ADVANCED MEMBRANE
TECHNOLOGY AND
APPLICATIONS

Edited By

Norman N. Li, Anthony G. Fane,
W. S. Winston Ho, and T. Matsuura

&) WILEY

A JOHN WILEY & SONS, INC., PUBLICATION






Innodata
File Attachment
9780470276273.jpg





ADVANCED MEMBRANE
TECHNOLOGY AND
APPLICATIONS






ADVANCED MEMBRANE
TECHNOLOGY AND
APPLICATIONS

Edited By

Norman N. Li, Anthony G. Fane,
W. S. Winston Ho, and T. Matsuura

&) WILEY

A JOHN WILEY & SONS, INC., PUBLICATION



Copyright © 2008 by John Wiley & Sons, Inc. All rights reserved.

Published by John Wiley & Sons, Inc., Hoboken, New Jersey
Published simultaneously in Canada

No part of this publication may be reproduced, stored in a retrieval system, or transmitted in any form or by any
means, electronic, mechanical, photocopying, recording, scanning, or otherwise, except as permitted under
Sections 107 or 108 of the 1976 United States Copyright Act, without either the prior written permission of the
Publisher, or authorization through payment of the appropriate per-copy fee to the Copyright Clearance Center,
Inc., 222 Rosewood Drive, Danvers, MA 01923, (978) 750-8400, fax (978) 750-4470, or on the web at
www.copyright.com. Requests to the Publisher for permission should be addressed to the Permissions
Department, John Wiley & Sons, Inc., 111 River Street, Hoboken, NJ 07030, (201) 748-6011, fax (201) 748-6008,
or online at http: /www.wiley.com/go/permission.

Limit of Liability /Disclaimer of Warranty: While the publisher and author have used their best efforts in
preparing this book, they make no representations or warranties with respect to the accuracy or completeness of
the contents of this book and specifically disclaim any implied warranties of merchantability or fitness for a
particular purpose. No warranty may be created or extended by sales representatives or written sales materials.
The advice and strategies contained herein may not be suitable for your situation. You should consult with a
professional where appropriate. Neither the publisher nor author shall be liable for any loss of profit or any other
commercial damages, including but not limited to special, incidental, consequential, or other damages.

For general information on our other products and services or for technical support, please contact our
Customer Care Department within the United States at (800) 762-2974, outside the United States at
(317) 572-3993 or fax (317) 572-4002.

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print may not be
available in electronic format. For more information about Wiley products, visit our web site at www.wiley.com.

Library of Congress Cataloging-in-Publication Data:

Advanced membrane technology and applications/edited by Norman N. Li ... [et al.].
p. cm.
Includes index.
ISBN 978-0-471-73167-2 (cloth)
1. Membranes (Technology) 2. Six sigma (Quality control standard) 3. Membrane industry.
I. Li, Norman N.
TP159.M4A38 2008
660'.28424—dc22 2007041577

Printed in the United States of America

109 87 6 5 43 21


http://www.copyright.com
http://www.wiley.com/go/permission
http://www.wiley.com

EEEN CONTENTS

PREFACE

ABOUT THE EDITORS

CONTRIBUTORS

PART I MEMBRANES AND APPLICATIONS IN WATER
AND WASTEWATER

1. Thin-Film Composite Membranes for Reverse Osmosis
Tadahiro Uemura and Masahiro Henmi

1.1 Introduction

1.2 Application of RO Membranes

1.3 Major Progress in RO Membranes

1.4 Trends in RO Membrane Technology

1.5 Reverse Osmosis/Biofouling Protection

1.6 Low-Fouling RO Membrane for Wastewater Reclamation

1.7 Chlorine Tolerance of Cross-Linked Aromatic Polyamide Membrane
References

2. Cellulose Triacetate Membranes for Reverse Osmosis
A. Kumano and N. Fujiwara

2.1 Introduction

2.2 History of Cellulose Acetate Membrane

2.3 Toyobo RO Module for Seawater Desalination

2.4 Actual Performance of Toyobo RO Module for Seawater Desalination
2.5 Most Recent RO Module of Cellulose Triacetate

2.6 Conclusion

References

3. Seawater Desalination
Nikolay Voutchkov and Raphael Semiat

3.1
32
33

Introduction
Seawater Desalination Plant Configuration
Water Production Costs

XV
xvii

xix

N B LW W

13
14

17
18

21

21
21
22
28
35

43
45

47

47
50
82



Vi

S.

