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Abstract: Hollow fiber membrane using CTA polymers were prepared by the phase separation method for the separa-
tion and purification of biogas and the hollow fiber gas separation membrane modules with the effective surface area of
0.17 m* were prepared. The pure gas permeation properties of membrane modules for methane, oxygen and carbon dioxide
were measured. The permeance of CO, and CH, were 0.46 GPU and 18.52 GPU, respectively, therefore, the high CO./CH,
selectivity of 40.4 was obtained. The separation and purification test for 4 different simulated mixed gases were carried out
after the pure gas test and the gas concentration and flux of the permeate at the various stage-cut were measured from the
1 stage, 2 stage, and 3 stage cascade of membrane modules. In the 1 stage test, the concentration of CHs increased as the
increase of the stage-cut, while the CH, recovery efficiency ratio decreased. In the 2 stage test, the CH4 recovery efficiency

ratio increased compared to the 1 stage. The 3 stage test was employed to reduce the loss of CH, in biogas and the result
showed less than 5% of CH, recovery loss.
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Table 1. Composition of biogas, landfill gas and natural gas

. o]tg/g .0

134 - A9 E

Compounds Biogas Landfill gas Natural gas
Methane (vol-%) 60~70 35~65 89
Other Hydrocarbon (vol-%) 0 0 94
Hydrogen (vol-%) 0 0~3 0
Carbon dioxide (vol-%) 30~40 15~50 0.67
Nitrogen (vol-%) ~0.2 5~40 0.28
Oxygen (vol-%) 0 0~5 0
Hydrogen sulfide (ppm) 0~4000 0~100 29
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Table 2. Composition of simulated gas cylinder it

Compounds Cylinder 1 Cylinder 2 Cylinder 3 Cylinder 4
Carbon 50 40 35 10 "“!_. s
dioxide et /B ]
Methane 50 60 60 90 /(g-\m/ \@ @/

Coagulation bath Washing bath Winder
Table 3. Conditions of hollow fiber spinning o

Flow rate of dope solution (cc/min) 2.8
Flow rate of bore liquid (cc/min) 1.7 Fig. 1. Schematic diagram of hollow fiber spinning
Temp. of dope solution (°C) 80 appraus.
Temp. of 1%, 2" bath and winding bath (°C) 25
Winding speed (m/min) 24
Air gap (cm) 30
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Fig. 3. Experimental apparatus for pure gas test.
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Table 4. Nomenclature of ports at multi stage test

Port Content Item  Symbol
. Flux Or:
Permeate 1 CO, enriched gas
Conc. Cp;
Stage 1 -
Flux Ori
Retentate 1 CH4 product
Conc. Cr:
) Flux Op:
Permeate 2 CO, enriched gas
Cone. Cp>
Stage 2
Flux Orz
Retentate 2 CHy product
Conc. Crz
Flux Ops
Permeate 3 CO; enriched gas
Conc. Cr3
Stage 3
Flux Ors
Retentate 3 CHs product
Cone. Crs
(P/1),
o= ot (3)
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Fig. 5. SEM images of CTA hollow fiber membrane; (a)
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Table 5. Gas Permeance (GPU) and selectivity of hollow
fiber membranes for pure gas test

After coating

Sample No.
Pena Poz Pcoz QoxNa @ coucHs

M-001 0.41 1.68 16.55 4.11 40.51

M-002 0.48 2.07 19.44 432 40.54

M-003 0.50 2.19 20.43 433 40.51

M-004 0.44 1.94 17.67 4.44 40.41

Average 0.46 1.97 18.52 4.30 40.49
GPU : 107° om’ / om”® - sec - cmHg.
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Fig. 6. Results of separation test with 50%CHs / 50%CO,
by 1 stage; (a) CHs concentration, (b) CH; recovery
efficiency.
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Table 6. Results of separation and purification of hellow fiber membranes for sinmlated mixed gas 50%CH; / 50%CO, in 2

