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Preface

It has been over 60 years since the development of the first asymmetric poly-
meric membrane by Dr. Sidney Loeb and Dr. Srinivasa Sourirajan (University
of California, Los Angeles, United States) for seawater desalination. Research
in membrane science and technology has progressed rapidly over the past
decades, and many new and advanced materials (both organic and inor-
ganic) have been discovered and employed in the fabrication of membranes
and the modification of their properties. It is therefore of paramount impor-
tance to summarize the fundamental understanding of and information
about these membranes and their distinctive applications. In this book a
comprehensive overview of membrane technology is presented, from the
fundamental knowledge of fabrication principles and separation mechanisms
to a wide range of applications, including new and emerging processes.

In more detail, this book provides essential guidance for students, research-
ers, and scientists working in the field of membrane science and technology.
The fundamentals of membranes in different technologies, including their
working principles, transport mechanisms, and requirements for practical
applications, are discussed in this book. Key references and practical sources
are also provided, enabling an in-depth understanding of the numerous
aspects of membrane science and technology.

Furthermore, studies on membranes and their applications, such as in water
and wastewater treatment, chemical and biomedical processes, gas separa-
tion, and renewable power generation, are reviewed in this book. For
instance, recent advances in three-dimensional membranes for water appli-
cations, organosilica and metal-organic framework membranes for gas sepa-
ration, high-performance membranes for vanadium redox flow batteries
and vanadium-air redox flow batteries, ceramic membranes for fuel cells,
and membranes with enhanced safety for lithium-ion batteries are summa-
rized and discussed extensively. Recent advances in modeling and simula-
tions of different membranes and their components, such as spiral-wound
membranes and spacer-filled channels, are also included to provide better
insights.
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Preface

To facilitate a comprehensive characterization of membranes at different
levels, the book also presents the common testing methods, along with some
cutting-edge techniques for the accurate evaluation of the membrane proper-
ties and performances, which are of vital importance to the future develop-
ment of advanced membranes. For instance, the advanced characterization
for membrane surface fouling is discussed in detail.

Finally, to enable a better understanding of the latest trends and current
research on membrane technology, the most up-to-date details on the use of
advanced organic and inorganic materials and novel membrane fabrication
techniques for the development of membranes are also reviewed. The advan-
tages of these new materials along with the superiority of the newly devel-
oped fabrication methods in comparison to conventional strategies are also
extensively discussed.

This book will equip future researchers with the ideas and directions that
they need to understand the great potential and prospects of next-generation
membrane fabrication. It is also the aim of this book to reflect the ample
research activities and outcomes in the membrane field with an eye toward
global utilization and impact.

This book is an essential reference resource not only for students and
researchers but also for professionals and policymakers around the globe
working in three main sectors: academia, industry, and government.

We would like to express our gratitude to all the authors who contributed to
this book and shared their valuable state-of-the-art knowledge and experi-
ence with the associated topics. Last but not the least, we acknowledge the
professional staff of Elsevier for their continuous support.

Hui-Hsin Tseng', Woei Jye Lau’, Mohammad A. Al-Ghouti® and

Liang An*

'Department of Environmental Engineering, National Chung Hsing University,
Taichung, Taiwan, >Advanced Membrane Technology Research Centre (AMTEC),
School of Chemical and Energy Engineering, Universiti Teknologi Malaysia, Skudai,
Malaysia, >Department of Biological and Environmental Sciences, College of Arts
and Sciences, Qatar University, Doha, Qatar, 4Department of Mechanical
Engineering, The Hong Kong Polytechnic University, Hong Kong, P.R. China
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CHAPTER 15

Modelling flow and mass transfer inside
spacer-filled channels for reverse osmosis

membrane modules
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15.1 Introduction

Desalination has progressed rapidly since the 1980s as freshwater is becom-
ing more scarce as a result of the fast-growing population size and global cli-
mate change. To relieve this situation, membrane processes are recognized as
promising approaches to purifving brackish and ocean water o meet the
global water demand. Among the membrane technologies, reverse osmosis
(RO has gained the most attention and is used in half of the desalination
plants in the world (Coh et al, 2018; Qasim et al., 2019). RO is used in
walter purification to effectively remove unwanted solutes (particularly dis-
solved ions) in the water by means of membrane permeation. The global RO
membrane market was $6.9 billion in 2017 and is estimated to show an
almost double increase by 2025 (Toh et al., 2020a).