6.

7.

CONTENTS

3.4 Future Trends

3.5 Conclusion
References

Seawater Desalination by Ultralow-Energy Reverse Osmosis
R. L. Truby

4.1 Introduction

4.2  SWRO Energy Reduction Using Energy Recovery Technology
4.3 SWRO Energy Optimization

4.4  Affordable Desalination Collaboration (ADC)

4.5 Conclusion
Acknowledgments
References

Microfiltration and Ultrafiltration
N. Kubota, T. Hashimoto, and Y. Mori

5.1 Introduction
5.2 Recent Trends and Progress in MF/UF Technology

5.3 Future Prospects
References

Water Treatment by Microfiltration and Ultrafiltration
M. D. Kennedy, J. Kamanyi, S. G. Salinas Rodriguez, N. H. Lee,
J. C. Schippers, and G. Amy

6.1 Introduction

6.2 Materials, Module Configurations, and Manufacturers
6.3 Microfiltration/Ultrafiltration Pretreatment

6.4 Membrane Applications

6.5 Membrane Fouling and Cleaning

6.6 Integrated Membrane Systems (MF or UF + RO or NF)

6.7 Backwash Water Reuse, Treatment, and Disposal
References

Water Reclamation and Desalination by Membranes
Pierre Coté, Mingang Liu, and Steven Siverns

7.1 Introduction

7.2  Water Reclamation and Seawater Desalination
7.3 Cost Estimation

7.4 Process Options for Water Reclamation

7.5 Cost of Water Reclamation

7.6 Process Options for Desalination

7.7 Cost of Desalination

84

85
85

87

87
88
95
96

99
100
100

101

101
104

127
128

131

131
133
142
146
149
160

164
165

171

171
172
173
174
177
181
181



10.

11.

CONTENTS

7.8 Water Reuse versus Desalination

7.9 Conclusions
References

. Chitosan Membranes with Nanoparticles for Remediation

of Chlorinated Organics
Yit-Hong Tee and Dibakar Bhattacharyya

8.1 Introduction
8.2 Experimental Section
8.3 Results and Discussions

8.4 Conclusions
Acknowledgment
References

. Membrane Bioreactors for Wastewater Treatment

P. Cornel and S. Krause

9.1 Introduction

9.2 Principle of the Membrane Bioreactor Process
9.3 MBR Design Considerations

9.4  Applications and Cost

9.5 Conclusions and Summary
References

Submerged Membranes
Anthony G. Fane

10.1 Introduction

10.2  Modes of Operation of Submerged Membranes
10.3  Submerged Membrane Module Geometries
10.4 Bubbling and Hydrodynamic Considerations
10.5 Practical Aspects

