Reduction of Membrane Fouling in Membrane
.Bioreactors - Development of Innovative and
Sustainable Techniques

Dem Fachbereich Bauingenieurwesen und Geodadsie
der Technischen Universitat Darmstadt

zur Erlangung des akademischen Grades eines
Doktor-Ingenieurs {Dr.-Ing.) vorgelegte
Dissertation

von

M.Sc. Barbara Siembida-Losch
aus
Oswiecim

Darmstadt, im Januar 2011

D17




TABLE OF CONTENTS

ABSTRACT. c.couiivireicrmrimii it ses s en st r e sae b s st ese e est st s b aeb b e e s s e baee sheaRtonsonsstsbesesntenersmanesresnestsnts iif
ZUSAMMENFASSUNG .....oovoiuttimiiiieeiiriitnntirte s eee s esesststanteeeessaesseenaseessossssssssannneerseesaonsnnrssesesssssas v
ACKNOWLEDGEMENTS .....ootiiiiiiiiieiniiiiiitir e cnereertsst st e e e srecenses st snsosaesinesneessesnessnsossssssans vii
TABLE OF CONTENTS ..ottt et bttt nest s st se bbb s mr e saesnbe s sbae s saaesanenae viii
LIST OF FIGURES ...
LIST OF TABLES ......otttiiiiiiiicinie sttt sttt s st e et r e e s bt ebss et e st s emr s nn e e b e s et es b s e abeesanbesanasstnas
SYMBOLS AND ABBREVIATIONS ......cooii it nreeaneststesaissssssesreresaresnerssnessessassesiessasesnnsssonsonson xvi
1. INEOAUCHON .o rretiert ittt rae e rr e e ssee satauesreesresereeseeshesseeasaenassaneneenrnesnssasessssnnsnaserneessesnes 1
1.1, Problem defINition .....c.ccciviiiiiiiiiiirt e e s e re s 1
1.2, Structure of the thesiS. ... et ree e es b s sea s ae e srees 2
2. Fundamentals of membrane SEParation PrOCESSES .......ceverrreerererereerresseesseessessemssmrssessesessseessesssans 4
2.1. Overview of membranes and membrane separation processes.. .4
2.1.1. Classification of membrane separation e I 4
2.1.2. Membranes — materials and morphology......cc.coverciiririennceroiininienieneer e 6
2.1.2.1. Membrane MAaterials.......coccoiiiiiinincenmmcccnmine st esessecsssaeacses s shsssssasseresesssssassssssnsssassssssssenes 6
2.1.2.2.  Membrane MOIPhOIOZY ... ettt sttt nreeae st st sb s bt nsassssisbessnsbones 7
2.1.2.3. Membrane MOQUIES ......ccveiriveciiiiiicie et st s et s 7
2.2. Micro- and ultrafiltration process ~ basic principles and definitions.........cc.cveverrverieesrercrrennees 8
2.2.1. MaSS LTANSTEY 1ocuvicircieie sttt rrcirre s csee s e e s e st e e e et senne s s e st e s b e saaeanenrae e nnans

2.2.2. Fundamental parameters: pressure, flux, permeability, and retention rate

2.3.  Membrane Bioreactor (MBR) PTOCESS.......c.ccctretrerecnirienieniieenineiierineeeonesssuassesseeseensssnesns

2.3.1.  Functional principle and cONfiguration..........cceeevererrieressereirrerroecsaesssesseesensenseessacseasses
2.3.1.1.  Functional principle........... OO ST OTOROTORN e s 11
2.3.1.2. MBR CORfIZUIALION ...veuvnceeerreeeinterentens snanaresesceseeestnseseraesssesessesicsssacsssnsssestesesassosnsnascens sessnanss 12
2.3.2. Operating method — dead-end and crossflow filtration ...........cccocovviieiviniiiiniinccnenninnns 13

2.3.3. MBR design and process efficiency
2.3.3.1.  MBR design ...ccoevnreene
2.3.3.2.  Efficiency of the MBR process

2.4. Limitations of MBR apPlCAtIONS......cccrveriereiiuesierrerriirerrresieesiaseessessseeseeesssesssessrasssssessnsenas 17
2.4.1.  Process deSCrPLiON .....ccceriiiiiiiiiiiimecemtaeneeeresses s e b s sbe st r s snnes 17
2.4.2. Fouling rate......ccccovevcirnvnniienieieiencce e cnecsee e PP TSP 18
2.4.3. Fouling Mechanisms .......ccosieviiiiininniiiniiniticsr e 19
2.4.4. Overview of factors influencing fouling in MBR ........cconerrrircininninieninininncnenininnens 20