Spiral-wound membrane (SWM) modules were invented in the 19605 and
have become one of the most common membrane arrangements for water
applications, SWMs are composed of membrane leaves, feed spacers, perme-
ate spacers, and a permeate twbe. For their construction, the membrane
leaves are first folded in half to form an envelope. The permeate spacer is
then inserted into the envelope to form the permeate channel, with the sides
glued together to force the permeate to flow in the direction of the permeate
tube. MNext, a feed spacer is inserted between a pair of membrane envelopes
to form a feed channel. These steps are repeated to form several membrane
layers, and these lavers are wrapped spirally to form a cylindrical module, as

Bl Years of the Loeh Sourirajan Membrane. IH: heips:/dolorg 10,10 &/BY T80 323290772 MM 54
@ 2022 Elsevier Inc. Al rights reserved.
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FIGURE 15.1
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Configuration of spiral-wound membrane for reverse csmosis (Sparks & Chase, 2016).

depicted in Fig. 15.1 (Sparks & Chase, 2016). The feed passes through
the feed channel, and the water selectively permeates across the RO mem-
brane to the permeate channel as the result of applied pressure, overcoming
the osmotic pressure. The rejected salt becomes concentrated in the feed
channel solution, forming the brine that exits the module from the opposite
side of the feed channel. The purified water exits the module via the perme-
ate tube as permeate.

The SWM design offers several benefits, such as (1) high packing density 1o
give larger surface area per volume (Qasim et al., 2019), (2) low manufactur-
ing and operating costs compared to flat plate and tubular modules (Belfort,
1988; El-Ghaffar & Tieama, 2017), and (3) being more robust against mem-
brane breakage compared to hollow-fiber membrane (Lu & Chung, 2019).
However, concentration polarization and fouling are common serious pro-
blems in SWMs,

To reduce the drawbacks associated with RO membrane operations and to
optimize SWM performance in water desalination, intensive experimental
studies have been conducted through approaches such as varying the feed
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conditions (Goosen et al,, 2002; Madaeni & Koocheki, 2006) or modifying
the geometrical structure of SWMs (Sablani et al, 2002). Although less
intrusive experimental methods (e.g., particle image velocimetry) have been
developed, the resolution of those methods is insufficient 1o study the
mass transport within the boundary layer (Fimbres-Weihs & Wiley,
2010). Therefore CFD aids the process by nonintrusively visualizing the
intricate local and time dependent phenomena of flow and mass transfer
enhancement.

Initially the modelling of SWMs for RO membrane operations was focused
on prediction of the permeate flux and permeate concentration. One-
dimensional (1D) models have been developed through either numerical or
analytical solutions based on the fundamental concepts of mass and
momentum balance. Since the 2000s, computers have faster rates of calcula-
tion and can access larger memory sizes, making it possible to solve larger
and more complex problems. Since then, CID has become a powerful and
reliable tool to simulate fluid flow and to provide high-resolution visualiza-
tion of hydrodynamic and concentration profiles inside the feed channel of
SWMs, The SWM feed channel was first modeled as two-dimensional (2D)
in the early 2000s, then evolved into three-dimensional (3D) models with
greater resolution. Fig. 15.2 summarizes the evolution of CFD studies for RO
feed spacers. In view of the significant progress of modelling flow and mass
transfer inside spacer-filled channels for RO membrane modules, the chapter
aims to discuss the recent research of these one-dimensional (1D), 2D, and
3D simulation models, followed by the studies of unsteady shear strategies,
novel spacer geometries, and fouling reduction.

SIMULATION OF REVERSE OSMOSIS PROCESS

RESEARCH DIRECTION

FIGURE 15.2
The research drection of the simulation of reverse osmosis procsss since the 1900s.
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FIGURE 15.3

15.2 One-dimensional model

In RO systems, solvent transport is driven by the pressure gradient and
resisted by the osmotic pressure. At the same time, the dissolved solutes
move toward the membrane through convective flux and move away from
the membrane through diffusive flux due to membrane rejection. This leads
to the accumulation of rejected solute near the membrane surface, forming a
concentration boundary laver, which is also known as CP. Film theory
assumes mass balance at a steady state, such that the convective flux of solute
is equal to the diffusive flux of solute:

i{{..‘—f.‘,,:—nbd—':‘ =0 (151
dy

where | is the permeate flux, C is the solute concentration, and Dy is the sol-
ute diffusivity, By integrating Eqg. (15.1) with the boundary conditions
C=Cpaty=0and O =y at y= 6, the CP modulus can be expressed as:

EH‘ - r:r. ( j )
o= — - =ex (15.2)
f—ﬁ f-'p v il!nll

where the mass transfer coellicient, k,, = Dq/b,

Film theory gives a simplified view of the concentration profile in a bound-
ary layer of thickness &, which is located between the membrane wall and
the bulk solution, as shown in Fig. 15.3. This theory assumes that the axial
solute convection near the membrane wall and the local changes of liguid
density can be neglected.