10.6 Applications

10.7 Conclusions
References

Nanofiltration
Bart Van der Bruggen and Jeroen Geens

11.1 Introduction
11.2  Process Principles

11.3  Application of Nanofiltration for Production of Drinking Water
and Process Water

11.4 Wastewater Polishing and Water Reuse
11.5 Other Applications

vii

185

186
186

189

189
191
197

212
212
212

217

217
217
230
233

235
237

239

239
241
246
253
262
267

268
268

271

271
272

276
280
283



viii CONTENTS

11.6 Solvent-Resistant Nanofiltration

11.7 Conclusions
Acknowledgment
References

12. Membrane Distillation
Mohamed Khayet

12.1 Introduction to Membrane Distillation
12.2 Membrane Distillation Membranes and Modules

12.3 Membrane Distillation Membrane Characterization Techniques

12.4  Transport Mechanisms in MD: Temperature Polarization,
Concentration Polarization, and Theoretical Models

12.5 Membrane Distillation Applications

12.6 Long-Term MD Performance and Membrane Fouling in MD

12.7 Hybrid MD Systems

12.8 Concluding Remarks and Future Directions in MD
Acknowledgments
References

13. Ultrapure Water by Membranes
Avijit Dey

13.1 Introduction

13.2 Integrated Membrane Technology in UPW Systems
References

PART II MEMBRANES FOR BIOTECHNOLOGY AND
CHEMICAL /BIOMEDICAL APPLICATIONS

14. Tissue Engineering with Membranes
Zhanfeng Cui

14.1 Introduction

14.2 Hollow-Fiber Membrane Bioreactors for Three-Dimensional
Tissue Culture

14.3 Micromembrane Probes for Tissue Engineering Monitoring
14.4  Future Opportunities

14.5 Summary
Acknowledgments
References

15. Biopharmaceutical Separations by Ultrafiltration
Raja Ghosh

15.1 Introduction
15.2 Ultrafiltration: An Overview

284

287
288
288

297

297
305
320

331
341
355
356

357
360
360

371

371

377
403

407

409

409

412
420
427

429
429
429

435

435
436



16.

17.

18.

19.

CONTENTS

15.3 Basic Working Principles of Ultrafiltration
15.4 Ultrafiltration Membranes and Devices
15.5 Ultrafiltration Processes

15.6 Conclusion
References

Nanofiltration in Organic Solvents
P. Silva, L. G. Peeva, and A. G. Livingston

16.1 Organic Solvent Nanofiltration Membranes
16.2 OSN Transport Mechanisms—Theoretical Background

16.3  Applications of Organic Solvent Nanofiltration
References

Pervaporation
Fakhir U. Baig

17.1 Introduction
17.2  Applications of AZEO SEP and VOC SEP
17.3 Computer Simulation of Module Performance

17.4 Permeation and Separation Model in Hollow-Fiber
Membrane Module

17.5 Conclusion
References

Biomedical Applications of Membranes
G. Catapano and J. Vienken

18.1 Introduction

18.2 Membrane Therapeutic Treatments

18.3 Medical Membrane Properties

18.4 Medical Membrane Materials

18.5 Biocompatibility of Membrane-Based Therapeutic Treatments

18.6 Conclusions
References

Hemodialysis Membranes
Norma J. Ofsthun, Sujatha Karoor, and Mitsuru Suzuki

19.1 Introduction

19.2 Transport Requirements

19.3  Other Requirements

19.4 Membrane Materials, Spinning Technology, and Structure
19.5 Dialyzer Design and Performance

19.6  Current Market Trends

437
438
446

449
450

451

451
458

461
465

469

469
471
475

481

487
488

489

489
490
496
501
508

511
513

519

519
521
525
527
530
533



X

CONTENTS

19.7 Future Directions

19.8 Conclusions
References

20. Tangential-Flow Filtration for Virus Capture

S. Ranil Wickramasinghe

20.1 Introduction

20.2 Tangential-Flow Filtration

20.3 Tangential-Flow Filtration for Virus Capture
20.4 Tangential-Flow Filtration for Virus Clearance

20.5 Conclusions
Acknowledgments
References

PART IIT GAS SEPARATIONS

21.

22,

23.