2.4.4.1.  Membrane properties ..

2.4.42.  Operating conditions...

2.4.4.3. Biomass characteristics

Table of contents viii



[

2.5. Modeling of membrane filtration Processes .......c.vvcieeeiirniriinnininmsmeee e 25

2.5.1. Diffusive mass transfer - concentration boundary layer................. .25
2.5.2. Hydrodynamic particle transport — cake buildup... .28
2.5.3. Membrane mass transfer TeSISLANCE .........cccreeiirierrenniniireesencersrssn sttt 29

2.6. Strategies for fouling reduction and improved membrane performance.........icovverrveenennenes 30
2.6.1. Control of filter cake buildup — Crossflow aeration SyStemM......cvceereiveveiueneneerrenienriennes 30
2.6.2, Membrane Cleaning.......ccccmiiuiiiniiiiniiinii e st st 31
2.6.2.1. Physical cleaning (backwash with permeate, relaxation) . . a3l
2.6.2.2. Chemical CleAnNg ......ccoveccermrirccrirrcccrreresenrcesenresseresnesens .32
2.6.2.3.  Physical-chemical Processes ........ccvcccverrecrrrererenseccrrernracnerenns . .33
2.6.2.4.  Alternative cleaning methods — mechanical cleaning........c..o.cocecrerrnnies .33

3.  General objectives and approach......ccccecierrrieiiniiniiiiiiiie et e s s sr e sae s 35
4.  Materials and MEHOAS «....ccoorrerierierccr e e e e e e e e e bessasens shessssrs et bens e sesonrsanenenrene 37
4.1.  Overview of experiments and PlANLS.......ccceeviiieriieeerieririeeeeeseesteeses e seeeseesseesesssssessaesassenens 37
4.1.1. MBR plant (A) in Darmstadt-EBerstadt........c.ceecreurreecereruenerresenneeesienersnmencesrssrerssrenees 37

4.1.1.1. Plant set-up .....ccoceeees

4.1.1.2. Experimental schedule .

4.1.1.3.  Measuring protocol .................
4.1.2. MBR pilot plant (B) in Wiesbaden-Biebrich ..........ccorueeierieeniinennmiistioinicecerenserenenens 1
4.1.2.1. PIANt SEL-UD .oovvivinnirneeininieniisnesssressionne
4.1.2.2. Experimental schedule .
4.1.2.3. Measuring protocol ......
4.1.3. MBR pilot plant (C) in Wiesbaden-Biebrich
4.1.3.1. Plant SEL-UP .o.cvveveniinririecricinsesrincsnnens
4.1.3.2. Experimental SCheUIE .......coiiviiiviniiiiiiiiini e e s sttt eas s sa et e 47
4.1.3.3. Measuring ProtoCol .....ceevirierivesieesisrrinmesneeeeesesaeeserensesmsseannne .47
4.1.4. Pilot plant (D) - glass basin (TU Darmstadt) ....cceeeeveeereerseerieneerersssessesnemmerceesmerrerersennes 48
. 4.1.4.1. PLATIL SEE-UD cuvinviiiniitiniitincciric bt sss e s eb s st sa bbbt s b e s b e sb s Rt sn s ne st saes b enrarensaseas 48
4.1.4.2. Experimental schedule .......cccooceiviivmnnieirnireescnrnrreese e ..50
4.1.4.3. Measuring Protocol ... ieiiveissniinenisesesenieestnneesesemsnesnens .50
5. ATALYSES ettt e e e et bt ba s bbb st aesee e 51
5.1. Sampling and conditioniNg.......cccocverreeirermiirtisiiinieite st eir et resnesenen 51
5.2. Chemical and physical @nalySes.....c.cvcnirviminircrre e r st ereeses 51
5.3. Characteristics of activated SIUAZe......c.cvvrivinirrrinerrcrirenrcere e et 51
5.3. 10 MLSS, MLVSS ..ottt i cee st e s s e s 51
5.3.2. Viscosity and rheological Dehavior.......ccovieiiiiinriiiiiccrrr e e e 52
5.3.3.  MICIOSCOPIC IMAGES «..ccnveerieeieerierreceirerreinressesreessiaeessnsnesssraesneas sreesssesssuesssssosssessnenens 52

