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ABSTRACT

Crossflow microfiltration (CFMF) is a very important membrane separation process with
many applications in different fields including the dairy and other food industries. Often
these applications involve processing of particulate suspensions. Many reports on the
CFMF of particulate suspensions are found in the literature. However, these reports often
deal with uniform sized and/or shaped rigid model particles and often contain contradictory
and unexplained results. There is a need to develop further understanding of the CFMF of
particulate suspensions, particularly of biological origin with a wide particle size
distribution (PSD). This work was carried out to investigate the effects of the operating and
feed conditions, and membrane configurations on the CFMF of particulate suspensions
using tubular ceramic membrane modules that are commonly used in the food and other
similar industries. Lactalbumin particles were selected as the feed material for their
irregular shape, wide PSD, and food origin. Experiments were carried out in both constant
transmembrane pressure and constant flux modes and all important parameters: internal and
surface fouling, and cake mass, height, porosity and PSD were estimated to provide a more
complete understanding of the process than has been attempted before. Simple methods

were developed and used for the estimation of cake height and porosity.

Although many unforeseen effects of the studied parameters were obtained, the results of
the study explained some observations and contradictory results reported in the literature.
Mathematical models based on resistance in series and force balance mechanisms were
developed and successfully used to describe the results of this study. This was achieved by
extending these models to include the wide PSD and compressibility of the lactalbumin
particles. The developed force balance model was further successfully used to achieve

separation of desired feed particle sizes by CFMF under the constant flux mode.

A process was developed based on the observed effects of the operating parameters on the
CFMF performance that enables operation at very low internal fouling and high flux for as
long as 160 min. The developed process has the potential to become commercial if coupled

with backflushing.



III

ACKNOWLEDGEMENTS

I would like to thank Dr. A.J.Mawson, Chief Supervisor, and Mr. R.J.Bennett, Co-
Supervisor, both at the Institute of Food, Nutrition and Human Health, Massey University;
and Dr. A.D.Marshall, Co-Supervisor, at the New Zealand Dairy Research Institute, for

advice and assistance during the course of this project.

John Alger, Bruce Collins and Don McLean, Institute of Technology and Engineering,
thank you all very much for your assistance in design, manufacture and modification of
many experimental devices. Dr. G.J.Manderson, at the same institute, thank you for your

suggestions on micro-photography.

I would like to acknowledge the New Zealand Dairy Board for funding this project, and the
New Zealand Dairy Research Institute for making available the Malvern Mastersizer and

the single-channel membrane module used in this work.

Special thanks to Dr. John Bronlund, Institute of Technology and Engineering, Massey
University, for the valuable discussions and for your friendship. Prof. Donald Cleland,
Institute of Technology and Engineering, Massey University, thank you very much for your

efforts as a Coordinator of Post Graduate Studies.

A big thank you to my parents, my wife Jigisha and son Ankit for their love, support and

patience. Now we all can breath a sigh of relief.



CONTENTS
ABSTRACT II
ACKNOWLEDGEMENTS III
CONTENTS IV
LIST OF FIGURES X
LIST OF TABLES X1V

CHAPTER 1
INTRODUCTION 1.1

CHAPTER 2

LITERATURE REVIEW
2.1 Overview of membrane filtration 21
2.2 Microfiltration 23
2.2.] INrOAUCHION. ... ceut it sttt ittt et sae st et sbe st s see e canesmnesae e enes e eenne 213
2.2.2 Microfiltration MEMDIANES.........cccceeruieruienienieneerte e eeieeeeseenseeesseeesneeesneeeeneeas 2.4
2.2.3 Microfiltration membrane modules...........c.cceiveiieriieiinneenteeente e 2.5
2.2.4 Modes Of CFMF OPETation.......cccooiuterutereneemeneneie s s eeeseneesseesnecereesae e eenen smeesane 2.7
2.2.5 Concentration polarisation and membrane fouling.........c.cccccoecevvcivcieiineninnecnenns. 2.9
2.2.6 Cleaning Of MICTOfIIETS. .....cccceiiiiiriii et et e e e e e 2.9
2.2.7 General applications of MiCTOfiltration..........coceeveruerueriereneenieneeienenee e 218
2.3 Applications of CFMF in the dairy industry 2.12
2.3.]1 INTOQUCHION.....c.cteieiue ettt e ae e s saesesessesae e et s e e e s e e semnesnens 2.12
2.3.2 Removal Of MiCTO-OTZANISITIS. .....ccceueuetrmeretrretrrerentrreeesesetsseeesesenestesesseeesetssesseneene 2812
2.3.3 Removal of fat and clarifiCation............ccceccuirriinerrenniieneeeree e 2413
2.3.4 Concentration Of PrOtEINS. .....c.ceeeeree e seereerie seese e e ceneesae seee sereese e cnneeeesenesnneenne. 2214
2.3.4.1 Concentration Of CASEIN.........ucceeremeerercmecreeeeenneeie s se e semennessneseneneseenessnneeene 2o 14
2.3.4.2 Concentration of Whey Proteins............ccceveinneiernecenencinecciveennsennecensnee. 2,15