However, the simplicity of film theory has some limitations, as it neglects
several effects, including the axial convection term near the membrane wall,
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< |
i
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Concentration prafie in boundary layer (Blatt et al., 19700,
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Fourier transform infrared
photoacoustic spectroscopy
(FTIR/PAS), 562

Fourier transform infrared
spectroscopy (FTIR),
182—185, 506, 553—-554,
554f

Friction coefficient, 398

Friction factor, 417

Front-face excitation—emission
matrix (FF-EEM), 514—515

Fuel cell, 627

G

G-band, 198
Gadolinium doped ceria (GDC),
630, 632
Gadolinium oxide (Gd,03), 632
Gammaproteobacteria, 538
Gas chromatography (GC), 645
Gas chromatography—mass
spectrometry (GC—MS), 524
Gas permeability of RTIL—based
membranes, 4—8
CO, diftusivity, 8
CO; solubility, 5—6
solubility selectivity of CO, in
RTIL and permselectivity of
CO,, 6—7
Gas phase separation, membrane
applications for, 311-316
membranes for high-temperature
water vapor recovery,
314-316
silicon oxide—based membranes
for, 311-314
silicon-based nonoxide
membranes for, 314
Gas separation
metal-organic framework
membranes for, 220—227
computational efforts on,
227-230
separation performance for
CO,/CH,, 225f
separation performance for
CO,/N,, 224f
separation performance for H,/
CO,, 223f

separation performance for H,/
N,, 220f, 221f
spiral-wound membrane in,
408—-409
Gas transport mechanism, 195—197,
196f
Gaussian stochastic field, 470—471
Gel layer—controlled mechanism,
449—-459
gel polarization of two-component
system, 449f
modeling of MMM, 454—459
transient one-dimensional gel
layer controlling model
coupled with film theory,
449—452
coupled with pore flow
transport, 452—454
Gel polymer separators, 270
Gel-vapor deposition, 219
Generalized 2DCOS, 521
Geothermal energy, 177—178
Gibbs-Duhem equation, 475
Global warming, 203—205
Glutaraldehyde, 589—590
Grafting processes for membrane
modification, 37—42
Grafting-from process, 37—40
Crafting-onto process, 37, 40—42
Gram-negative bacteria, 535
Graphene, 331, 482—485
Graphene oxide (GO), 143, 331, 362
Graphene with cysteine (CGO),
369-370
Graphitic carbon nitride (g-CsNy),
143
Gravimetric analysis, 562—564
Greenhouse gas, 177—178
abatement, 260
and clean energy generation
using ceramic fuel cells, 261f
Greenhouse phenomenon, 203—205
Gypsum (CaSO, 2H,0), 609

H

Heat recovery system, 255
Henry's law constant (MPa), 5
of typical ionic liquids, 5¢
Hexamethyldisiloxane (HMDSO),
309-311
High-performance liquid
chromatography (HPLC), 565
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high-performance micro-tubular-
solid oxide fuel cells,
257-258
High-performance oxygen
permeation membrane,
design of, 247—252
micro-tubes with open-channel
micro-structure design,
247—-248
multichannel design for highly
robust oxygen permeation
membrane, 248—251
new bio-inspired design for next-
generation oxygen separation,
251-252
High-temperature ion conductors,
oxygen transport in, 245—247
High-temperature water vapor
recovery, membranes for,
314-316
Higher-molecular-weight solutes
(HMW solutes), 435
“Hole-pillar spacer”, 425
Hollow fiber configuration,
181-182
Hollow-fiber membrane (HFM),
392, 479
modeling and simulation on,
479—-482
dissipative particle dynamics, 481
finite element method, 482
physical mass transfer model,
479—-480
Homogeneous membranes, 585
Humic acid (HA), 335, 619—620
Hyaluronic acid (HA), 366
Hybrid 2DCOS, 521
Hybrid flow battery, 134—135
Hydration layer on membrane
surface, 358—359
Hydrocracking, 200—201
Hydroelectric power, 177—178
Hydrogen (H,), 239, 255, 629—630
energy, 177—178
purification, 200—203
Hydrogen sulfide (H,S), 391, 408
Hydrophilic modification of
membranes, 349—-350
Hydrotreating, 200—201
4-hydroxy-2,2,6,6-
tetramethylpiperidin-1-oxyl
(4-HO-TEMPO), 132—133
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Hydroxyapatite (Ca;o[PO4]s[OH]>),
284—-286

