk 4 349 FFAY AxAH L ddrd, MSCSTA 38
FHY LEAE =5& T3 AL} FFAY Fe2 W AHspinning) EE A
E(extrusion)® & ZATERE FAA)7] 93 719 ¥ Z(annealing) A 21T
g 2olA A& (stretching) 44 & E38) 71F] YHEH tA 7tEggA AL
ZH ZTEY B3 FFATol AzHoWo MSCS ¥4 NF=E Fig.
71@@)°] HEtHAT. 2= E A7) AHSumitomo Electric Co.)¢ PTFE ¥ A7tz
AF(Celgard Inc.)9] PP Z3FAte So] olg)dt MSCS BAL 3] AXde Ao=
d#H A Jrt. Fig. 7.1(b)d = MSCSEZ* T3 Azx=HA FFAML Zﬂ%%g] SEM
AEE e TIPSTAH S 29t 3 A A (diluent) & -8 E A (melt
blending) ¥ T MSCST A 3 7o) AbEdE 3 A 2o A ’8-5’_—31, 3] A A
AARAE 2 T3 7150 FQHH,
Az = o TIPSTA &% NEFEE Fig. 7.2(a) °ﬂ ‘/}E}lﬁﬁ‘:} a] ]HW] Z
o] 2AHMitsubishi Rayon Co.)¢ PE 3FAb% 5ol o]lg1d F4& 53 AzxHE

[o3n)
lo

oi": ki
> = fr g

b

rr

[
PN
E
o
fru
=
o
-4
N
1o
)
ol
o,
of¥
oft
>
1=}
lo



Aoz <dex gtk Fig. 72(b)ol& TIPSTAL 3] Az=o FI3AH AFEY
SEMARI &S UBtiRAS OlefinAl 2828 AP oire] LA T3S
S PITAE B3 Az=HAANY 2 Az#3Le od Zo 122 H7HAE
Sofell &aiAA AzE FALALS &S 53 YA O FRATF ECddE
SaZM FuAPoEA HYA T ATz OGFAH FTALE AT T
Atk o] AMEFFY AL SuAe} WALd] Suite HTue FI PAE

&
2

S 2 HAAIN AARezM FFARS 7]Fo] FA T Fig. 7.3(
PIZA e MF=ZE Vebldct 9d ZojA (Millipore Co.)8l PSE FFA
5 z

ol
s

2
=
1o,

)% FAL F3 AU Fig. 730b)ol: PIFEE 3 FIaeraTUolA
Az FFAGY EW SEMAME S dehigich £% Table 7190 FFA A
234E9 547 Ay st Uehnglt

Table 7201 8% FE72 £4 7153 Agstd AFH 2 AxFA
< YEUAT F2AME oifEe Bgse A F2 FHHFAA $&HAA
Aom A=Al " A (Memtee Ine), ® B WUAHMembrena Inc.)] PP 53
Abgba so] el AN Gore-Tex Co.)¢l PTFE® zglx tho]yEY Z A Dainippon
Ink & Chem. Co.)9] PMP(polymethylpen- ten)ZEFAIHE0°] F2 &= HF7]9
Sg&Eokgl & 4 ¥ &S (ultra-pure water) B7]F A (digasification)ol =€

A %9 wafer AAE 2T AZTHYL A
A

=2
BH2Y Y 3EFTH Sol =dHo] A 7k T

=
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Drying hopper

Filter

Spinneret pack pump Extruder

Hot drawing

Wind up

Fig. 7.1(a) MSCS#A M=

Material : PTFE Material : PP

Pore size : 0.1 um Pore size : 0.03 um
Manufacturer : Sumitomo Manufacturer : Celgard Inc.

Electric Co.

Fig. 7.1(b) MSCSEA o2 Azxd FFAY SEM ARZ.

-171 -



Drying hopper
Filter Gear g : ?

Spinneret pack

Hot drawing

Fig. 7.2(a) TIPS#74 /HF=.

Material : PE
Pore size : 0.1 — 0.4 pm
Manufacturer : Mitsubishi Rayon

Fig. 7.2(b) TIPSTAH & 3] Azx" TEHS SEM AR
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Bore

Coagulation
bath —T

Polymer Bore liquid

solution

Polymer
solution

Gear
pump

Spinneret
Air gap

e« o

Flushing bath

Fig. 7.3(a) PIZH /N&Fx.