2.4 Application of CFMF in other fields involving recovery of particles

2.5 Methods of particle recovery

2.6 Models for CFMF

2.6.1 Resistance models
2.6.1.1 Standard blocking model (SBM)
2.6.1.2 Cake filtration model (CFM)
2.6.1.3 Constant flow rate blocking laws

2.6.2.3 Inertial lift
2.6.3 Flowing cake and surface transport

2.6.5 Other models

2.7 Factors influencing the CFMF performance

2.6.1.4 Resistance in series MOdel.........ccccovueieeviueeeeeiiieeeereeeeennnnen.
2.6.2 Models based on particle back transport..........c...cecceveveeuerunenne.
2.6.2.1 Brownian diffusion........ccccceuvieeeieiiiiiiiinieiieeeeccenreeee e e
2.6.2.2 Shear-induced diffuSion.......ccccuveeeiiiiiiiiiiiiieeeecceieeeeeee e

2.6.4 Combining different models...........ccccereriiiriineniiinenenniinienenne

2.7.1 Membrane properties

2.7.1.3 Membrane pore size

2.7.1.5 Module design
2.7.1.6 Cleaning and cleanability of filter

2.7.2.1 Time of filtration
2.7.2.2 Temperature
2.7.2.3 Transmembrane pressure (TMP)

2.7.2.6 Backflushing

2.8 Scope for the work and the present project

2.7.1.1 Membrane material............ccoccevrviiiiiiniinniiniecneecee e
2.7.1.2 Surface roughness...........ccceeuieeeieninienieneniee et

2.7.1.4 Porosity and pore size diStribution.........cccceeevveviinueineeneennne

2.7.2 Effects of operating parameters...........cccceeeevvereesrersennneneessennnenns

2.7.2.4 Crossflow velocity (CEFV).....ccocvviiviniininiiniincieieeieneene
2.7.2.5 Pressure and flow pulsation..........cccceceeeeveenenenneneenecnnenne

2.7.2.7 Mode Of OPEration..........ccceevuirvuesrerieniienreeienieneeeeeesreenens
2.7.3 Effect of feed Properties...........coeevervverirreerienieenesseesreneseeeenns
2.7.3.1 Feed concentration (Creed)....eeeeeeeeeeeeeeriureereeeeeeeeeireeeeeeeessnnnnnns
2.7.3.2 Particles in the feed..........ccceeriiriiiniieneerieeeeceeeeee
2.7.3.3 pH, Ionic strength and surface charge...........cccceeererennnenne




VI

CHAPTER 3
MATERIALS AND METHODS
3.1 Introduction 3.1
3.2 Materials 3.1
3.2.1 LactalbUmMUN....ccceuiiiiiiiiiiieieieeeeiieeeseeeesate e s seesste e see s s atessaee e s st e s sase s snnaees 8|
B2 WIRLET: om0 oo 8-+ -« » BEITEIDS o« 5 0« SSTBMEEIS 0 155 00 0510 0 BTN 0 4 55700 0« SOOI 8.1
3.2.3 Cleaning AZEMNL ........ccoeiiiiiiiieiiiiiieiiieeieee et e et e s re e st e eneesenseeat e st e st e ie e e s nneseareenn 3.1
3.3 Equipment 3.2
3.3.1 MalVEIT MASIETSIZET ... uueeiireeeeieereeenieeniteeesteeestesssaseeessseesaseessssassssssasssssssssssasanns 82
3.3.2 Membrane MOAUIES.........ccueeiiiiiiiiieinei ettt ettt e et e s s e e 3.2
3.3.3 EXperimental SEL-UP.......cccceceeruieeiuernieeeeeeieneeesnteeeeseseesseseeemsesneesneeseneenas 3.2
3.4 Methods 34
3.4.1 Setting the operating CONdItIONS.......c.cceeeueerieerutereentereeeerreeseneeseseeereesneeseseeens 34
3.4.2 Cleaning of the MEMDIane..........ccccceeiiiiriiiiiiiiieeeeetee ettt 3.5
CHAPTER 4
CHARACTERIZATION OF LACTALBUMIN

4.1 Introduction 4.1
4.2 Physical properties of lactalbumin 4.1
4.2.1 MEEROAS.....neiiiiieiteeeeeee ettt sttt se et e e ettt e e ert e e e s s s sre e e s e e s snnaaeeeessnnnee 4.1
4.2.2 Results and diSCUSSION....c.c..ciiiuuiiiiiieiiiieeiieeeiee e eecrseneie e ereaseeeesieeeesesnnne 4.2

4.2.2.1 APPEATANCE........ctvvuiiiiiiiiiniiiiiiicsre sttt ss e as s s aa s aa e s snse e 4.2

4.2.2.2 Density of 1actalbumin........cccoviiiiiiiiniiiiiiienteee e 43

4.2.2.3 Particle Size DiStribution........cccceevuiiriiieiriiiiniin e e 43
4.3 Behaviour of lactalbumin in suspension 4.5
4.3.1 MEROAS. ....oiieiiieiieeieeeeee ettt ettt ettt st e st e s s e e s s ne e s aa e e e sneas 4.5
4.3.2 Results and diSCUSSION  .......ciieviieiiiiienitenrieneteeeesieereeeeereeseeestesesnneeeesesasaecenneeeass 4.6