Hydroxyapatite nanowire (HAP-
NW), 284—286

Hydroxyl groups (OH groups),
110—111

I
Imaging XPS (IXPS), 514
Immersion precipitation.
See Nonsolvent-induced phase
separation (NIPS)
In situ modification, membrane
modification by, 42—44
In situ self-assembling coating
method, 40—41
Inductively coupled plasma—mass
spectrometry (ICP-MS), 565
Industrial Revolution, 177—178
Infrared (IR), 506
radiation, 553
Infrared spectroscopy, 39
and mapping, 515—-516
Initiated chemical vapor deposition
(iCVD), 366
Inkjet printing, 72
inkjet printing—assisted surface
grafting method, 88
Inorganic all-solid-state electrolytes,
292-294
Inorganic fouling, 44—47, 538—541.
See also Organic fouling
factors affecting scaling, 540—541
mineral scaling on ZI-modified
membranes, 46—47
stages in scale formation,
539-540
ZI polymers and ionic interactions,
45—-46
Inorganic materials, 2
Inorganic modification, 136—145
one-dimensional nanowires/
nanotubes, 140—142
two-dimensional nanosheets/
nanoplates, 143—145
zero-dimensional nanoparticles,
136—140
Interfacial energy change, 616—617
Interfacial polymerization method
(IP method), 97—-98,
476—479
Intermediate chemical
demineralization (ICD), 615

Ion exchange capacity (IEC), 585
Ion exchange membrane (IEM), 135,
158—159, 166—167, 575
in electrodialysis and membrane
capacitive deionization
systems for water, 575—586
for harvesting salinity gradient
energy, 586—593
capacitive mixing, 592—593
reverse electrodialysis, 587—592
Ion gel membranes, 8—9, 23—25
containing AAILs and
AHAs—Dbased ionic liquids,
23-25
ion gel membranes with epoxy
amine gel networks, 25
Ion-exchange, 613
Ionic liquid (IL), 2—4
ionic liquid—based membranes, 2
CO,-reactive ionic liquid—based
facilitated transport
membranes, 17—23
gas permeability of room-
temperature ionic
liquid—based membranes,
4-8
ion gel membranes containing
task-specific ionic liquids,
23-25
ionic liquid—based CO,
separation membranes, 8—17
typical cations and anions
constituting ionic liquids, 3f
IRMOEF-1, 223-224
Iron-air batteries, 156
Iron-chromium system (Fe—Cr
system), 131—132
Isothermal titration calorimetry
(ITC), 523

J

Joule-Thomson effect (JT effect), 409

K

Knudsen diffusion, 197

L

Laminated object manufacturing
(LOM), 76

Lanthanum gallate (LSGM), 633

Largest cavity diameter (LCD),
215-216

Laser energy, 73

Laughing gas. See Nitrous oxide
(N20)
Layered manufacturing, 73—74
Leveque’s equation, 437—438
Li; 3Aly. 5Ti;. ,(POy4)s (LATP), 294
Lis. 75LasZry, 75Tag, 2501, (LLZTO),
292-294
LIBs. Lithium-ion batteries;.
See Lithium-ion batteries
(LIBs)
Ligands, 219—-220
Light microscopy, 543—544
Light sheet fluorescence microscopy
(LSEM), 511
Lignin, 147—148
Liquid chromatography—mass
spectrometry (LC—MS), 524
Liquid phase separation, 317
Lithium bis-
(trifluoromethanesulfonyl)
imide (LiTFSI), 289—-290
Lithium carbonate, 632—633
Lithium-air batteries, 156
Lithium-ion batteries (LIBs), 269.
See also Vanadium-air redox
flow battery (VARFB)
separators
ceramic-coated fibrous
separators, 284—286
increasing puncture strength of
separators, 278—279
increasing tensile strength of
separators, 274—278
mechanically strong separators,
273-279
nonflammable separators,
280—-288
self-shutdown separators,
271-273
separators with flame-retardant
additives, 286—288
Loose NF (LNF), 374—375
Low calorific value gas (LCVG),
259-260
Low-molecular-weight (LMW), 435
Lumped parameter, 440
Lysine methacrylamide (lysAA),
364—-365
Lysozyme, 48