stage
Feed Feed gas required (I/min) 0.320 0.416 0.589 0.715 0.932
ee
CHs Recovery efficiency (%) 19.6 44.8 67.5 74.7 81.4
S ] CO, enriched gas (L/min) 0.212 0,243 0.295 0.325 0.353
stage
CH; Cone. (%) 23.5 19.4 17.3 16.2 14.4
CO> enriched gas (L/min) 0.076 0.078 0.091 0.101 0.127
CH, Conc. (%) 81.1 67.3 56.0 46.4 37.6
Stage 2
CH; Product (L/min} 0.032 0.095 0.203 0.289 0.452
CH; Cone. (%) 98.3 98.3 98.0 95.8 93.9
Stage 1 0.663 0.584 0.501 0.455 0.379
Stage cut  Stage 2 0.704 0.451 0.310 0.259 0.219
Total 0.900 0.772 0.655 (.596 0.515
Feed pressure : 0.7 Mpa.
Feed gas concentration : 50%CH, / 50%CO;.
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Fig. 7. Results of separation test with 60%CH, / 40%CO; by 1 stage; (a) CHy concentration, (b) CH4 recovery efficiency.
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Table 7. Results of separation and purification of hollow fiber membranes for simulated mixed gas 60%CH; / 40%CO; in 2

stage
Feed Feed gas required (L/min) 0.268 0.332 0.416 0.581 0.784
ee
CH., Recovery efficiency (%) 14.8 357 53.6 73.0 82.8
S | CO, enrichedgas (L/min) 0.176 0.186 0.201 0.237 0.256
Stage
CH4 Conc. (%) 329 31.6 26.3 22.6 20.6
CO, enrichedgas (L/min) 0.068 0.074 0.079 0.084 0.119
CH, Cone. (%) 86.6 84.1 73.3 571 46.2
Stage 2
CH;4 Product (L/min}) 0.024 0.072 0.136 0.260 0.409
CH4 Cone. (%) 99.1 98.7 98.5 97.9 953
Stage 1 0.657 0.560 0.483 0.408 0.327
Stage cut Stage 2 0.739 0.507 0.367 0.244 0.225
Total 0.910 0.783 0.673 0.552 0.478
Feed pressure : 0.7 Mpa.
Feed gas concentration : 60%CH, / 40%CO,.
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Fig. 10. Results of membrane separation for mixed gas 50%CH, / 50%CO; by 2 stage (a) CHs concentration of product vs
stage cut, (b) CHs conc. of permeates vs stage cut, (¢} CH, recovery efficiency vs stage cut.
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Table 8. Results of separation and purification of hollow fiber membranes for simulated mixed gas 50%CH,; / 50%CO; in 3
stage at 0.7 Mpa

Feed gas required (L/min) 0.326 0.332 0.313 0.319
Feed CH4 Recovery efficiency (%) 66.8 64.2 68.1 66.8
ee
CH4 Recovery loss (%) 2.0 2.6 1.7 2.1
CH. Recycle (%) 36.37 33.123 33.746 33.057
CO; enriched gas (L/min) 0.170 0.172 0.152 0.156
Stage 1
CH; Conc. (%) - - - -
CO; enriched gas (L/min) 0.044 0.050 0.051 0.053
Recycle
CH4 Conc. (%) 642 59.0 58.5 57.0
Stage 2
CH4 Product (L/min) 0.112 0.110 0.110 0.110
Product
CH, Conc. (%) 97.3 97.0 96.9 96.8
CO, enrichedgas (L/min) 0.070 0.100 0.088 0.096
CH;4 Conc. (%) 4.6 43 3.1 35 Exhaust
Vacuum degree (cmHg) -65.0 -65.0 -65.0 -65.0
Stage 3
CH4 Product (L/min) 0.100 0.072 0.064 0.060
CH4 Conc. (%) 31.0 353 35.8 374 Recycle
Pressure (Mpa) 0.00 0.02 0.02 0.03
Stage 1 0.521 0.518 0.486 0.489
Stage 2 0.282 0.313 0.317 0.325
Stage cut
Stage 3 0.412 0.581 0.579 0.615
Total 0.656 0.669 0.649 0.655
Feed pressure : 0.7 Mpa, Feed gas concentration : 60%CH, / 40%CO..
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Fig. 11. Results of membrane separation for mixed gas 60%CH4/40%CO, by 2 stage (a) CHs concentration of product vs
stage cut, (b) CH, conc. of permeates vs stage cut, (¢) CHs4 recovery efficiency vs stage cut.
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Table 9. Results of separation and purification of hollow fiber membranes for simulated mixed gas 50%CH, / 50%CO; in 3
stage at 0.9 Mpa