4.3.2.1 Soaking of 1actalbumin........ccccceveeieiirniinenniiiieniientece et 4.6

4.3.2.2 Effect of pumping on lactalbumin particles.........cccceeeieriireiiirievieeernrieeeennneen. 4.7
4.4 Porosity of the particle bed 4.11
4.4.1 MEthOAS.... ittt e e ee e e et eesnae e e e s s nnaaeeenes 4.11
4.4.2 Results and diSCUSSION......ccccuteeuirrteeiirrrrenteneessieeteesnee st eeaee s e eesaeeesaeeenees 4.13

4.5 Overall discussion



VII

CHAPTER 5
CFMF OF LACTALBUMIN UNDER CONSTANT TMP MODE
5.1 Introduction 5.1
5.2 General methods 51
5.2.1 RUNNINg the EXPEIIMENL.......cciiiuutiieiierieiieeeiteeteerteeereeesreesereessanees seseesesneeessreeens Sul
5.2.2 Estimation of different resistances to fluX.........ccocceerviiieiinieeniiieniciieeeeeeeseeene 92
5.2.3 Collection and analysis Of the cake..........ccoceeriiriiiniiiiiieireecceee e 5.2
5.3 Confirmatory experiments 5.4
5.3.1 Checking for the presence of lactalbumin in the permeate.............cccceecuerreennennnen. 54
I M 1017 [0 Te T ) R OO — 5.4
5.3.1.2 MEhOAS.... ottt ettt e et eateeee et e e s se e s se et e e st e s ee e 5.5
5.3.1.3 Results and diSCUSSION......cccccuteerirriuiierieieeeeceieee et e seeeeeesareeessaeeaeeeeesssneeas 5.5
5.3.2 Checking the reversibility of the membrane fouling..........ccccccceeccrnernennensuennenane 5.6
5.3.2.1 INtrOAUCHION. c...eeiieieeeeeeetee et et e st e e et e e e ee e e s aa e e e s sessabeaeeeessannaaaenans 5.6
5.3. 2.2 MEhOUS......eeiieeieeieeee et ettt ettt ettt ebesaee s st e et e sasee aeae e eneeeanes 5.6
5.3.2.3 Results and diSCUSSION.......cccccecuirutiriierieiiieteeteeiee ettt et et seseesenneas 5.7
5.3.3 Checking the significance of concentration polariSation...........ccccceeeeeerreveeeeennen. 5.8
5.3.3.1 INrOAUCHION...c.uueiiiieiiteee ettt et e et e e e e e e e s aae s s aae e s s beeaeessensaasaaenns 5.8
Se3. B2 MIBIIOUSE . . ce........o..oo i s R R PR, M. 5.8
5.3.3.3 Results and diSCUSSION.......ccccutirreiirieieeiteeitee ettt et ee et e e eeee e e e e e saneees 5.9
5.3.4 OVerall diSCUSSION.....ccccuieeiiererrierieieesriteeeteeesteeesteeeesteesetessseesseaeessssesesssasssssesans 5.11
5.4 Effect of operating parameters 5.14
5.4.1 Effect of time of filtration...........ccceeceeevieriennennncennsd T 5.14
S.4.1.1 MEENOMS. ....otiiiiiiieeeieeeete ettt e et e et e et e s st e s e e e e sae s s aaeesaaae e as 5.14
Si4. 1.2 RESUILS....ciiiiiie ettt ettt et e et e st s st e e st e s sne s e e enneeeenneeas 5.14
5:4.1.3 DiISCUSSION....c..uiiuiietieieeiteeeeetteete et et e st e s st e e ae st e ese st esses s ereesseesneeeneeennne 5.20
SA.2 Effect Of TMP.....oniiee et ettt ettt sne e 5.24
5:4.2.1 MEhOAS......eiiiiiiiieeteeetee ettt ettt e ettt e et e e e e e e e e eseesemeenaas 5.24
5:4. 2.2 RESUILS....ceeiieeieeee ettt et e e e st e e st e e st e e s me e an e e en 5.24
5.4.2.3 DISCUSSION.....ceeiirureierunnetereeiteeeeesseeeessteeessssseesassaessesssseesssseessssssnsseesssssens 5.30
S4B ELfECt Of CEV ..ottt et e s e e e 5.33
S5.:4.3.1 MEEhOAS. .....eeiiiieieeeieeiite ettt ettt ettt e et e e te e sae e se et e s s e e s snaesssaeane 5.33
S5.4.3.2 RESULLS..c.eeiinieteetee ettt ettt e e e et e st et e s e e ee e aeenn 5.34
5:4.3.3 DISCUSSION. ....ceriuiiiieiiieeeiieiienteete et et et crate et e st et s eseeseesate s eeneesneesaneennnees 5.41
5.4.4 Process deVEIOPMENL..........ccouiiiiiiiiiiiiiniiiiiic ittt s 5.45
5:4.4.1 MEhOGS.......ooiieiie ettt ettt et se e s st s et e e et e enee e 5.46
5:4.4. 2 RESUILS....eeiiiieeeeeee ettt et s s er et see et ane 5.46
5.:4.4.3 DISCUSSION....cuuiiiuierieeeieeteeeteeeteereee e te s reeeseseesnessesesseseseseseessnessneeenseeesnaens 5.50
5.4.4.4 FUTRET SCOPE......uiiiiiiiiiiiiiititct ettt et et 5.52
5.4.4.5 CONCIUSIONS......uutiiiiiiiieieieriteeeerteeeeerteeessateeessreeeesssseeesssaaeessssseeeessssseaesnns 5.52