Vapor and Gas Separation by Membranes
Richard W. Baker

21.1 Introduction to Membranes and Modules
21.2 Membrane Process Design

21.3 Applications

21.4  Conclusions

21.5 Glossary
References

Gas Separation by Polyimide Membranes
Yoji Kase

22.1 Introduction

22.2  Permeability and Chemical Structure of Polyimides
22.3 Manufacture of Asymmetric Membrane

22.4 Membrane Module

22.5 Applications of Polyimide Gas Separation Membranes
References

Gas Separation by Carbon Membranes
P. Jason Williams and William J. Koros

23.1 Introduction

23.2  Structure of Carbon Membranes

23.3 Transport in Carbon Membranes
23.4 Formation of Carbon Membranes
23.5 Current Separation Performance

533

536
536

541

541
543
545
550

552
553
553

557

559

559
563
567
577

577
578

581

581
582
587
588

589
597

599

599
599
601
604
616



CONTENTS

23.6 Production of CMS Modules
23.7 Challenges and Disadvantages of CMS Membranes

23.8 Direction of Carbon Membrane Development
Acknowledgments
References

24. Polymeric Membrane Materials and Potential Use in

25.

Gas Separation
Ho Bum Park and Young Moo Lee

24.1 Introduction

24.2 Basic Principles of Gas Separation in Polymer Membranes
24.3 Limitations of Gas Separations Using Polymer Membranes
244  Polymer Membrane Materials

24.5 Membrane Gas Separation Applications and Conclusions
References

Hydrogen Separation Membranes
Yi Hua Ma

25.1 Introduction
25.2 Porous Nonmetallic Membranes for Hydrogen Separations
25.3 High-Temperature Hydrogen Separation Membranes

25.4 Concluding Remarks
References

PART IV  MEMBRANE CONTACTORS AND REACTORS

26.

27.

Membrane Contactors
Kamalesh K. Sirkar

26.1 Introduction

26.2 Membrane-Based Contacting of Two Fluid Phases
26.3 Membrane-Based Solid—Fluid Contacting

26.4 Two Immobilized Phase Interfaces

26.5 Dispersive Contacting in a Membrane Contactor

26.6 Concluding Remarks
References

Membrane Reactors
Enrico Drioli and Enrica Fontananova

27.1 State-of-the-Art On Catalytic Membrane Reactors
27.2 Advanced Oxidation Processes for Wastewater Treatments
27.3 Selective Oxidations

xi

620
622

626
627
627

633

633
635
643
646

659
664

671

671
672
674

680
681

685

687

687
690
696
697
699

700
700

703

703

704
710



xii CONTENTS

27.4 Biocatalytic Membrane Reactors
27.5 Catalytic Crystals

27.6 Inorganic Membrane Reactors
27.7 Microreactors

27.8 Conclusions
Acknowledgments
References

PART V ENVIRONMENTAL AND ENERGY APPLICATIONS

28. Facilitated Transport Membranes for Environmental, Energy,
and Biochemical Applications
Jian Zou, Jin Huang, and W. S. Winston Ho

28.1 Introduction
28.2  Supported Liquid Membranes with Strip Dispersion
28.3 Carbon-Dioxide-Selective Membranes

28.4 Conclusions
Acknowledgment
References

29. Fuel Cell Membranes
Peter N. Pintauro and Ryszard Wycisk

29.1 Introduction to Fuel Cells
29.2  Background on Fuel Cell Membranes
29.3 Recent Work on New Fuel Cell Membranes

29.4 Conclusions
References

PART VI MEMBRANE MATERIALS AND CHARACTERIZATION

30. Recent Progress in Mixed-Matrix Membranes
Chunging Liu, Santi Kulprathipanja, Alexis M. W. Hillock,
Shabbir Husain, and William J. Koros

30.1 Introduction
30.2 Recent Progress in Mixed-Matrix Membranes

30.3 Summary and Future Opportunities
References

31. Fabrication of Hollow-Fiber Membranes by Phase Inversion
Tai-Shung Neal Chung

31.1 Introduction
31.2 Basic Understanding

712
712
713
713

714
715
715

719

721

721
729
737

747
749
749

755

755
759
764
779

779

787

789

789
794

809
809

821

821
822



32.

33.

34.

