Contents

 Preface v
~ 1. Membrane and Membrane Separation Process ... I
1.1 Size exclusion membBranes. ... rmeesse e e sssessesmsnnsenns |
1.1.1 Microfiltration (MF} membrane ..., i

1.1.2 Ultrafiltration (UF) membrane........o.coveeeincisessessssassaian, 3

1.1.3 Nanofiltration (NF) membrane ..o, 4

" 1.2 Reverse osmosis (RO) MEMbBIANE. ........cooeremververrimsssssssnessssnns 4
1.3 Membrane StruCTUPES. .couverimmammmuinansirsssmnsssrassesiseisiasssssarsns i f
1.3.1 Symmetric and asymmetric membranes ........ccevees. 6

1.3.2 Composite MembIiane ... ...t 8
BEFOIyImer membranes ........cecnnimmsenmiseniione e s 10
1.4.1 Cellulose and its derivatives ..., 10

1042 Polyamide (N¥lon)}. ... oot 11

143 Polysulfone ... ... i s e s 12

I Poly(vinyldene fluoride) (PYDF).......ccoovmmiciniiianinen 13

s Polytetrafluroethylene (PTFE)..... o vensnssesensmncsncceneas 14

BRI Polypropylens (PP)........ccovvvsmimsianinnssssnmssassi s ssasneans 14
LY Polycarbonate (PC).........oo st 15

" 1.5 Inorganic (ceramic) MEmBIANCS _......ooc..covmmmmmmmmminerssrsesensen 15
15.1 Sintered ceramic Membranes ... ...ccveeseenesinimisininen 15

152 Anodized aluming MEMBTANE .........ommssmsnmsnsasansnms 17

~ 1.5.3 Molecular sieves (Ze0lites) oo 18
.ﬁ BAEMbrane MOAUIES. ... ... ccceiceeriecs e e s eevevesatsssiss st msanansass 19
161 Plate-and-frame membrane module ... 20
1.6.2 Spiral-wound membrane module . ... 21

1.6.3 Tubular membrane module...........ccocereerere i 21

1.6.4 Hollow fibre membrane module......ccveeeiiiininenane, 28

Wide variety in membrane’s driving force ...oeevvennineenas 25

B (ras selective separation..........cuueeeennsiseesisisssssssssnsasies 26

1.7.2 Pervaporation membrane .........cee.. i, Sl e e a7




wiii Poldvmer Membranes in Bintechnology

1.7.3 Piezodialysis membrane ... 27
1.7.4 Dialysis membrane .........ccconioninsmninsnsnnissnsssssisases 28
1.7.5 Electrical dialysis membrane€........coovmmmerinisnianinisinni 29
1.7.6 Thermally driven membranes: Membrane distillation... 30
1.8 Membrane’s appliCAtionS .c..ooeeevesres s mrmrres e sesnsssse s 31
LA 1 Water eatment ... cis s siasis s inssssesas e 32
1.8.2 Biomedical applicalions.......cccovivmmmennen LTS 35
2. Membrane Preparation ... e e s inssinnnan 349
2.1 Phase separation method........covieicimmmnninsnsssssm e 39
2.2 Lithography-based membrane preparation technigues ... 41
2.2.1 Introduction of lithography ... 41
2.2.2 Photo masks and radiation sources in lithography......... 46
2.2.3 Lithography-based membrane preparation: Direct
PHOLO-CICRINE .o s e e 48
2.2.4 Micro-imprinting (or embossing) method ..o 52
2.2.5 Combination of micro-printing and phase separation_... 55
2.2.6 Laser interference lithography . 30
2.3 Non-woven membrang préparation ... 57
2.3.1 Traditional non-woven fabric ......evernveeeeenrensissianinne 57
2.3.2 Noon-woven polymer fabric by electrospinning ............. il
2.4 Other membrane preparation methods.........onennees 63
28,1 Track-StCHINE ..ooeesonsrrss rissss iscmsnsms sos isssmsa sesssiasas s dhisbtensn 63
2.4.2 Film stretChing .....coeveeveeverrmmerases e tscssss s s rassnnas o7
2.4.3 Lager drilling ... ... ssmipmises isysmsinis sfsimrmems s rifvotreies 6l
2.4.4 Template leaching..........ccccvunminrennanns i swinanausgh b AP RS 69
2.5 Example: Hollow fibre membrane preparation................ce... 6
3. Surface Modification of Polymers ......ciimcinvinmesinmnris s ensene 71
3.1 Graft copolymerization ..........coeveecenmeec e sissississian R 72
3.1.1 Radiation-induced graft copolymerization ............ceeee.. i
3.1.2 Plasma-induced graft copolymerization ... 76
3.1.3 Oxidization-induced graft copolymerization ... 77
3.2 Plasma treatienl. ... ..ccoe v vverressessssssnatais e maamsssnansis sinsinssvass o T
3.2.1 Plasma PhySiCs. e sisssissssesasessssrinssassnsnsensrasrassnssnssasess T8
3.2.2 Gas discharge plasma sources and equipments ... Bl