S5.4.5 OVETAIl AISCUSSION.ceuueueeieiieeieeiineeeeeeeeeeetteeeeeeseseeeeeenssnsssssssseesesesensassnsssesssannnnnns 5.53



VIII

5.5 Effect of feed properties and membrane and module characteristics............. 5.56
5.5.1 Effect of feed CONCENIIatioN.........cuvviieiieeiieeereiiiiie ettt e e e e eaaee s 5.56
S.5.1. 1 METNOMS. ..ctiiiiiieeee ettt e et e e e saae e e ree e s e naa e e e e naneaeeenan 5.56
5.5.1.2 RESUILS ...ttt et e et e e et e e e e e e e e aae e e e snsseeeensnnsaeaaeen 5.56
5.5.1.3 DISCUSSION...ceeiiiiiiieeeiiiieeeeteeeeeiteeeeearteeeeeareeeeessaeee e e sssernsseeeeesnsseeesennnnseeens 5.61
S.5.2 Effect of feed PSD.......ooiiiee s 5.63
S5.5. 2.1 MEENOMS. ...ciiiiiitieieeee ettt et e e et e e e e aae e e e e 5.63
5.5.2.2 RESUILS ..ttt et e e ettt e et e e e et seaae e e e naae e e e e anaeaeean 5.64
5.5.2.3 DISCUSSION. .. .uviieiiiiieeeeeiieeeeeteeeeeesvteeeesareeeeeesseeeeesssaeessseeesssssaaesessssasaesennnnens 5.67
5.5.3 Effect of membrane pore SIZe...........coociiiriiiniiinieeeieeeeee et 5.68
5.5.3.1 MEROAS. ... ciiiieeieeete ettt ettt e st e e s e e e nne s 5.68
5.5.3.2 RESUILS...eieiieeieeeee ettt ettt ettt e b e e aae e e b e e e naneeens 5.69
5.5.3.3 DISCUSSION. ....eiiitieeiieeiteeet et te e eate et e e e bt eerate e st e e st e e aesbbeeeeasae s nsaeeenneas 5.72
5.5.4 Effect of module deSiN........cccuiiiiiiiiieiiieeeeeeeee et 5.73
5.5.4.1 RESUILS...eiiiiiiiiee ettt ettt ettt e s st e e e sae e ennaeeens 5.73
5.5.4.2 DISCUSSION. ....eiiuiieiiieeitie et e ettt e eate e et esiteeesteesbee e s st e s seeesaaeeseaseeesnseeesnneas 5.74
5.5.5 OVerall diSCUSSION......cceiuiiieiiieiiieeiee ettt e ee et e et e et e e bt e e aee e seeeenseeenneas 5.74
CHAPTER 6
DEVELOPMENT AND APPLICATION OF MATHEMATICAL MODEL
6.1 Introduction 6.1
6.2 Resistance in series model 6.1
6.2.1 Evaluation of appropriate d, for the estimation of cake resistance........................ 6.2
6.2. 1.1 RESUILS. ..eiiniiiieeee ettt ettt e e e bb e e e b e e e e 6.2
6.2.1.2 DISCUSSION....uuiiiieiiiieeeiiieeeeiiteeeeeieeeeeeeatteeesataeeeeessaeeessseesesssaeeassassseeeessnnsseeens 6.5
6.3 Application of force balance mechanism. 6.6
6.3.1 Forces acting on @ PartiCle........c..ceoerviirieniinenieceiceteet et 6.6
6.3.2 Vectorial addition of the fOrCes.........cououiiiriiriieeiieeceeee e 6.10
6.3.3 Determination of the largest particle in the cake...........ccocceiriinniiiniiieiniceeen, 6.11
6.3.4 Analysis Of CEMEF TeSUILS........oiiiiiiiiiiieiieeeieeeeee ettt 6.12
6.3.5 Results and diSCUSSION........coiieiiiieieeiiieee et e e e e are e e e e eaa s 6.12
6.3.6 Extension of the model to accommodate the particle deformation...................... 6.15
6.3.6.1 Model deVEIOPMENL.........cociiruiiiiriiriiieicteeteetee ettt 6.15
6.3.6.2 Results and diSCUSSION. ...c.ceeuuuiiiieeiiiieeeiiieeeeereeeee et eeeeaeeesaeeee e e e neaee e enaens 6.16
CHAPTER 7
CFMF OF LACTALBUMIN UNDER CONSTANT FLUX MODE
7.1 Introduction 7.1
7.2 Experimental set-up 7.1