Material : PSf
Pore size : 0.1 um
Manufacturer : KRICT

Fig. 7.3(b) PIT A&
Azd HEH SEM AR,
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Table 7.1 FFAH

Az=FH e

=43 oy

Method Pore formation Advantage Disadvantage
- Relatively easy | - Difficult pore size
Mechanical force by| handli 1
MSCS .or e by andling contro.
cold-stretching - No solvent and | - Relatively small
cleaning process | pore size
- Waste solvent
- Relatively eas roblem
TIPS Removal of diluent . Y Y1 P .
pore size control | - Relatively comp-
lex process
Pl Solvent-nonsolvent| - Relatively easy | - Waste solvent

exchange

pore size control

problem
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Table 7.2 Z4dgtd T &7 AFEFH} A=A

. Fiber . .
Manufacturer Material ) Pore size(ym) Porosity
diameter{ym)
Sumit
Hmitormo PTFE 2000 10 05
Electric Inc.
Gore-Tex PTFE 1800 2(Max.) 05
Desalinati
esatination PTFE - 0.01-05 -
System Inc.
Celgard Inc. PP 300 0.03 04
Memb
embrena PP 400-2000 0.1-02 -
(Akzo Nobel)
Memtec PP - - -
Asahi Kasei PP -~ - -
A/G Technology PSf - 0.65 -
Koch membrane
PSt - 0.1 -
Systems
Millipore PVDF - 0.22 0.75
Mitsubishi rayon PE - 0.1-0.4 -
Dainippon Ink &
PMP 215 - -

Chem.Co.
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2. £9v

@t H=F£7] BE
22 HEF7], & B Ao #A gl E3AY HEF7|(hollow fiber
o}

membrane contactor)e=

FARREUA] W A7 BEo EFAAGEEI WS wET. & £ FTIAY
HE5712 32 7IAFT3AY B¢ E24dEE£E7 S (packed tower)ol] B 3)
W AT w2 EL1[91 -92] YA FZ(liquid extraction)2] 7% mixer settlere] H|&| &
ArdEE7

2 E7F oF 600 A= wE Ao 2 HIuEH UrH93-97]. ZHY o|FEA FE
2 HEV)Y FHAGETI wE AL by BIY F FEEHEA 703 RO
2 A4 B9 A9 E@ALE A (mass transfer resistance)e ©l$ Aot &
PN
T

=
A%k EA% R4 §AAILEA IR WA= F FALACA
z %

(permeate side)oll 9] Agoz vs 5 vt o)t D;‘u*‘éfxiﬁol 5 4o
Y A EFHHAGAG] /M E Aoz dHA JAcH8L weEkA Fo 4
TAME 229 F3%(permeability) & FAAZoZHN B2 A EHdAE
A& Hagstna ske dFEo] o] Rk oleld d7EY AFAZE H
2ol FA7E vl ¢F2 E3EH(composite membrane) £ A3 71F =279
< Atego] EEe 2t QA ZeE EEHEAR
ATt & 5 Utk mebA dEAle 2 89 ol TFEY
HEAFS Haststux e d77F )R don I tfEHA A7)

t] k¢l (module design)©] ©HR9.

[0
Moo P &
o

td
il

g Al A g Fad 247 AEdde F(number of
trasfer units, NTU)S} AH "oz #AA7 d= EZEZol(module length)gt & &
AT 2HY BEAOV 4 A 58 2oy ¢HEAS Asldor I B E

o]
un =
Hele SFHAXE €43 NTUS 27 98] HE2F 7 (tube diameter), TF4
z B

Z(flow rates), 3 H&

N
b

| 5&, HE " (tortuosity), F% 8.4 (pack- ing factor),

(feed concentrations), ¥ 3 A 4=(distribution coeffi- cient) 221 A2l &3

d 53 Zol ¢Hol 2FHAAXNE 2AEE nFHo Mok Frh[90]. Prasadet
Sirkar[91]= HAAFAHANA neHoHord 242 #9 2L 84E di=E F
Aterel ) BEAE Z Zolgtxn At Wang® Cussler[89]& £ 9
X & (parallel flow module)©] %7 & & (countercurrent flow)o 2 £ 47} FHE
o A% AFgE 24 A$ 5 £&S U F e dT7EIAE B
Aot 2y oldg BREd EAAGATE ZAAZE F e FAF(shell side)
5l A & Jornz FF(crossflow)E TiARISH=