CONTENTS

31.3 Recent Progresses on Single-Layer Asymmetric Hollow-Fiber
Membranes

31.4 Dual-Layer Hollow Fibers

31.5 Concluding Remarks
Acknowledgments
References

Membrane Surface Characterization
M. Kallioinen and M. Nystrom

32.1 Introduction

32.2 Characterization of the Chemical Structure of a Membrane
32.3 Characterization of Membrane Hydrophilicity

32.4 Characterization of Membrane Charge

32.5 Characterization of Membrane Morphology

32.6 Conclusions
Acknowledgment
References

Membrane Characterization by Ultrasonic
Time-Domain Reflectometry
William B. Krantz and Alan R. Greenberg

33.1 Introduction

33.2 Principle of UTDR Measurement

33.3 Characterization of Inorganic Membrane Fouling
33.4 Characterization of Membrane Biofouling

33.5 Characterization of Membrane Compaction

33.6 Characterization of Membrane Formation

33.7 Characterization of Membrane Morphology

33.8 Summary and Recommendations
Acknowledgments
References

Microstructural Optimization of Thin Supported Inorganic
Membranes for Gas and Water Purification

M. L. Mottern, J. Y. Shi, K. Shqau, D. Yu, and Henk Verweij

34.1 Introduction

34.2 Morphology, Porosity, and Defects

34.3 Optimization of Supported Membrane Structures
34.4 Synthesis and Manufacturing

34.5 Characterization

34.6 Conclusions
Acknowledgment
References

xiii

825
831

835
835
835

841

841
842
852
855
859

867
869
869

879

879
880
882
885
886
889
891

894
896
896

899

899
902
908
917
918

923
926
926



Xiv CONTENTS

35. Structure/Property Characteristics of Polar Rubbery Membranes
for Carbon Dioxide Removal

Victor A. Kusuma, Benny D. Freeman, Miguel Jose-Yacaman, Haiging Lin,
Sumod Kalakkunnath, and Douglass S. Kalika

35.1 Introduction and Background
35.2 Theory and Experiment
35.3 Results and Discussion

35.4 Conclusions
Acknowledgments
References

Index

929

929
931
937

950
950
950

955



IR PREFACE

Since the last membrane book I published with the New York Academy of Sciences, I have
attended several quite large membrane conferences including the one that I organized in
the beautiful city of Irsee, Germany. I was struck by the fact that there had been very
good progress made in the broad field of membranes science and technology. Also, mem-
branes seem to be coming to the center of the water treatment and desalination technologies.
Many parts of the world now are in critical need of clear water. Membrane technology is
gaining increasing importance in treating and reusing wastewater and in producing
potable water from seawater. It appears there is a timely need for a book that comprehen-
sively reviews the up-to-date membrane technology and its many applications.

To undertake the task of publishing this book, I invited three of my colleagues, Tony
Fan, Winston Ho, and Takeshi Matsuura to help, thus a team of four editors. Together
we invited 35 chapters to cover membrane applications from gas to water separations.
These chapters are now divided into six categories—membranes and applications in
water and wastewater, membranes and applications in biotechnology and biomedical
engineering, gas separations, membrane contactors and reactors, environmental and
energy applications, and membrane materials and characterization. These six categories
indeed cover a very broad field of applications.

I believe three somewhat unique features can be said about these chapters. One is that the
percentage of contributors from industry is high. This is, of course, a relative comparison, in
general, with the other published membrane books. As we know, most of the authors of the
chapters in a membrane book are from academia, whereas many of the contributors from
this book are from some of the major international membrane manufacturing companies.
The other feature is that the chapters, in general, are more into applications than theories.
The third feature is that a very strong coverage of water treatment and purification is
presented for the reason mentioned above.

We are truly gratified to the strong response to contributing chapters. As a matter of fact,
we still have quite many chapters that have been promised but have not been finished. This
prompted me to consider publishing a second book in the near future. Meanwhile, we are
indeed very pleased to have this book published and wish to thank all the reviewers and
chapter contributors.