7.3 Running the experiment 7.2




X

7.4 Determination of critical flux 7.2
T T MELROAS. ... oottt e e e e e e ettt e e e et s e e e e tsaaeeeesaas 7.2
ToB. 2 RESUILS. ...ttt et e e et e e e e e e e e e e e e e e e e e e e e e eeeeeeeeeeeeeeseeeeaaaaaaaas 7.3
T 4.3 DISCUSSION. ...cciiiieeiiiitieeeiieieeeeeeeeee ettt e et e e e e eeeeeeses s ssasasssssnnsannnnssssseesssannnannnnnnnssesseeaens 7.5
7.5 Further investigation of the absence of fouling at J < J, 7.6
ST B\ (=11 0T Yo 3O TR 7.6
7.5.2 Results and diSCUSSION. ... ssseseseseneas 7.7
7.6 Fouling of the membrane 7.8
To0.T MELNOAS. ...ttt e eeseeeeeeeeseessnanns 79
T 0.2 RESUILS. ..ottt e e e e e e e e e e e e e e e e e e e e e e e e e e ee e e e e e e e e eaaaaaas 7.9
T.6.3 DISCUSSION.....coiiiiiiiiiiiiiiiieieeeee et e e e e e e e eeee e asassasasasassasaassasasssssaaeeeeesessnnnnnnns 7.12
7.7 Size separation using the developed force balance model 7.13
T T T MEENOAS. ...ttt e e e ettt e e e e e e s eaaateeeeeseesnnas 7.13
7.7.2 Results and diSCUSSION. ........oiieeiieieeieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaees 7.14
7.8 Combining the two modes of operation. 7.15
7.8.1 Constant flux — constant TMP operation.........c..ccccevevieeniieniieniieeceeeenn. 7.15
7.8.2 Constant TMP — constant flux Operation...........ccecceevueerveeineerseenieeenneennee 7.17
7.9 Overall discussion 7.21
CHAPTER 8
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 8.1
NOMENCLATURE 9.1
REFERENCES R.1
APPENDICES Al




LIST OF FIGURES

Fig. 2.1 Schematic of pressure-driven SEParation.............coeeuereetertesieseereneeseessesseeseesseseenne 2.1
Fig. 2.2 Types of membrane filtration - (a) dead-end (b) crossflow.......cc.ccceceeririeninnecncn. 2.2
Fig.2.3 Membrane processes and their sSeparation range.............coceeeceeeeerceeenceseeneeneneennens 2.2
Fig. 2.4 Schematic of the three membrane processes............coecerereevcnnrenenenenene e 23
Fig. 2.5 (a) symmetric membrane, (b) asymmetric membrane..............cocceveerverreerceeneerennene 2.4
Fig. 2.6 Common MF MOQUIES.........cccooiiiiiiieei ettt e 2.6
Fig. 2.7 Basic modes of CEMF..........coe ettt 2.7
Fig.2.8 Various types of resistance to the permeate fluX.........cc.coccvevirenncnenicncnincneneee. 2.9
Fig. 2.9 Particle size change of Soya protein precipitates due to pumping.

Total protein concentration = 2.5 %0 W...cccoceviieirenieineceteeeeeeee e 2.19
Fig. 2.10 Length averaged flux versus particle diameter according to the three

back transport mechanisms under a certain operating condition..................... 2.27
Fig. 2.11 Schematic of forces acting on a spherical particle on the cake surface........... 2.28
Fig. 2.12 Effect of pore size and size distribution on the retention of solutes................ 2.33
Fig. 2.13 Particle concentration in cake layer as a function of time..........ccccccervuvenneenene. 2.36
Fig. 2.14 Stokes correction versus Creeq and particle size for diatomaceous earth.......... 241
Fig. 2.15 Sphericity as a function of porosity for randomly packed uniform

SIZEA PATTICIES . ...coeniiieeiiieeieeeee ettt e e e e saa e e 2.44
Fig. 3.1 Schematic of the experimental set-up for constant TMP operation.................... 33
Fig. 3.2 Experimental set-up for CEMF..........c.coooiiiiiiiiieeeeeee e 33
Fig. 4.1 Microphotograph of lactalbumin particles.........c...cccoereieiiiiiiiiiniiiiieieeeeeee 4.2
Fig. 4.2 PSD of lactalbumin based on microscopic observations...........c.cceceueeeereneennnen. 4.3
Fig. 4.3 PSD of lactalbumin determined using Mastersizer............cococrvuerriereeneenneennenne 4.4
Fig. 4.4 Clusters formed by lactalbumin particles suspended in water

(after 4 hrs. Of SOAKING)...cccuuiiiiiiiiieee e 4.7

.4.5 Effect of pumping at 100 kPa and 3.0 m/s on the PSD of lactalbumin,

(a) 60 minutes of pumping with 8 blade rotor pump, (b) 180 minutes of
pumping wWith 1obe PUMIP.......cooiiiiiiiiiieee e 4.8

.4.6 Change in dgg of lactalbumin with number of passes through the

lobe pump at 100 kPa pressure, 0.75 and 3.0 m/s flow velocity conditions,
2.5 Z/1 Cheedereeeeveernmmeniiiiiieiee ettt s s 4.10

.4.7 Comparison of the results of present study (lactalbumin particles pumped by
lobe pump) with the results reported by Hoare et al. (1982), (soya
precipitates pumped by mono and gear PUMPS).....c..eeeeveererueeeeiueeeenneeeeineeennns 4.11
.4.8  Schematic of the experimental set-up for estimation of porosity.................... 4.12
.4.9 Glass spheres under 100 X MagnifiCation.........ccceeceerierierieneerieeeeie e 4.13