=

Aol MR Aoz deix Aok SEFU FFAbel s BYHE 2L B

oX

okt
Ju ol

i

o}
-
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@ Axial module-b
Axial module-a®} B8 FEjo]H central tubed]l F 7R plugZt FEAFHA oM
w3 SEAET FA(shell) AFolE O-ring g o] &3] =ttt = 7|49 A A 9

FYHHL Axial -a module® Z o} tube® FYH AA7F A WA plugol] =3

-z
e
o
b
do
i)
i
e
v
)
ofi
o
>
=)
i)
[42]
5
@,
R
o)
2
e
)

o,
4
[z
)
o,
jon

o

o
(s
funy

o
(@]

o
o

2ol e plugel sl F 0 WE F F 33 B2d F shelld] FE| 33
m

o i B

@]
[oN
=
[e)
|
f=3
Sl
i
o
A

@ Fabric module

300um T34 PP TFAIHOZ o] Fo)x warpg 25w PP WAAE WHE weftE
A fabricg AzsHch AzD fabric fiberte 43S dASA FAAIZHoH
E&< Axial module-bt FAMSA A ZF AT F, fabricd D34 central tube
& TAH2E warpg FUFo2 gow tubedlE 4709 pluge FFHAIH T
fabric? shell Aol O-ring€ ol &she} gl ®# 7|t FFAHY U
(lumen)@  AA=  central tube2 FPHAo™ FAY 55 9 Axial
module-b¢t FAMSHES YA ATHFig. 7.5(a). 4@ ZA I fabric module®] <]
axial moduleo] ¥l EAAGA T G wkor, ojgd ZFE fabric module
o] A fibers el Fol UAIA Aol FAH7| WEo= s Lo
ARgAF7E e ZA FLIALH
gtl, E3] fabric module A4 =
T Ao Attt

N

iyl
9
i3
< N
o®
9,
oo
s
_O‘L
8
Y
PN
E0)
N
il
Weoorir

ane module
SSAMY fabrics vFE/lH] Yil(vane)9t o] Azt 2 ALzbE Aatel] o
=
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gas ol
I

o L, Wil in
e

Y T ¥
gasin ' e s ot
Y : i

waler ous

Fig. 7.5(a) Fabric module®] 7%,

gas in -

Fig. 7.5(b) Vane module 7} &F %=,
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o] Brel = Rald HE7)e EAALAFE FAATIZ] 8] ZE baffle
& FEste Lol ASHUT gL AFAE Y3 baffleo] FAE EELS F
A5 E(shell side)olA] bypassings #HAsete] F8< FHAE F JoH =3I
2w 5o £EasE $£H02 FFato] #HF(parallel flow)ol 3 2 =2
ALASLE 94& F e Aoz A oy A7 B 2= Cussler(8]s
& ZZAT fabricg ©l&3de] FFFHZ(counter-current contact)H FHIZEF
(perpendicular flow)& ZHE baffleo] Z&d Ed% HE7|E Azt ofd W

AT+E FHsEA
@ Parallel module

ZzA e 2 (umen)d §2WFor AHE FYtu ol wiF| shelle 53
AE FUst] B Aol T 7-de] MR FHIF HEF YRS AG
Tt fiber 59 AAZA o5 = Ein
23 g BEAAGAFE Z#A doh o8& olfE AAFOl fiberd AHAAE
Yzt 59 Zolo 3 7] Wit

® Two-baffle rectangular module
AxNZE Ax dee REEZH 9] o} Z potting® fiberAtoldl F 719 baffle©]
Az x5 A ZFRFHAYG 7AE BEY 9% Jde FFAY WF(lumen)E F
A= AAE shelld] ol ZolM FUHA A% TUFIFeE FEH
A3t tHFig. 7.6(a). o] ZELS A} fiberE HLASIA T =
H4lo] wj¢ & EAALATE Jdepdnh 28y o] ZE 9] WD FE A g (cross
flow coefficients)= fiber®] Z7e] g LA B ) o
=t} o] REL baffled] 98 fibers mAFste] A3 FHRIEF Hol o
baffled] 7} B&FE FHE o @ dojuAw REY AxFHAC] Hisve ¢