Confends ix
3.2.3 Plasma-polymer interactions.......cvereesrisrrsssmsssossasssssnes &7
3.2.4 Hydrophilicity and hydrophilicity manipulation ........... 89
3.2.5 Plasma treatment of polymers with O-, N- or
F-containing SAses ... oo iriimmmmmimimmenncen s sssssssississssns 89
3.2.6 Depth of plasma treatment and aging of polymer
surfaces after plasma EAtMENL.. ..o 93
3.3 Chemical vapour deposition (CVD) ....cocorvecieeienmnnecicniiiinn 95
3.3.1 IntrodUCTIGHI, b e e e . L 95
3.3.2 Chemical versatility af GV i e Uiy
3.3.3 PECVID iuilinilusanind ool ki it s 98
3.3.4 Polymer film formed by PECVD: Plasma polymer....... 100}
. Immobilization of Functional Molecules and its Chemistry ........... 107
4.1 Nucleophiles and electrophiles ........cooicvinsicnnnninnsnns 107
4.2 Hard and soft nucleophiles and electrophiles .......oevieeene. 112
A3 LEAVINE OO ...oioeisasssssromsrmsssmsnsss esemsvasemmen st scmana b b aa paa sinsnsse L13
4.4 Chemistry of functional 2roups .........ccvcvesiciimmmnnn . 116
4.4.1 Carboxyl groups and carbodiimide chemistry ............... 117
4.4.2 Hydroxyl BIOUPS ..... oo afioesesinssasiasbisssssss i s 121
4.4.3 Thiol Zroup (—SH]u..cumiecisiimiiemmnasssess i sssssssmmsnanss s 25
444 Aldehvie BrONDE . .. ccoooeeieiiisiiviisssinnsnnssssh ssnssatansises s ra o7 128
4.4.5 1SOCYNALE ZTOWP .. iciiiesnssssasinsintssmsnmnsmnseinnssrarerssomsasias ensnas 129
4.4.6 Epoxide SroUp. ... s ssissssssn e neres 131
4.4,7 Cyanuric chloride (2,4,6-trichlorotriazing) .......c.coocoeene 132
448 Amino groups (RNHz, RiRaNH) i 134
4.5 Modification AZENS .....cememrmimirimrmmrnrssss i s ssns s sasees 136
4.5.1 Maodification agents for introduction of thiol group ...... 136
4.5.2 Maodification agents for introduction of carboxyl
ETOU cocumcmcunr e rasssbssnassisnsasasmmmsmtsnsbanbss HEBIIL0ERORRRS beRsa sesmemins 141
4.5.3 Madification agents for introduction of amino group.... 141
4.5.4 Modification agents for introduction of aldehyde
14 n 1| PACCRD T RRE e SRV RS TS BT T SR AN 143
4.6 LinKing agents .......ccciinninimimsssse o s 144
4.0.1 Carbodiimides............cceiesienne vt |44
$.6.2 Carbonyl diimidarele (T £ it it h - St o 145