.4.10 Change in bed porosity at 100 kPa applied pressure with change in mass of

LACEAIDUITIIIL. e ettt e e e e e e ee e e eaeeeeeeeneaeaeeeeannan 4.14

g. 5.1 Effect of replacing feed with RO water on the flux and R, at 100 kPa, 3.0 m/s

and 2.5 Cfeed ....................................................................................................... 5.9

.5.2 Permeate flux versus Time at 100 kPa TMP and 0.75 m/s CFV at 2.5 g/l Cseeq

using a 1.0 [Lm pOre SiZ€ MEMDIANE........ccceeruieriiieiienieeie et 5.15

.5.3 Change in Rj; and R . with time of filtration at 100 kPa TMP, 0.75 CFV,

2.5 /1 Cgeeg using 1.0 |Lm membrane pore Size........c..ceceeeeveereerseeesversvensuennens 5.16



.5.10

.5.11

.5.12

.5.13

.5.14

5.15

.5.16

.5.17

.5.18

.5.19
.5.20

.5.21

.5.22

.5.23

.5.24

.5.25

XI

Cake mass versus permeate flux during the filtration at 100 kPa

TMP and 0.75 m/sCFV, 2.5 g/1 Cgeeqg and 1.0 tm membrane pore size........... 5.17
Cake mass build up with time of filtration at 100 kPa TMP, 0.75 m/s CFV,

2.5 g/1 Cteeq using 1.0 |lm pore Size MEembIane............cecueeeeereeeneeeneeeneeenenn. 5.17
Change in the cake height and porosity with time at 100 kPa TMP, 0.75 m/s
CFV, 2.5 g/1 Cteeq using 1.0 im pore size membrane...........cocceeeeeeeneenueennncnn. 5.18
Change in the cake PSD with time at 100 kPa TMP, 0.75 m/s CFV, 2.5 g/l

Cteeqd USING 1.0 LLM MEMDTANE.....cceiiiiiiiiiieeiiieeeete ettt e 5.18
Cake PSD at (a) 2 min, and (b) 140 min, of filtration at 100 kPa TMP,

0.75 m/s CFV, 2.5 Cgeeq using 1.0 pim pore size membrane........c...coceeeeenueenee. 5.19

Change in the proportion of small particles (< do,; of feed) in the cake-
comparison of the results of CFMF of kaolin clay (Jang 1987) and lactalbumin

(PrESENTE STUAY).cuuerieeeiiieeeeiieeeitee ettt e e ettt e e e et e e e e arteessaeeessseeeeeessnneeeeeenannee 5.20
Effect of TMP on the flux at (a) 0.75 m/s CFV and (b) 3.0 m/s, 2.5 g/l Cseeq

on a 1.0 Lm POre SiZ€ MEMDIANE. .........cevreierriiieeeiieeiieeeieeeeee et e e saeeeeaeeens 5.25
Effect of the TMP on J at 0.75 and 3.0 m/s CFVs, 2.5 g/1 Creed

on a 1.0 |.Lm pore Siz€ MEMDIANE..........cceeuierriieriiieeieereeerieeeereee e e e eeeees 5.26
Change in the Rf and R, with change in TMP at 0.75 and 3.0 m/s CFVs,

2.5 g/l Cteeq 0n a 1.0 tm pore size membrane...........coceeeeeeveerneenieeneeneennnens 5.26
Change in the R;; with change in TMP at 0.75 and 3.0 m/s CFV,

2.5 g/1 Cieeg 0n @ 1.0 LLm pore Siz€ MEMDIANE. .......ccoveeeveerieierniieeneieeeeeeeeenns 5.27
Change in the proportion of R;; with change in TMP at 0.75 and

3.0 m/s CFV, 2.5 g/l Cteeqg 0n a 1.0 Lum pore size membrane...........ccccceeueenee 5.27
Effect of TMP on the cake mass and porosity 0.75 m/s CFV, 2.5 g/l Cgeeq

using 1.0 pum pore S1Ze MEMDBIane.........coocceeiviiiiiiiiiiieeetee e 5.28
Effect of TMP on the PSD of the cake at (a) 0.75 m/s and (b) 3.0 m/s CFV,

2.5 g/l Cteed, using 1.0 [lm pore Size€ MembIane..........cceceevueerieeriieeneeeneeennenns 5.29
Permeate flux versus Time at different CFV, at 100 kPa TMP and 2.5 g/

Cteeq uSINg 1.0 LM MEMDIANE........coiiiiiiiiiiiiieeieetce ettt e 5.34
Effect of CFV on the time required to reach J at 100 kPa TMP,

2.5 g/1 Cteeq using 1.0 Llm MEMDIANE........cooieiiiiiiiiinienieneetee e 5.35
Effect of CFV on Ji at 100 kPa TMP and 2.5 @/1 Cieegeevvveeneeeenineeenneeeennnennn. 5.35
Effect of wall shear stress on Ji; 100 kPa TMP, 2.5 g/l Cteeq, using a 1.0 pm

10015 0010) = o ST S TR 5.36
Effect of CFV on different resistances to the flux at 100 kPa TMP,

2.5 g/l Cteeg, using a 1.0 .Lm MEmMDbIane...........covieeiienieniieniieeieeee e 5.37
Effect of CFV on Rj;at 100 kPaTMP, 2.5 g/l Cteeq, using a 1.0 um