Feed gas required (L/min) 0.493 0.455 0.467 0.577 0.547 0.554
Feed CH, Recovery efficiency (%) 67.1 60.5 59.3 48.1 50.5 49.0
ee
CH4 Recovery loss (%) 0.8 0.9 0.9 1.7 2.9 4.0
CH4 Recycle (%) 34.0 355 36.3 494 455 42.7
S . CO; enriched gas (L/min) 0.248 0.242 0.250 0.353 0.315 0.319
tage
CH,4 Conc. (%) - - - - - -
CO, enriched gas (L/min) 0.074 0.072 0.075 0.082 0.090 0.095 Reevel
ecycle
S 5 CH; Conc. (%) 52.4 55.7 57.0 52.0 48.7 45.5
tage
CH4 Product (L/min) 0.171 0.141 0.142 0.142 0.142 0.140
Product
CH4 Cone. (%) 96.7 97.6 97.5 97.7 973 97.1
CO; enriched gas (L/min) 0.064 0.092 0.098 0.101 0.130 0.170
CH,4 Conc. (%) 3.1 24 2.2 4.8 6.1 6.6 Exhaust
S 3 Vacuum degree (cmHg) -65.0 -65.0 -65.0 -65.0 -65.0 -65.0
tage
CH, Product (L/min) 0.184 0.150 0.152 0.252 0.185 0.149
CH4 Conc. (%) 24.5 271 27.7 39.6 43.6 50.4 Recycle
Pressure (Mpa) 0.00 0.02 0.03 0.05 0.10 0.15
Stage 1 0.503 0.532 0.535 0.612 0.576 0.576
Stage 2 0.302 0.338 0.346 0.366 0.388 0.404
Stagecut
Stage 3 0.258 0.380 0.392 0.286 0413 0.533
Total 0.653 0.690 0.696 0.754 0.740 0.747
Feed pressure : 0.9 Mpa, Feed gas concentration : 50%CH, / 50%CO;.
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Fig. 12. Results of membrane separation for mixed gas 50%CH4/50%CO; by 3 stage at 0.7 Mpa : (a) Ratio vs pressures of
stage 3, (b) CH, conc. of each port vs pressure of stage 3, (¢) CHy conc. of recycle vs pressure of stage 3.
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Table 10. Results of separation and purification of hollow fiber membranes for simulated mixed gas 60%CH, / 40%CO, in 3

stage at 0.7 Mpa

Feed gas required (L/min) 0.460 0.468 0.450 0.443 0.429 0.432
Feed CH, Recovery efficiency (%) 58.0 57.0 59.7 60.4 61.3 60.4
CH4 Recoveryloss (%) 1.1 1.8 2.0 23 4.6 7.8
CH, Recycle (%) 40.8 39.5 40.4 39.5 324 274
Stage 1 COs enrichedgas (L/min) 0.244 0.244 0.225 0.214 0.199 0.189
CH,4 Conc. (%) - - - - - -
CO, enrichedgas (L/min) 0.049 0.057 0.057 0.061 0.064 0.077 Recycle
Stage 2 CH,; Conc. (%0) 60.0 573 55.9 54.2 48.7 447
CH,4 Product (L/min) 0.167 0.167 0.168 0.168 0.166 0.166
CHy4 Conc. (%) 96.0 95.9 95.9 95.6 95.0 94.4 Product
CO, enrichedgas (L/min) 0.042 0.070 0.073 0.081 0.112 0.128
CH; Conc. (%) 74 72 74 7.7 10.6 15.9 Exhaust
Stage 3 Vacuum degree (cmHg) -66.0 -66.0 -66.0 -66.0 -66.0 -66.0
CH4 Product (L/min) 0.202 0.174 0.152 0.133 0.087 0.061
CH, Conc. (%0) 41.1 45.0 50.8 54.1 60.1 60.2 Recycle
Pressure (Mpa) 0.00 0.02 0.03 0.05 0.10 0.15
Stage 1 0.530 0.521 0.500 0.483 0.464 0.438
Stage cut Stage 2 0.227 0.254 0.253 0.266 0.278 0.317
Stage 3 0.172 0.287 0.324 0.379 0.563 0.677
Total 0.637 0.643 0.627 0.621 0.613 0.616
Feed pressure : 0.7 Mpa, Feed gas concentration : 50%CHs / 50%CO;.
S5 = stage 29| permeate$} stage 39 retentate® W) 2] 02 Aedtd 37.45%% YEHUSeH ¢£&#5H+=
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Fig. 13. Results of membrane separation for mixed gas 50%CH«/50%CO, by 3 stage at 0.9 Mpa : (a) Ratio vs pressures of
stage 3, (b) CHs conc. of each port vs pressure of stage 3, (¢c) CHs: conc. of recycle vs pressure of stage 3.
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Fig. 14. Results of membrane separation for mixed gas 60%CH, / 40%CO: by 3 stage at 0.7 Mpa : (a) Ratio vs pressures of
stage 3, (b) CHs conc. of each port vs pressure of stage 3, (c) CHy conc. of recycle vs pressure of stage 3.