4.6.3 Homobifunctional MHS e81815 .....ccvmarmmmimninninmrmrmneneas 147




X Palymer Membranes in Bioiechnology

4.0.4 Homobifunctional imidoesters... i el AR
4.6.5 Homobifunctional sulthydryl-reactive ]mLm;. :tgl.,l'llb sz 130
4.6.6 Other homobifunctional hnkers.....oovvcievinr i rerein e 150}
4.6.7 Heterobifunctional linking reagents. ..., 150
4.7 Ligand immobilization on polymer surfaces ............cocvecvveennn. 134
Al -Polirsacetiamides )il it n il i Ll e o 154
.52 PTFE end PVDF i i M i s 156
4 7 4 Polysulfone and polyethersulfone. ..., 164
4.7.5 Poly{ethylene terephthalate) (PET) .....ccooeeiiiiicieeen. 160
3. Membrane ChromatoZraphy .o cceiccre e e esesie e e srsra sro s semcmacne 163
5.1 Basics of ChromalOZrapl¥ ..o rievveirmssrsresiesrerssssnmsessanse s ssreses 165
5.1.1 Gel filtration chromatography ........ccocecvceeeccicrirccnenee. 108
5.1.2 lon-exchange chromatography .........ccooovmmicieniciinninneas 170
5.1.3 Hydrophobic interaction chromatography ..o ccveeeeene. 171
5.1.4 Reversed-phase chromatography ... iecienieviacenne, 172
3.1.a Affinity chromatography .. P
5.1.6 Metal chelate affinity uhrnlu.imﬂr.aphy .......................... 173
5.2 Ip‘(: purification by affinity chromatography ., 175
5.2:1  ToGstEnehnme o s e A i 175
5.2.2 Aftimity higands for lplG punfication ...t 177
5.3 Affinity membrane chromatography e e 80
34 Theory of affinity membrane chromatography ..o, 183
5.4.1 Band moving in chromatography System ... 184
5.4.2 Simulation of chromatography process: Continuous
R A e R L bt 186

3.4.3 Simulation of chromatography process: Plate model ..., 189
544 Simulation of affinity membrane chromatography

process using plate model ... 191

5.5 Affinity membrane materials.........ccovmeiimmnnnnnsnee e 193
53.5.1 Cellulose and its derivatives ..o 106
3:5. 2 Polyamnides Ry b R A R, R 198
5.5.3 Polysulphone............... B " ERLIEE SAER NS L RTE R
3.34 Polyethylene aml puh prup:,]n,m. .................................... 199
5.5.5 Monalithes! AR S0 HMIG NI ik 200

\—#




Contenis i

5.6 Affinity membrane examples.........commmmnnn. 201
B ELIPSATM ol oramsvimion i on s voes e AR 12 201
5.6.2 UltraBind™ affinity membrane (PALL) .....c.coiviinneansns 203
5.6.3 Sarobind™ MEMDBramnes ........coeermemsremeemic e isssiessnnas 204

5.6.4 Vivapure™ Protein A Mini spin columns
(S AUOTIONE) firss v inmbinsmss s rprmapurmsieavace B I bR RIp 1 L

6. Membranes in Biosensors and Bioreactors...........c.ooooeeeaveeeennee, 207

6.1 Membranes in BIOSENSOTS . nrrere s 207
6.1.1 Amperometric BiOSENSDIS ... mmiriarie s s siessssassss s 207
6.1.2 Gas permeable membranes in amperometric

bioganstis. v e S e e S 211
.1.3 Analyte permeable membrane in amperometric

DIOSEIEOTS . i rersnsennrsson s st ebad bbb BT PR S LA S o5 213
6.1.4 Enzyme immobilized membranes in biosensors............ 213
6.1.5 Membranes in amperometric 2as Sensors .. 217

6.1.6 lon-selective membrane for potentiometric

IO OB ot o hcinsanisn v f s npmsmasasus s soEaaysamsd 222
6.1.7 Membranes used in enzyme-ISFET biosensors............. 228
6.1.8 Electrospun nanofibre membrane for biosensors........... 235

5.2 Membrane-based enzyme bloreactons. ... 237
6.3 Membrane bioreactors for waste water treatment................. 243
5,31 INTOQUCEION . cox vvs e revsmnsiosinsrns e svs vbsamesnia s s s mmssds s odd i sias 243
6.3.2 Biological treatment rationale..........cooimnnriinen. 245
6.3.3 Basic membrane systems of MBR........cooiinininnn 246
6.3.4 Example of MBR: Denitrification ... 249

Appendix A Phase Diagrams of Polymer Solutions and Application 255

A.1 Phase diagram of solvent polymer (SP) system........cvevanrenns 233
A2 Derivation of phase diagram of the SP system with a

generalized mathematical method ... 260
A.3 Phase diagram of nonsolvent solvent polymer (NSF)

BYBIBITL cuucomroessssisssanssnsssannssnansramrssssnsmsn s e sbssas smamenunsnnis ssmmnsrbsva s 261
A4 Application of phase diagram ..., 264




'
xn

Polviner Membranes in Biotechnology

Appendix B Plate Model of Chromatography

Bibliography

Index