5.3.4. Filterability (CST)

Table of contents ix



5.3.5. Coagulation/flocculation (jar test)

5.3.6. Fractionation EXPETIITIENLS ....c.cccovrererreruerrirresrrreerasorsesessrsessssrsseneessessssesssasssssassannssesesnre
5.4. Characteristics of activated sludge SUPEIMALANT........cceeeeeeererrrenrerreerarseesseesuersenerereresernass 53
5.4.1.  Soluble/colloidal MALTET .......ccciivviriieerriiieirririrrt et st see e see s sreesaaesst s samseenraeans 53
5.4.1.1. Photometric analysis (proteins, polysaccharides) .......ccvocvveeevreeerireinecmmmisiiniteeiesssessseseeessnens 53
5.4.1.2.  Chromatographic analysis (LC-OCD) - size exclusion chromatography..........ccccoeeeerseeccrreenene 53
5.5. Membrane material LESIME ..c.cvvecrerreerrerrrarresererrernsersasesrersesssesessssessuensesersanresessanssesssassseesaes 54
5.5.1. Scanning electron microsCopy (SEM) ......cccovviiiieireviinniriniinsrinieenieceteesseeeseesnesssnnesnnes 54
5.5.2.  INTEGTILY TESIS...c.uiiiriiiiiiiiiiiimr ettt s b s s be s sanseenes 54
5.5.2.1.  Membrane MWCO determination — rejection measurements.........ccovveversererrermuesssmsiesosesuennes 54
5.5.2.2. Water microbiology testing (total coliforms, E. €Ol ..oecvrmiicemienniniiitieicncnccnsese s seeenes 55
5.6, TUIDIAILY.c.eevreerriniiiiiiiis ittt st bbb re e sreenr e bt st s st st sn e e anennents 56
5.7, BIINE SOIULION c..eeiiiiiiis ettt sttt st ettt e s e e e e sameesmt e s sae s bn e e aeneesn 56

5.8,  OXYZEN tTANSTEL TALE c..eeeiuiiriieiieesictteettaeie e st eeterressreteseesaseeseeeseenrrsssasrntesessansseenntessnrassnness 56

6. Results and diScussions ..........ccovvecrecnnins ..59
6.1. MBR plant (A) in Darmstadt-Eberstadt ......c.ccvcvvericreceerrnccrerecnsannieeesiansessmennes .59
6.1.1.  Efficiency of biological wastewater treatment of the MBR plant.......ccccccevveemnerveruennans 59
6.1.1.1.  Composition of Municipal WaStEWALET ..........cccocrieerivereisenrerreeeeserresassesss 59
6.1.1.2. MLSS A1NA MLVSS .....oiiiiiieerereerieresesiseststessennesssreessmssassassesensassssssassanssoesssesssssessnssassssnsesassensese 60
6.1.1.3. Organic SIUAge 10AING ......ccoiiieiirceir ettt ettt b s e mase e ere s 61
6.1.1.4.  Microscopic image of activated SIUAE .......cccveereriniiiiiiiicns s 62
6.1.1.5.  Elimination of organic compounds........c..cecceemerviieerisernsereressesersesessases .63
6.1.1.6. NItIOZEN TEMOVAL....couiiuiiiiirreiiniiiii et e st s a s she b b ebssbnenssasanesbseaesbnens 63
6.1.2. Efficiency of the membrane filtration ProcCess.......cceceverererieerereririisresiiniisisieerenanneens 64
6.1.2.1. FIUX oottt ettt et bt et sb et s st s s b ntbee st s e e e en e es s s re e SR e Rt oRbeb e bre e s er e an b n e eaneneas 64
6.1.2.2.  PerMeEaDILY «cccoomiiireccene et es s et e et s b e et s e e st et e 65
6.2. MBR pilot plant (B) in Wiesbaden-Biebrich...........cocveeuieiiiiininiiiiniinec it 66
6.2.1. Efficiency of biological wastewater treatment of the MBR plant........ccccecvvevvreerneceennes 66
6.2.1.1.  Composition Of SYNthetiC WASTEWALET ......cccerrrieerirvtiesiestiieerrneseeeesssstesssesesrosuessssnesesesesaeseesss 66
6.2.1.2. MLSS AN CST ..ottt esestte e e sensaeeesereea s et s e e sessassas shs sebecannesesms e seneasste 67
6.2.1.3.  Sludge 10ading FALe .....ccovenmirieiiiiiiir sttt s sr b berere 67
6.2.1.4.  Elimination of organic COMPOUNAS .........evveverrreceriisiisessiiniiesressresesnmess s sesatessanisse sesse sssosnessoss 68