M

m-phenylenediamine (MPD), 99,
100f, 376



Magnesium-air batteries, 156
Magnetic resonance imaging (MRI),
561-562
Mapping technology, 467—468
Mass spectrometry, 524, 565
Material extrusion (ME), 74, 76—77
Material jetting process (MJ process),
74—-76
Mathematical models for spiral-
wound membrane, 405—408,
4006t
Matrimid, 182—185
Melt spinning method, 185—187
Membrane capacitive deionization
(MCDI), 575, 583—586
applications, 583—584
membranes, 584—586
commercial membranes,
584—585
custom-made membranes,
585—586
systems, 575—586
Membrane conductivity, 158—159
Membrane distillation, 603
Membrane electrode assembly
(MEA), 158—159
Membrane fabrication, 72, 533
via direct 3D printing, 81—82, 91t
Membrane formation, modeling and
simulation of, 468—479
dry casting, 476
interfacial polymerization,
476—-479
phase separation, 469—476
Membrane foulants, 357—358
Membrane fouling, 499, 533. See also
Surface fouling
characterization, 542—565, 543f
microscopic techniques,
544—-553
spectroscopic and analytical
techniques, 553—565
types of, 534—542
biofouling, 535—538
colloidal/particulate fouling,
541-542
inorganic fouling/scaling,
538-541
organic fouling, 541
Membrane scaling, control strategies
for, 613—618
antiscalants, 613—615
feedwater pretreatment, 613

operation mode of reverse osmosis
system, 615—616
scaling-resistant reverse osmosis
membrane, 616—618
Membrane scaling and permeate
flux, 612
Membrane(s), 157, 306—308, 433
3D printing in, 78—80, 79t
applications, 80—94
membrane fabrication via direct,
81-82, 91t
membrane surface modification
via coating aided by, 83—-94
classifications, 159—164
commercial Nafion membranes,
159—-160
other membranes, 160—164
functional requirements of,
158—159
for gas phase separation,
applications of, 311-316
gas separations, 215
membrane-based separation
technology, 349, 433
membrane-scaling formation,
theories for, 604—607
scaling kinetics, 605—607
scaling thermodynamics,
604—-605
membrane-solute-solvent system,
435
modeling, 433
modification by in situ
modification, 42—44
module, 193—195
for organic solvent reverse
osmosis, 321—322
performance-enhancing strategies
for, 169—-171
separation process, 1—2,
177—-178, 305, 359
for solvent separation, applications
of membranes, 317—322
technology, 329—330
Mesh-adjustable molecular sieve
(MAMS-1), 220—221
Meso-erythritol (ME), 110—111
Meso-scale methods, 467—468
coarse-grained methods, 467—468
DPD, 467
Metagenomics, 525
Metal ions, 305—306
Metal-air battery, 156
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Metal-organic frameworks (MOFs),
215-216, 305—-3006, 330,
485—489

computational efforts on,

227-230

fabrication of, 216—220, 218f
channels for mass transfer, 217f

for gas separations, 220—227

membrane, 215—-216

MOF-5 membrane, 216, 223—224

for pervaporation, 230—232

1-(methacryloyloxy) ethyl 1-
carboxylmethyl dimethyl
ammonium (CBMA), 33—34

2-(methacryloyloxy) ethyl 3-
sulfopropyl dimethyl
ammonium (SBMA), 3334

[2-(methacryloyloxy) ethyl]
trimethylammonium chloride
(METMAC), 370

Methacryloyloxyethyl
phosphorylcholine (MPC),
33-34

Methane (CH,), 391, 408, 628—629

Methoxycarbonyl (CH;—0O—-CO),
535

Methyl acetate (MA), 324

Methyl benzoylformate (MBF),
287—-288

Methyl blue (MB), 374

Methyl tert-butyl ether (MTBE),
321-322, 324

Methylated silica hydrophobic
colloid (Me-SiO5), 319—-320

Methylene blue (MB), 340

Metropolis Monte Carlo method,
467

Micro-solid oxide fuel cell methane
sensor, 639—646

current situation, 639

design and character of sensor,
640—642

sensor development, 640,
642—646

Microbial biofouling, 55

Microbial community, 525

Microbial growth, 537

Micro-channel formation, 243—244

Microcystis aeruginosa, 60—61

Microfiltration (MF), 71-72, 317,
329-330, 501-502, 533

Micro-monolithic ceramic fuel cells,
258-259
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Micro-monolithic membranes, 244
Microorganisms, 535
Micropores, 178—179
Microscopic techniques, 511—513,
543—-553
AFM, 512, 549-550
CLSM, 513, 544—546
DICM, 552
epifluorescence microscopy,
550—552
ESEM, 552
SEM, 511-512, 546—549
TEM, 512, 552—553
visual inspection, 544
Micro-structure characterization of
carbon membrane, 198—200
FIB and TEM, 200
Raman spectroscopy, 198
XPS, 198
XRD, 199-200
Micro-structured ceramic
membranes, 240—242
Micro-tube, 240
Mineral scaling, 604
on ZI-modified membranes,
46—47
Mixed ionic/electronic conductor
(MIEC), 245, 630—631,
640—641
Mixed matrix membranes (MMM),
330—331, 435—-436
modeling of, 454—459
Mixing entropy battery (MEB), 592.
See also Redox flow battery
(RFB)
Module construction, 193—195
components for hollow fiber
membrane module, 194f
Molar balance, 400
Molecular dynamics simulation (MD
simulation), 466
Molecular force field, 466
Molecular modeling and simulation,
463—-468
on hollow-fiber membrane,
479—-482
in membrane design, 482—489
graphene and two-dimensional
carbon material, 482—485
metal-organic membranes,
485—489
ZIF, 485—489
of membrane formation, 468—479