NormaN N. L1

NL Chemical Technology, Inc.
Mount Prospect, Illinois
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Thin channel module, 317
Thin-film composite membranes,
87-88, 454
RO, 3-18
SW, 67
Thin gamma-alumina membranes
visual appearance, 918
Thin membranes and intermediate layers, 924
THM. See Trihalomethane (THM)
Three-center reverse osmosis system
configuration, 74-76
Three-dimensional atomic force microscopy
image
hollow-fiber ultrafiltration membrane, 826
Three-dimensional tissue culture
tissue engineering, 412—419
Thrombogenicity activation, 508—-509. See
also Coagulation
Time-of-flight (TOF)
analyzers, 851
quantitative analysis, 852
SIMS, 852
surface sensitivity analysis, 852
Time vs. TMP, 223
TIPS. See Thermally induced phase separation
(TIPS)
Tissue engineering, 409—-429
future, 427-428
hollow-fiber membrane bioreactors,
412-419
mathematical modeling, 415-416
micromembrane probe monitoring,
420-426
multidisciplinary approach, 410
technical challenges, 410—412
three-dimensional tissue culture,
412-419
Titania, 771
Titration, 858
TMC. See Transition metal catalysis (TMC)
TMP. See Transmembrane pressure (TMP)
TOABTI. See Tetraoctylammonium bromide
(TOABY)
TOC. See Total organic carbon (TOC)
TOF. See Time-of-flight (TOF)
Toray’s seawater reverse 0smosis membranes
performance, 9
Total dissolved solids (TDS), 11, 31, 376
concentration, 48
Total exchangeable anion (TEA), 386-387
Total exchangeable cation (TEC), 386—387
Total life cycle costs, 181

Total organic carbon (TOC), 142, 380, 707
degasifier removal, 398
double-pass RO, 381
rejection, 381
Total plant surface area, 178
Toxin removal
adsorption, 534
Toyobo double-element modules, 25
Toyobo reverse osmosis module
hollow-fiber, 29
main supply record, 29
operation results, 30-31
seawater desalination, 22—35
TPC. See Temperature polarization coefficient
(TPC)
Track-etched polycarbonate membranes, 857
Transition metal catalysis (TMC), 286
Transmembrane pressure
vs. volumetric flux, 208
Transmembrane pressure (TMP), 155, 223,
241, 259, 260, 313, 493, 521, 705, 889
changes, 116
constant flux operation, 243
cycle, 244
profiles
submerged hollow-fiber membranes, 259
vs. time, 223
Transmission electron microscopy (TEM), 134,
191, 860, 864—865
Transport
carbon membrane gas separation,
601-603
HD membranes requirements, 521-524
MD mechanisms, 331-340
microporous membrane, 911-912
semipermeable medical membrane
properties, 496
site hopping, 911-912
Treated water quality, 117-119
Treatment units
equipment specifications, 113
Trialkanolamine catalyst, 710
Trichloroethylene (TCE), 191
analysis, 195—-196
batch degradation, 204—205
batch degradation study, 194—195
degradation, 193
degradation study, 204—-206
kinetic analysis, 205
pseudo-first-order reaction rate constants,
205
removal, 279



Trihalomethane (THM), 374
degasifier removal, 398
Trypsin
PP membranes, 713
TSGMD. See Thermostatic sweeping gas
membrane distillation (TSGMD)
Tubular configuration, 137-138
Tubular membranes, 138, 439
schematic view, 221
Tubular modules, 229
flow velocity, 224
Tungsten-based catalyst binding, 708
Turbidity monitoring, 149
Turbocharger, 89-91
characteristics, 90
efficiency curve, 92
RO flow scheme, 90
Turbostratic carbon
structure, 600
Turbulence, 437
Two-fluid phases
contactors, 690—695
Two immobilized phase interfaces
contactors, 697-698
Two-pass seawater reverse osmosis system, 71
Two-stage seawater reverse 0Smosis system,
72-73
Two-step membrane processes
vs. one-stage, 565