AdE 22 U

1A

® A fully baffled cylindrical module

fiber lumend ZEWFow NAE FJstn o9 wlF Y shellZ2 F3] HA=
F9ste] EgPEg Alolo] Fa 7]-ddo] HE FFHIF HEEF UAASAT. £
disk®} doughnut®.%<] baffled U]z REo FFste AA7t ZEY corest
shellZ 02 5222 3% HFig. 7.6(b)). |
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e —
T
e LR 1

Fig. 7.6(a) Two-baffle rectangular module2] 7HF=

Fig. 7.6(b) Fully baffled cylindrical module®] 7| X%,
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3 dbele 2 HEY) BE dAQ g d7F gEetA Al=H AT
Wickramasinghe[95]E EAAY Az @A FSFAH 714 &€& 43 7l8H

=
F2E 2 2w, 291 42 99 %EH Tz 5

o]
H R

=2
=
__3(__11
r2
-
]
ls
03_—;"
9‘_1_5

14
o
=l
N
N
o
b
i
o
i
H
4
2
£

=3 2o
@D Flow inside or Outside and parallel
Fig. 7.7(a)9} Zo] shell-and-tube el REEZH Celgard PP T FAES o] &3}
of Al FFE AFste] AbEsA
a. Hoechst Celanese No. 5010-8010
- Fiber dimension : ID @ 240um, thickness : 30um, pore size : 0.05um
void fraction : 30%
- No. of fibers @ 7500
- Module length : 18.4cn
b. Hoechst Celanese No. 5010-8020
- Fiber dimension& NO. 5010-80107% &%
- No. of fibers : 12,500
- Module length : 24.8cm
c. Hoechst Celanese No. 5010-8020

- 26im nylon WAHAFE o] &3t FH2

® Flow across a helically wound bundle(Fig. 7.7(b))
- Medtronic, "Maxima”, Anaheim, CA
- Fiber dimension : ID : 400pm, thickness @ 30um
- No. of fibers : 2800
- Module length : 48cm

® Flow across a cylindrical bundle(Fig. 7.7(c))
Sarnes/3M model 16310, Ann Arbor, MI
Fiber dimension : ID : 240um

No. of fibers : 11,000

Module length : 10cm

|
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{a} Flow Insikle or Cutside and Parallel

Water ¥
In -

Fig. 7.7(a) Flow inside or outside and parallel 2 &% /J&x

(b Flow Across a Helically Wound Bundle

Fig. 7.7(b) Flow across a helically wound bundle =& 7|&Fx

{e) Fiow Across a Cylindrical Sundle
Vater Qut

Gas S fre—a—ae T ;?»—;'\__,,G.‘lr",
In e ey [oF
] ?I

Water In

Fig. 7.7(c) Flow across a cylindrical bundle 2 & 7| F%&.
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@ Flow across a rectangular bundle(Fig. 7.8(a))

- Bard model William Harvey HF-5000

- Fiber dimension @ ID : 220um, thickness : 25um
No. of fibers : 32,400
Module length : 13cm

® Flow along a crimpled flat membrane(Fig. 7.8(b))

Crimped Flat¥ ej o] 8 9-& AL&31¢] 29 RES Az ALL3AT

T M. C. Yang[96]2 Z=3FAte H&7) ]/\14 EAANG S golr 7] ¥ Celgard
PP FEALEE o83t o&F Zo] 7[EAHQA HeHe EES A3 ch(Fig.
7.9).

- Fiber dimension : OD : 0.04cm, thickness : 0.003cm, pore size : 300A

porosity : 33%

- Housing case ' glass or polymethylmethacrylate
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(i Flow Acrass a Reclangular Burdle

WatLr in

Fig. 7.8(a) Flow across a rectangular bundle =& 7§2f=.

(e} Flaw Atoag a Crinplad Flat Mcmbeana

iate! Q By g Gz
Ot < e r e

A STA

‘ |

N H

[ I: ‘I it

IS

Wik (;,-‘

) | i

EIH I

|| i L
Watar 305
tn —w o) o

Al

/*'.,'f e

Fig. 7.8(b) Flow along a crimpled flat membrane & 7%
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Fig. 79 £3A2
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2ol F% JEF7] BEo f3 we d7AdE ERE A g4I

o] =

S

o] FTAY AF7] BEo AdsEo s, wEA, 48 4d 32 84 &
of 5ol &g Z&HA L Urt. wEtA dA AFE ARHAAL e TEFA
4 HEVES A4¥EHE g&H 2.