types of simulation methods,
464—468
atomistic-scale methods, 466—467
electronic scale methods,
464—466
meso-scale methods, 467—468
meso-scale molecular
simulations, 468
Schrodinger equation, 468
Molecular sieving, 195—197
Molecular weight cutoff (MWCO),
319-320, 329-330
Molten carbonate fuel cells (MCFCs),
627—-628
Molybdenum disulfide (MoS,), 143
Monomeric silica, 612
Monovalent selectivity, 582
Monovalent-selective electrodialysis
membranes, 580
Monte Carlo simulation, 467
Multichannel design (micro-
monolithic design), 248—251
Multiple effect distillation, 603
Multistage flash distillation, 603
Multivariate analyses, 521

N
N,N,N-2,2,6,6-
heptamethylpiperidinyloxy-4-
ammonium chloride/viologen
derivative N, N'-dimethyl-4,
4-bipyridinium dichloride
(TEMPTMA/MV), 132—133
N,N-diethylethylenediamine, 368
N,N-bis(acryloyl) cystamine (BAC),
365—-366
N-(3-dimethylaminopropyl)
methacrylamide
(DMAPMAPS), 365—366
N-(3,4-dihydroxyphenthyl)
methacrylamide, 365—366
N-aminoethyl piperazine (AEP), 110
N-aminoethyl piperazine propane
sulfonate (AEPPS), 110,
368—-3069, 376
Nafion, 627—628
commercial Nafion membranes,
159—-160
membrane, 135—136
Nafion 117 membrane, 160—162,
164—165, 168
nafion/sulfonated-organosilica
composite membranes, 139

Nanofibers, 71—-72
Nanofiltration (NF), 97, 317,
329-330, 357358,
433—434, 533, 613
pore flow modeling for, 443—448
Nanomaterials, 330
Nanyang Technological University
(NTU), 71-72
National Security Agency (NSA), 628
Natural gas, 628
sweetening, 205—207
Natural organic matter (NOM), 368
treatment in water, 368—370
Natural rubber (NR), 636
New micro-monolithic solid oxide
fuel cell, 258—263
greenhouse gas abatement using
ceramic fuel cells, 260
three-dimensional characterization
of ceramic membrane,
260—-263
Newton's equation of motion, 468
Next-generation oxygen separation,
251-252
Next-generation purification
technology, 215
Nickel (Ni), 305—306, 630
Nitrogen (N,), 408
Nitrous oxide (N,0), 260
Non-pressure-driven processes,
329-330
Nonaqueous flow battery, 133—134
Noncovalent modification, 146—148
Nonflammable separators, 280—288
Nonfluorinated membranes,
135—-136
Nonlinear algebraic equation,
396—-398
Nonsolvent-induced phase inversion
(NIPS), 42, 469, 472—476
Nonwoven fabrics, 269
Novel spacer geometries, 415,
424—425
Nuclear magnetic resonance
spectroscopy (NMR
spectroscopy), 517—518,
561-562

0

O-ring, 635—636
Offline characterization of surface
fouling, 511-521
CA, 519-520



data mining via statistical analysis,
521
microscopic methods, 511-513
spectroscopic methods, 513—519
TOF-SIMS, 520
Ogston model, 15—16
Oily wastewater treatment, 370—373
Oligomers, 609—610
One-dimension(1D)
film theory, 436—438
mathematical model, 396
models, 395—-399, 415—418
concentration profile in
boundary layer, 416f
typical reverse osmosis
membrane desalination
process, 418f
nanowires/nanotubes, 136,
140—142
Online characterization of surface
fouling, 504—511
ATR technology, 506
DO, 504—505
EIS, 509-510
fluorescence spectroscopy,
507—-509
FTIR spectroscopy, 506
LSEM, 511
OCT, 505
QCM-D, 510
Raman spectroscopy, 506—507
SPR, 510-511
Open-channel micro-structure
design, 247—248
Optical coherence tomography
(OCT), 424—425, 505
Ordinary differential equation model
(ODE model), 417
Organic carbon detector (OCD), 524
Organic fouling, 47—53, 499, 541,
542t. See also Inorganic
fouling
environmental conditions and
organic foulants, 51—53
mechanisms of zwitterionic
polymers’ resistance to
organic fouling, 48—51
Organic modification, 145—148
covalent modification, 145—146
noncovalent modification,
146—148
Organic nitrogen detector (OND),
524