UBE industries, 582, 595
UBE Membrane Dryer, 595
UBE nitrogen gas generator
nitrogen products, 582, 593
UF. See Ultrafiltration (UF)
UKM. See Urea kinetic modeling (UKM)
ULSI. See Ultra large-scale integration circuits
(ULSID)
Ultimate disposal
backwash water, 165
Ultrafiltration (UF), 101-128, 239, 271, 421,
453, 541, 544
application, 139-141
application examples, 103
cleaning, 158
cross-flow configuration, 141
future, 127
global capacity, 132
plant, 163
pretreatment, 142—-146, 184
productivity, 437
publications, 272
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recent trends, 104—126
RO membrane life, 184
seawater desalination, 182, 186
selectivity, 437
spiral-wound geometry, 138
trends, 104—-127
unit characteristics, 400
water reuse, 186
water treatment, 131165
Ultrafiltration biopharmaceutical separations,
435-449
membranes and devices, 438-445
principles, 437
processes, 446—448
Ultrafiltration coefficient (Kuf), 521
Ultrafiltration (UF) membrane, 32, 101
cleaning, 155-160
disks, 440
fabrication materials, 133
manufacturers, 133-142
materials, 133—-142
module configurations, 133-142
MWCO, 134
performance, 102—104
pore sizes, 102, 134
preparation process, 104
SEM image, 107
use, 102—-104
water purification applications, 105
water treatment tools, 171
Ultrafiltration water treatment, 131-164
backwash water reuse, treatment, and
disposal, 164
integrated membrane systems, 160—163
manufacturers, 133—142
materials, 133-142
membrane applications, 146—148
membrane fouling and cleaning, 149—159
module configurations, 133-142
Ultra large-scale integration circuits (ULSI),
597
Ultralow-energy reverse osmosis seawater
desalination, 87-100
ADC, 96-98
energy recovery technology, 88—94
SWRO energy optimization, 95
Ultrapure water (UPW), 371-402
integrated membrane technology,
377-402
notation, 402—-403
power industry, 376
semiconductor industry, 373
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Ultrasonic time-domain reflectometry
(UTDR), 879
amplitude arrival time, 891
signal amplitude, 883
Ultrasonic time-domain reflectometry
(UTDR) membrane characterization,
879-896
inorganic membrane fouling, 882—884
measurement, 880-881
membrane biofouling, 885
membrane compaction, 886—888
membrane formation, 889—-890
membrane morphology, 891-893
Ultrasonic time-domain reflectometry (UTDR)
transducer
liquid-filled membrane, 881
water bath immersion, 892
Unconstrained Brownian diffusivity, 497
United States Department of Energy
(US DOE)
hydrogen separation technical targets, 679
United States Pharmacopeia (USP) guidelines
PW and WFI, 375
Upper-bound limit
polymer, 790
UPW. See Ultrapure water (UPW)
Urea kinetic modeling (UKM), 525
Urea reduction ratio (URR), 524
URR. See Urea reduction ratio (URR)
US DOE. See United States Department of
Energy (US DOE)
USP. See United States Pharmacopeia (USP)
guidelines
UTDR. See Ultrasonic time-domain
reflectometry (UTDR)

Vacuum membrane distillation (VMD), 299,
301, 304, 349-352
configuration, 312, 335-336
fluxes vs. downstream pressure, 350
Vacuum rotating membrane (VRM), 251
Vacuum-side boundary layer
resistance, 396
Valves
submerged membranes, 245
Van der Waals molar volume
permeability, 560
Van’t Hoff-Arrhenius expression, 943
Van’t Hoff equation, 273
Vapor gas separation, 559-577, 663
applications, 567-576
design, 563-566