1091530 0 L0) = o [ T 5.37
Change in the proportion of R;; and R,. with change in CFV at

100 kPa TMP, 2.5 g/] Ceed, using a 1.0 tm membrane...........ccocceevveeeneennnen. 5.38
Time to reach steady-state versus Ry at 100 kPa TMP, 2.5 g/l Cseeq, using

a 1.0 m MEemMDbBIane. ........cocooiiiiiiiieee e 5.38

Effect of CFV on the cake mass at 100 kPa TMP, 2.5 g/l Cteeq, using
a 1.0 [m MemMDIane. ........coccooiiiiiiiie e 5.39



Fig. 5.26
Fig. 5.27
Fig. 5.28
Fig5.29

Fig. 5.30
Fig 5.31

Fig. 5.32
Fig. 5.33
Fig. 5.34
Fig. 5.35
Fig. 5.36
Fig. 5.37
Fig. 5.38
Fig. 5.39
Fig. 5.40
Fig. 5.41

Fig. 5.42
Fig. 6.1

Fig. 6.2

X1l

Effect of CFV on the cake height and porosity at 100 kPa TMP and 2.5 g/l

Cfeed, usIng a 1.0 Wm membrane............cooeoieiiiiiiiiiiiiieeeeeeeeeee 5.40
Comparison of proportional change in cake height with shear rate during

CFMF of lactalbumin and ground calCite..........ccccceviiiniiiiieninenneeneeneeae 540
Effect of CFV on thecake PSD at100 kPa TMP, 2.5 g/l Cyeeq, for a 1.0 um
INEIMDIANE. ..ottt ettt e e e e e e 5.41
Different runs representing deposition, erosion and a combination of the two,

at 100 kPa TMP, using 1.0 im membrane...........c.cccceveeriieeniieeiieneenseeneeenne 5.47
Change in flux with time from the point of change in CFV from 1.5 to 4.5 m/s

at 100 kpa TMP and 2.5 g/l ¢geeq using 1.0 um membrane.........c.ccceeeueennneee. 5.48
Comparison of predicted rate and actual process rate of the developed process
from the point of change In CEFV. ... 5.50
Jss versus Creeq at 100 kPa TMP, 0.75 m/s and 3.0 m/s CFVs, and 1.0 m
MEMDIANE POTE SIZE.......eiiiiriiieiiiiieeiteetee ettt ettt ettt e e 5.57
Effect of Cgeg on the membrane fouling at (a) 0.75 m/s, and (b) 3.0 m/s

CFV, 100 kPa TMP, using 1.0 |tm membrane pore Size..........ccecceeereveeeennnen. 5.58
Cake mass versus feed concentration at 100 kPa TMP, 0.75 m/s

and 3.0 m/sCFV, and 1.0 lm membrane pore SIZe€...........ccocueevueenveeneeeneennne 5.59
Effect of Creq Oon cake height and porosity at 100 kPa TMP, 0.75 m/s

CFV, and 1.0 i m membrane pore SIZEe...........ccoceeeueeriuieniueeenueeniieneeeeeeneeenns 5.60
Effect of Ceeeq on the cake PSD at (a) 0.75 m/s and (b) 3.0 m/s CFV,

100 kPa TMP, using 1.0 tm pore size membrane............ccoceeeveeerveenieeenneenne 5.61
PSD of the three feed fractions (1) >53 pm, (2) 39-53 um, and (3) < 39 um

USEd IN the StUAY....eoiiiiiieiieeieceee e e e e e eae e e e saee e e 5.64
Effect of feed PSD on J and Ji at 100 kPa TMP, 1.5 m/CFV, using 1.0 1tm
INEIMDIANE. ....coiiiiiiiiiiiieee ettt et e st e e e e nae e s eanee e 5.65
Effect of feed PSD on cake mass for different CFMF runs at 100 kPa TMP,

and 1.5 m/s CFV using 1.0 tm membrane..........c.cccceveervieniiennicnieenicenieenne 5.66
Effect of feed PSD on cake PSD for different CFMF runs at 100 kPa TMP,

and 1.5 m/s CFV using 1.0 jtm membrane........c....cceecueeeriuieenneennieenieeeeees 5.66
Different resistances to flux at different CFV for different pore size

membranes of multi-channel module...........c...cocciiiiiiiii 5.71
Effect of membrane pore size on cake PSD for the multi-channel module.... 5.72
R. with an assumption that d, = dguer, Versus Ree at different CFV, TMP,

and Creeq using 1.0 and 0.2 pm pore size membranes...........cccceeeveevereeeseeennnene 6.3
Rre versus R calculated for d, = do 24, at different CFV, TMP, and Ceeeq using

1.0 and 0.2 1lm MEMDIANES........coooiiiiiiiiiiiiieeeieeeteeeee e 6.4
Rre versus R. calculated for d, = do 1+ (dsaueer — do.1) X 0.44, at different CFV,
TMP, and Cieeq using 1.0 and 0.2 jtm membranes..........ccccceeveeevieeneencieeneeeens 6.5
Different forces acting on a spherical particle with diameter d, at

the membrane SUrface.........c.cooieiiiiiiiiii e 6.7
Classification of the particle size range based on magnitudes of

different forces acting on the partiCles..........coceeverieriineercnienienereeeeneee 6.11
Calculated largest d;, at Oca = 64.9° versus measured dog of

cakes obtained for constant TMP runs.........cccceceiviriiniinninninieneceeceeee 6.13