@ Liqui—Cel® Extra-Flow module (CELGARD LLC, Charlotte, NC)

~ Membrane : Celgard® microporous polypropylene fiber

-

- Fiber dimension : ID : 240pm, thickness @ 30um

Potting : Solvent-resistant epoxy, polypropylene tubesheet

Shell case © polypropylene, PVDFEF, 316L stainless sreel

|

Module sizes :

a. 2% : Diameter : 2% inches, Contact area : 1.4m’

b. & : Diameter : 10 inches, Contact area : 130m’ (225000 fibers)

Fig. 7103 Zo] PP F3AIHE fabrice® A EE9 central feed tubeE
wrappingdt 2™ FAE 3 F(shell side)® FHFT 5 AA A E£F fabric
9] fibertt tAE #LAIA Fm ZEQ central shell F&9| baffleE EUst] &

o2 sAAGAFE FHAAT97,98]

@ MC module (Membrane Corporation ; Minneapoli, MN)
- Membrane : Composite hollow fiber membrane(Model MHF 200TL)
Ium A =2l polyurethane layer’} th&4 PP®e] T layer Akelell sand-
wich¥ o A& FH FFA
- Fiber dimension : ID @ 220um, OD : 270um
- Potting @ polyurethane
FTTAE & EFL polyurethanes o83l PVC FA|(shel)ell A
Al71 g8 % 2 FI3AME A4S T
~ Shell case : standard PVC pipe(2 inch)
- Module :
a. Fiber bundle : multiple fiber bundle® FAFHo] Ao Z} bundle fiber
7} oF 50070 A= cylindrical® B} 7} obd flatF el = o] FoH et
b. Packing density : 10%
Bundled] % E& pottinggoz# z2E FAd oI FIATOl FE5IH
bundleo] flat¥ elel cylindrical@ efol]l ®l8) &
1

1
35 AHete]l F21 9 % (packing density)7} wo

™
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st metA Z1A-AA9 E& EAdgLEEg Ue g I £ QT
ol #&% HZ7| EEL bubble-free gas/liquid mass transfer® IoHE A0
ioremediation¥ wastewaterx 2ol &g 7} 3lcH90]. Fig. 7.11(a)¢ 7.11(b)ol & °]
b FAGE REY NHFEE YU

® DISSOsLVE™ (WL. Gore & Associates, Elkton, MD)

- Membrane : polytetraflouroethylene(PTFE) hollow fiber

- Fiber dimension : ID : 1.7mm, thickness : 0.5mm, pore size : 0.003um

- Shell case : PVDF

- Module size: diameter : 10cm, length : 80cm, No. of fiber : 100
& WelA fibers] M2 Yoz =of glom ojed HE o wjE2 shelld
By fdel Ble] £ shell FEY BAAGAFE AT} o ZT HFE7
2 E5¢& bubble- free gas/liquid mass transfer&4] WEA| cleaning water<
ozonation°o] &&T + UEF TFHAY. durygoez A gdAo ZEELEE

7+z} 33} 10-20 Im'olH 7 AlE FEAber gR 2 & 2oH90].

@ EFM-530 module(Pall Corporation, East Hills, NY, Separel'™ )

- Membrane : non-porous polyolefin hollow fiber

- Shell case : PVC(Esloclean™), PVDF
H| o34 (non-porous) polyolefin(PO) FFALLS fabrice & A central coreE
wrapping A Z o, BAE central coreE 53 FYstPem AxHoz FALEFLS
fiberol FaAWFoz dojdo LI FFAY WHE  flushinge vacuum™
nitrogen sweep gas % 3 WHOE AU EE F 7R HHE Ao AT
[90].