A3 2ol 0.02, 0.03, 0.05, 0.1, 0.15 Mpad] &L Feed gas®] fr&Fe] 57181921 0.7 Mpadl 74 S-9} 1)
stage 39| oA H2EE Y5940 Stage 39 A WEHH FEEE 7F2 vl o] destion Ay
= Udgo] Asgtol wal, stage 29 retentate$! CH, O = CHs product®] Hl&2 7HA3%Th
product®] W& FE= 97% ol 1 EE YA
FEHEE AL FAstATh 181, stage 29 permeate 3.3.3.2. 60%CH4/40%CO; BEA} 7F229) 3 stage test
(recycle)®] WRsEs ZFH 7A8ho] stage 39 4 TAE CH/CO, = 60/409] Th8le] 3 stage HIAE
2= gheo] 0.15 Mpad W) 45.5%= Vet 19 & AP At A feed gas $E 0.7 Mpaoll A 19
1 stage 3914 <35 = retentate®] CHy 5 stage stgo 1 AFE Table 109] YERH AT} Stage 19
3o Al hgol gt mel WAz o g Asetd A stage cute 0.6 ©|3tE 27l %3] CHy product®
50.4%F Yetileon <3 29 ¥¢ CH 5% E=7F 95~96%E YEFA AT CHy product® §%5
= 49%Z Feed 7129 CH, 559 SAMG o) &8 97% o402 538171 YA stage cut 0.6 °]4
3t om o] MEe 42% olAE YT Stage 3 o# gxojol & AoF ARHAT, oKT} ¢4 T
o A& ¢¥ol 0.15 Mpa ol&tid A= ¢ddE 7 H HAES} Zo] stage 39014 retentate Zof] SZ9- 1)
of Mg FETF woba g EAE0] 50% HEo|H BE A2l stage 39 Adle 4¥S 2HIIAT.
stage 39 ZHele ¢Fo] 0.15 Mpad H$ <£§Hgol Table 10°] YeEbA 213 7+e] 0.0, 0.02, 0.03, 0.05, 0.1,
43%0]9 o] w] WEre] 4L 4% L2 A HQIT 0.15 Mpa?| 3L stage 394 WIAA7H HAE
stedo] dgsliA e o) REY Jbx A g AP3H . Fig. 14(b)oll JERA vRo} 2o Stage 3

Membrane Journal Vol. 21, No. 2, 2011



190

B
o

A

Table 11. Results of separation and purification of hollow fiber membranes for simulated mixed gas 60%CH; / 40%CO; in 3

stage at 0.9 Mpa

Feed gas required (L/min) 0.695 0.684 0.685 0.687 0.677 0.650
Feed CHa Recovery efficiency (%) 57.7 59.1 59.6 60.6 61.1 62.1
ee
CH4 Recoveryloss (%) 0.8 1.0 1.1 1.6 2.5 3.7
CH, Recycle (%) 423 40.3 40.1 384 36.1 34.1
S . CO; enrichedgas (L/min) 0.360 0.341 0.336 0.330 0.313 0.279
tage
CHs Conc. (%) - - - - - -
CO; enrichedgas (L/min) 0.085 0.090 0.093 0.096 0.103 0.115
Recycle
S 5 CH, Conc. (%) 54.6 52.0 50.8 49.1 457 41.8
tage
CH, Product (L/min) 0.250 0.253 0.256 0.261 0.261 0.256
Product
CH; Conc. (%) 96.2 95.9 95.8 95.7 95.0 94.6
CO, enrichedgas (L/min) 0.063 0.079 0.079 0.095 0.127 0.141
CH, Conc. (%) 5.2 5.4 6.1 7.3 8.2 10.5 Exhaust
S 3 Vacuum degree (cmHg) -65.0 -65.0 -65.0 -65.0 -65.0 -65.0
tage
CH; Product (L/min) 0.297 0.262 0.257 0.235 0.186 0.138
CH;4 Conc. (%) 43.8 453 458 474 53.5 61.5 Recycle
Pressure (Mpa) 0.00 0.02 0.03 0.05 0.10 0.15
Stage 1 0.518 0.499 0.491 0.480 0.462 0.429
Stage 2 0.254 0.262 0.266 0.269 0.283 0.310
Stagecut
Stage 3 0.175 0.232 0.235 0.288 0.406 0.505
Total 0.640 0.630 0.626 0.620 0.614 0.606

Feed pressure : 0.9 Mpa, Feed gas concentration :
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