Organic porous materials, 331—-333
Organic solvent mixtures,
pervaporation of, 324
Organic solvent nanofiltration
(OSN), 306
membranes, 319—320
Organic solvent reverse osmosis
(OSRO), 306
membranes for, 321—-322
Organosilica membranes, 306—308
crystalline structure and
amorphous structure, 307f
permeation properties, 308f
pervaporation dehydration using,
323
preparation of, 308f
silicon-based membranes with
amorphous structure, 307t
ORR. Oxygen reduction reaction;.
See Oxygen reduction reaction
(ORR)
Osmotic pressure-based models,
436—448
detailed two-dimensional model,
443—-448
flow through rectangular channel,
439—-443
one-dimensional film theory,
436—438
two-dimensional mass transfer
boundary layer model,
438-439
Osmotic pressure—controlling
phenomenon, 435
Overall mass transfer coefficient, 399
Oxidative coupling of methane
(OCM), 253
Oxidized multiwalled carbon
nanotubes (O-MWCNTs),
590-591
2,2'-oxybis-ethylamine (2,2’-OEL),
105, 105f
Oxyfuel combustion method, 205,
245
Oxygen (0,), 239, 309-311,
629—-630
permeation, 164—166
Oxygen evolution reaction (OER),
156—157
Oxygen permeable membranes
(OPMs), 245
catalytic reactor based on,
253-254
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and membrane reactor, 245—254

catalytic reactor based on
oxygen-permeable membrane,
253-254

design of high-performance
oxygen permeation
membrane, 247—-252

oxygen transport in high-
temperature ion conductors,
245-247

Oxygen reduction reaction (ORR),

156—157

P

Palladium (Pd), 640
Palm oil mill effluents (POME),
628—-629, 639
Particle image velocimetry, 424—425
PEG diglycidyl ether (PEG-DGE),
362
Perfluorinated sulfonic acid, 146
Performance-enhancing strategies for
membranes, 169—171
Permeate flux, 416, 433, 436, 441
membrane scaling and, 612
Permeate spacer, 413—414
Permeate volumetric flow rate, 417
Permeation, 433—434
Permselectivity of CO, through
RTIL—based membranes, 6—7
Perovskite ceramics, 633
Pervaporation (PV), 306
application to, 322—324
dehydration using organosilica
membranes, 323
organic solvent mixtures, 324
dehydration using organosilica
membranes, 323
metal-organic framework
membranes for, 230—232,
230f
Petroleum resources, 177—178
pH titration method, 523
Phase inversion method, 97—99,
240, 243
Phase inversion—assisted extrusion
technique, 250—251
Phase inversion—assisted fabrication
technique, 242—-243
Phase separation, 469—476
NIPS, 472—476
PIPS, 476
TIPS, 469—472
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Phenol-formaldehyde-resin (PFR), 288