Table 7391 & FYH 22 concentration-driven processes®| €& 7}5 3 parallel

flow T&AY H&£7] 28-S YEh
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Fhuid #2 auwt Fluid #2 ia

L Distrilmtion tabe I [
\

\ Hnltos Glier mesnbirane i
Cartridy { Hauosing

\ / Bailie ?‘]C(Ii!.‘ll tulwe J
g - v <~
~— — =

Fig. 7.10 The Liqui—CelTM Extra-flow membrane contactor from CELGARD
LLC.
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Auttad Fibas |
Bundls ] —

————n
|
(O §
I\':JH‘nC za B Standard
Wnian Standard PVC Uniae

Pips

Fig. 7.11(a) The low packing density module

Fig. 7.11(b) Sectional view of the two different module manifolds 7} &=
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Table 7.3 4493 & 7153 STAYL H&7] 2878 §4° [90]
A/G Koch Membrane | Microdyn Millipore
Manufacturer Technology Systems Technologies |[(NewBedford,
(Needham, MA)|(Wilmington,MA) {(Wuppertal,Ger) MA)
Polypropylene,
Polysulfone, Sulfonated
Fiber Polysulfone Polyacrylonitrile,|polyethersulfone Polysulfone®
Inorganic caron Polythylene,
Cellulose
Materials of
construction PVC,
Housi Polvsulf polysulfone, Polypropylene, Polysulfone
usin olysulfone
. Y 316LSS°, 316LSS
ARMYLOR™
Potti E B Polyurethane, Epoxy,
oting poxy poxy Polypropylene | Polyurethane
Fiber diameter(mm) 0.25-3 05-3.2 0.2-55 05-1.1
Suface area(m?) 0.0015-28 0.019-69.7 0.02-25 0.03-5
. 1000 1000 10000 3000
Pore size b
NMWC -0.65um| NMWC-0.2un NMWC-04pm | NMWC-0.1¢m
Module length(cm) 18.5-120 17.8-182.9 25-304.9 63.8-109.2

* These are commercially available filtration modules which could be used

for concentration-driven mass transfer

® Nominal molecular weight cutoff.

° type 316L stainless steel.

4 A PTFE-lined steel.

¢ With polypropylene fiber wrap.
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2 MSCS(melt spinning and cold stretching) A< ©]& 3 polypropylene(PP) %

polytetrafluoroethylene(PTFE) % &A= (hollow fiber membrane) Az &3 A

7} o]&o]xom  AAMol(phase inversion, PI) AL T3 AxFHAAE

polysufone(PSf) 2@ 44 TEZQ cellulose acetate(CA) 58 A2 ¢ £
7
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& A8 A7t Aok 2 Htel= poly(vinylidene
fluoride) (PVDF), polyethylene(PE) 2 poly(dimethylsiloxane) (PDMS) 5& =%
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Extraction— valuable oV
vetalions compounds
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Extraction—
oo Pesorption—
COrmciunds removal of
21% Extraction— toxic
volitile organic compounds
compounds 4%

17%

Fig. VI-1. Recent research trends of membrane contactor.
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_ Absorpation—
Absorption=  ramoval of

separation of toxic
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28% vV ,- toxic
: compounds
B 10%
Extraction—
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organic organic
compounds compounds
39% 10%

Fig. VI-2. Research trends of membrane contactor.
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Table VI-1 Application of membrane contactor processes

@® Membrane Absorption(MA)/Desorption(MD)
- Gas absorption and stripping(C02, SO2, NH3..)
- Supercritical extraction
- Waste water treatment

@® Membrane Solvent Extraction(MSX)

- Pharmaceutical application
- Protein extraction
- Metal ion extraction

® Membrane Distillation(MD)

- High purity water production

® Liquid Membrane(LM)

- Immobilized Liquid Membrane(ILM/SLM)
~ Contained Liquid Membrane(CLM)

@® Membrane Reactot(MR)

- Chiral separation

- Fermentation and enzymatic transformation
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Table VI-2 Research trends on materials for membrane contactor (1984-2001)

Absorp./ i . .
Extraction MD oD Simulation| Prep. etc.
Desorp.
PP 47.0 73.6 33.3 33.3 66.7 100 45.5
PTFE 23.5 33.3 33.3 18.2
PSf 5.3 9.0
PVDF 33.4 33.4
PDMS 11.8 5.3 9.0
PE 11.8
etc(CA) 5.9 15.8 33.3 18.3
Total 100 100 100 100 100 100 100

* MD : membrane distillation, OD : osmosis distillation
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0D(3.8

MD(1.9)
The others :
(21.3)

Preparation Absorption/
13'5) Desorption(19,

Extration(36.5)

Simulation(3.8

Fig. VI-3. Research papers on application of membrane

contactor.
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PDMS(6.3)
PVDF(3.2)

The Others
(16.6)

PSf(3.2) |
PE(3.2)

Fig. VI-4. Research papers on materials of membrane

contactor.
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