6.3.  Research on permeability 1085 .......ccuueeriiiiiiiiiieniirirr et e s e 69
6.3.1. Influence of activated sludge characteristics on fouling........ccceerierevirrccmrinrnrenrerenecnienns 71

6.3.1.1.  Colloidal matter (proteins, polysaccharides)

6.3.1.2. Truly soluble matter (< 0.04 pm) ....cccvuveeeene
6.3.1.3. MLSS
6.4. Research on fouling redUCHON .. ..cceevieiiiiriii i ettt st e ree et erree s ssaresnbe s et s s raesrn e
1A

Table of contents X



6.4.1. Application of granulate material

6.4.1.1.  Experiments with selected granulate — test phase I...

6.4.1.2.  Permanent use of granulate material during MBR operation with synthetic and real

wastewater - test phase Il.........coevnviniiniiiiennnnns et nre s 88
6.4.1.3. Granulate material contra conventional MBR 0Peration ........c.ueuevcivnimcninessesnsesenneronins 90
6.4.1.4.  Permeability recovery of the conventionally operated membrane module........cccvunvrrrerenninns 91
6.4.1.5. Granulate as flux enhancer........couovvviineinccrnncnnenenns .92
6.4.2. Investigation of membrane material after granulate application ............coccveervviinincinne 92
6.4.2.1.  SEM IMAZES ....ceierriiiriretetenienie sttt s s s b en et seaene .92
6.4.2.2.  INIEGIILY TESTS..cuereitieriisirritires sttt s ss s srsbe s st sn bbb sh s e asasse s ssaa ses pes s En e bbb beaet b 94
6.4.2.3.  EfflUent QUAlIEY..coocruveieervriiiiierine ittt ettt s s er e et e e s b enre s 96
6.4.3. Change in ambient conditions (aerobic/anaerobic) ......c.cccveerereereriererieererrressersesecsessnas 96
6.4.4. Backwash with a salt brine sOIULION.......cccoiiinriin s 98
6.4.5. Chemical cleaning ........c.cooceevrirverrennnnieniieneeinenieeennennne b
6.4.6. Long-term relaxation..........
6.4.7. Crossflow aeration SySteIm .........ccveevuveivirireeieeniiiinnenneeennees
6.4.7.1.  EffiCiency....ccccvnviiimiisnimncnienenniinnne
7. Economic feasibility of mechanical cleaning.........cccccceciminiininieniinnninniienenecenes s 107
7.1. Increase of membrane throughput/flux (without chemical cleaning)........ccoceocvverrvmrirnininnn 107
7.2. Cost reduction for membrane Cleaning .......cccveevvuvieiioieiecrreerrccrrireecssrerecseessnessssenssssesssess 108
8. FiNAl COMCIUSIONS tvivteiureiirriecneenrcer e e cneeree st st b et et tae b e r et ee e srecseoneranersesbeshersenens 110
9. Further research Worki. ..o ettt aees 117
T0.  SUIMIMAIY .eveeetereereiiirreemraeesssecsreerareeeesassneeraesecsessssenees sasssssssutnesenen snmeenserss ennessessnnnesssssnesosssnnes 119
10.1. Research on permeability 10SS.....c.coviiriirinieiniiiiiiciii e et 119
10.2. Research on fouling redUction ........ccccocviiiieriniinniiiiiii et 120
REFERENCES .......uiivtetiiirriternierieenreenreenmenereesatreraeesressnesss susesssstsestomersasensanerosssssoonnessssansessssssestosasses 122

APPENDIX

Table of contents xi