developing technology applications,
575-576
membranes, 642
Vapor-induced phase separation (VIPS), 890
Vapor-liquid equilibrium (VLE), 304, 460.
See also Gas-liquid systems
principle, 304
Vapor-permanent gas selectivity, 561
VaporSep, 663
VCM. See Vinyl chloride monomer (VCM)
Vegetable oil industry, 461
conventional processing approach, 461
SRNF, 285
Vent gas systems
membrane, 561
PVC, 571
Vertical hollow fiber, 247
Vertical intake well, 52
Very large-scale integration circuits (VLSI),
597
Vibratory shear enhanced processing (VSEP)
module, 282
Vinyl acetate, 573
Vinyl acetate manufacturing plants
ethylene recovery, 572
Vinyl acetate plant ethylene recovery unit
performance, 573-574
Vinyl chloride monomer (VCM), 571, 578
recovery, 571
Vinyltrimethylsilicon (VIMS), 310
VIPS. See Vapor-induced phase separation
(VIPS)
Virus
clearance validation, 552
filtration, 552
log clearance, 551
removal membrane modules, 447
tangential-flow filtration, 541-552
Virus removal
hollow-fiber membranes, 446
Viscosity
MBR, 232
MLSS, 226-227
Viscous liquid permeation, 920
VLE. See Vapor-liquid equilibrium (VLE)
VLSI. See Very large-scale integration circuits
(VLSI)
VMD. See Vacuum membrane distillation
(VMD)
VOC. See Volatile organic components (VOC)
VOC SEP. See Volatile organic components
shear enhanced processing (VOC SEP)



Void space, 902
Void volume
membrane, 326

Volatile organic components (VOC), 344, 398,

470, 799
SEP hollow-fiber pervaporation plant, 487
Volatile organic components shear
enhanced processing (VOC SEP)
PV, 471-474
Voltage estimation
EDI, 390
Volumetric flux
vs. transmembrane pressure, 208
VRM. See Vacuum rotating membrane
(VRM)
VSEP. See Vibratory shear enhanced
processing (VSEP) module
VTMS. See Vinyltrimethylsilicon (VTMS)

Waste heat, 357
Waste stream
quality and quantity, 62
Wastewater polishing
NF, 280-282
Wastewater reclamation
Kuwait, 16—17
low-fouling RO membrane, 14—17
Singapore, 16
Wastewater reuse plants, 14
Wastewater treatment
MBR, 217-236
Wastewater treatment advanced oxidation
processes
membrane reactors, 704—709
Wastewater treatment facility
Japan, 15
Wastewater treatment membrane bioreactors,
217-235
applications and cost, 233-234
design, 230-232
membrane bioreactor process, 217-229
Wastewater treatment plants (WWTPs),
234
Water
century, 2
contact angles, 324
contaminant removal, 284
desalination, 171-186
drinking and process NF, 276-279
dual membranes, 267
high-pressure boiler specifications, 376
permeability, 594
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process pretreatment, 267
requirement, 372
SWRO systems, 71
Water bath immersion
UTDR transducer, 892
Water consumption
backwash pressure, 157
Water content
carbon dioxide flux, 739-740
carbon dioxide permeability,
739-740
Water desalination
cost, 181-184
process options, 181
vs. water reuse, 185
Water flux vs. applied transmembrane
pressure, 323
Water for injection (WFI)
USP guidelines, 375
Water gas shift (WGS), 726
carbon dioxide, 743-744
experiments, 745
fuel cells, 727-728
membrane reactor, 679, 728, 737,
743-744, 745, 748
Water production, 16
cost influences, 84
costs, 82—-84
seawater desalination costs, 82—83
Water production costs
seawater, 185
Water purification
characterization, 918-922
defects, 902-907
manufacturing, 917
MF membrane, 105
morphology, 902-907
porosity, 902—907
supported membranes, 915
supported membrane structure
optimization, 908-916
synthesis, 917
thin supported inorganic microstructural
optimization, 902-916
UF membrane, 105
Water quality
treatment processes, 118
Water reclamation, 171-186, 177-181
cost, 177-180
cost estimation, 173
membrane desalination, 171-188
process design conditions, 185
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