Elastic deformation of lactalbumin particle under applied pressure................ 6.15



.6.8
g. 6.9

7.1
.7.2

7.3
7.4
7.5
g.7.6

.17

.79

.7.11

X111

Largest dp estimated when E =1 x 10° Paand Ocritical = 17°

versus dg o of cakes obtained from constant TMP runs.............cooevevveeeeeennns 6.17
Elastic deformation ‘h’ of a spherical particle under applied pressure........... 6.18
Schematic of the experimental set-up for constant flux operation.................... 7.2

Change in R; with time at 4.5 m/s CFV, 100 kPa feed side pressure, 2.5 g/l
Creeq at fluxes (2) 4.7 x 10, (b) 5.9 x 10, (c) 6.4 x 107, and

() 6.6 X 107 TS .eerveeeeeeeeeeeeeeee e en e 7.4
Effect of CFVon J, at 100 kPa feed side pressure, and 2.5 g/l Creed...evvvennnenee. 7.4
Comparison of Ji and J, at different CFV for 1.0 pm pore size membrane..... 7.5
Reversibility of change in R, with change in the flux at and below J ............ 7.7
Different resistances to the permeate flux at different CFV atflux J = J g,

100 kPa TMP, and 2.5 g/1 Cteeq, using 1.0 |Lm pore size membrane................ 7.10
Comparison of Rre and Rir under the two modes of operation 2.5 g/l Creeq,

using 1.0 pm multi-channel membrane.............ccccoooiiiiiiiinincee 7.10

Change in the proportion of R and R;; with change in the CFV in constant

flux mode at J = Ji and in constant TMP mode, at 100 kPa TMP, 2.5 g/I

Cfeed, using 1.0 itm multi-channel membrane............cceceeeieeiiienieeciieeieennee. 7.11
Comparison of cake particle size under constant flux and constant TMP

modes at different CFV, 2.5 g/l Cfeed using 1.0 pm pore size membrane...... 7.12

.7.10 Change in permeate flux and resistance to permeate flux with time for

a constant flux - constant TMP run at (a) 0.75 and (b) 3.0 m/s CFV.............. 7.16
Change in R; and TMP with time for a constant TMP - constant flux run at
(@) 0.75 and (b) 3.0 mM/S CFV...oouiiiiiieeeeee ettt 7.19

.7.12 Cake erosion at 0.75 and 3.0 m/s in constant flux mode and at 4.5 m/s in

constant TMP mode on 1.0 um multi-channel membrane.............................. 7.20



Table 2.1
Table 2.2
Table 2.3
Table 4.1

Table 4.2
Table 4.3
Table 4.4

Table 5.1
Table 5.2
Table 5.3

Table 5.4

Table 5.5
Table 6.1

Table 6.2
Table 6.3

Table 7.1
Table 7.2
Table 7.3
Table 7.4

XIV

LIST OF TABLES
General characteristics of the major membrane separation processes.................. 23
Different types of MF membranes and their materials...........ccccoceeevenrinncnnnee. 2.5
Application of major cleaning SOIUtIONS........c..ccuererereereereerieneeeeeeee e 2.11
Comparison of PSD of lactalbumin obtained from the Mastersizer and
MICTOSCOPIC EXAMINALION....ceuvteeureeeeteriteriieeeeeiaeeeeseeesesreessseessseesesesseesseseens 4.5
Effect of pumping on PSD of lactalbumin..........c..cccoooiiiiiiiiiininenee, 4.8
Porosity of glass spheres under different applied pressures.........cc.ccceceeuueee.. 4.13
Porosity of lactalbumin particles under different applied pressures
(standard condition i.e. 0.065g lactalbumin)........c..ccceceeeiiriiiinicnieennenneene. 4.15
Permeation of lactalbumin through the membrane............cccccoveeiiencinennnnnn. 5.6
Change in Ry with time due to erosion of surface fouling..........cccceceeeneenncns 5.7
Comparison of the experimental conditions used in different studies on
CEFME Of yeast CelIS...couuiiiiiiiiiiiiieetee et 5.31
Comparison of filtration resistances and cake mass for the combined CFV
run with constant CFV runsat 1.5and 4.5 m/s.......cccccconmiiiiniiiinninnncene. 5.47
Average pure water flux for four different membranes............cccccoveeneennie 5.69
Results of the regression analyses for R. Vs R, for different parameters
considered as dp.......ooeiiiiiiii e 6.3
Ocritical fOr operating condition 50 kPa TMP and 0.75 m/s........cccccevvieennnnnenn. 6.13
Regression analysis between calculated largest d,, at the best suited level of
Ocritical foreach level Of E....o...ovviiiii e 6.17
Cake PSD at different CFV at fluxX J = Jgueeiiiiiiiiiiiiiiiiieeeeeeee e, 7.11
Comparison of estimated and measured dg for different runs..................... 7.14
Change in resistance to flux during constant flux — constant TMP runs....... 7.17

Change in resistance to flux during constant TMP — constant flux runs....... 7.18