Phenolic alcohols (OH), 535

Phosphate anionic groups (PC),
351-352

Phosphonate, 33—34

Phosphonic acid, 578

Phosphorylcholine-based polymers
(PC), 33-34

Phosphotungstic acid (PWA), 147

Photo-induced polymerization,
37-39

Photoacoustic spectroscopy (PAS),
562

Photopolymerization, 77

Photovoltaic method (PV method),
578

Physical mass transfer model,
479—-480

Piperazine (PIP), 99

Planar disk type, 247—248

Planck’s constant, 557

Plasma-enhanced chemical vapor
deposition (PECVD), 306,
309-311

Plasma-grafting polymerization,
364—-365

Plasma-induced polymerization,
37-39

Platinum (Pt), 640

PMP-diluent system, 481, 481f

Poiseuille flow, 197

Poly (sulfobetaine methacrylate)
(PSBMA), 339

Poly-N,N’-dimethylaminoethyl
methacrylater (PDMAEMA),
49

Poly(2-hydroxyethyl methacrylate)
(pHEMA), 50—51

Poly(2-methacryloyloxyethyl
phosphorylcholine) (PMPC),
351

Poly(2,6-dimethyl-1,4-phenylene
oxide) (PPO), 589—590

Poly(4-methyl-1-pentene) (PMP),
481

Poly(acrylic acid) (PAA), 593

Poly(acrylonitrile) (PAN), 294

Poly(amic acid) (PAA), 284—286

Poly(carboxybetaine methacrylate)
(PCBMA), 351

Poly(diallyldimethyl ammonium
chloride) (PDDA), 589—-590,
593

Poly(ethersulfone) (PES), 90—94,
360, 469—-470
Poly(ethylene glycol) (PEG), 33,
280—281, 349—-350
Poly(ethylene glycol) dimethacrylate
(PEGDMA), 287288
Poly(lactide-co-glycolide) (PLGA),
479—-480
Poly(phenylene oxide) (PPO),
182—-185
Poly(sodium 4-styrene sulfonate)
(PSS), 593
Poly(stearyl methacrylate)-block-poly
2-(dimethylamino) ethyl
methacrylate (PSM-b-PDM),
375
Poly(styrene-co-ethylene glycol
methacrylate-co-SBMA), 42
Poly(sulfobetaine methacrylate)
(PSBMA), 39—40, 351
Poly(vinyl alcohol) (PVA), 275-277,
360
Poly(vinylidene fluoride-co-
chlorotrifluoroethylene)
(PVDF-CTFE), 288
Poly(vinylidene fluoride) (PVDF),
360, 506
Polyacrylates, 613—614
Polyacrylonitrile (PAN), 360
Polyacyl chloride monomers,
122-123
Polyamide (PA), 97, 358
Polyampholytes, 34—36, 34f, 351,
355—-356
architecture of polyampholyte
structures, 355f
polyampholyte sequences, 356¢
Polyaniline (PANI), 162—163
Polybenzimidazole (PBI), 271—-273
nonflammability of, 271-273
Polybetaines, 34f, 56, 351—355
polybetaine zwitterion structures,
353t
Polycarbosilane (PCS), 309
Polyepichlorohydrin (PECH),
589-590
Polyestersulfone (PES), 39,
110—-111, 279, 330
Polyethylene (PE), 269—270, 578
Polyethylene oxide (PEO),
289-290
Polyethylenimine (PEI), 160—162,
374

Polyformaldehyde—cellulose
nanofiber (POM-CNF),
277-278

Polyimides, 182—185

Polymeric membranes, 333—334

fabrication, 182—185

Polymeric preparation membrane,
185—-188

methods of, 186f

Polymerization-induced phase
separation (PIPS), 469, 476

Polymerized ionic liquid membranes
(poly(IL) membranes), 8—9,
11-13

Polymers with intrinsic
microporosity (PIMs), 8—9

Polyolefin separators, 271—273

Polyphosphonates, 613—614

Polyphosphoric acid (PPA), 288

Polypropylene (PP), 39—40,
269-270

Polystyrene, 578

Polysulfone (PS), 101—-105

Polysulfone (PSU), 82, 330,
349—-350, 578

Polytetrafluoroethylene, 146

Polyurethane (PU), 72

Polyvinyl alcohol (PVA), 88, 435, 586

Polyvinylchloride (PVC), 589

Polyvinylidene difluoride (PVDF),
39—-40, 220—-221, 330, 470

Pore flow modeling for
nanofiltration, 443—448

Pore flow transport, 452—454

Pore limiting diameter (PLD),
215-216

Pore size distribution (PSD),
228-229

Pore tailoring technique, 191—-193

Pore-filling membranes, 586

Porous hybrid materials, 331—333

Porous materials, 331—-333

Porous polymer separators, 269

Postcombustion capture, 203—-205

Postoxidation treatment, 191

Powder bed fusion (PBF), 74, 77

Precursor selection for carbon
membrane, 182—185

chemical structures of commonly
used polymeric precursors,
184t

Pressure swing adsorption (PSA),
245



Pressure-driven processes, 329—330
Pressure-resistant ionic liquid—based
membranes (poly(RTIL)
membranes), 11-17
ionic liquid—based gel
membranes, 13—16
polymerized ionic liquid
membranes, 11—13
thin ion gel membrane, 16—17
Pressure-retarded osmosis (PRO),
371-372
Primary RO modules, 582—583
Profiled electrodialysis membranes,
579—-580
Prokaryotic cells, ZI polymers and
interaction with, 56—59
1,3-propanesultone (1,3-PS), 110
Proteobacteria, 535
Proton exchange membrane fuel cells
(PEMFCs), 627—628
Pseudomonas, 537—538
Pseudomonas aeruginosa, 58—59
Purification technology, 177—178
2,4,6-pyridinetricarboxylic acid
chloride (PTC), 119-121
Pyrolysis, 178—179, 188—190

Q

Quartz crystal microbalance with
dissipation (QCM-D), 510

R

Ram extrusion process, 240
Raman spectroscopy, 198, 506—507,
517, 557—560, 559t, 560f
Rapid heat treatment (RHT), 222
Rapid prototyping, 73—74
Rayleigh-Taylor instability theory,
244
Rectangular channel, flow through,
439—443
Redox flow battery (RFB), 131, 155
aqueous flow battery systems with
typical redox couples, 133t
development of, 131—135
structure and working principle of,
132f
Refinery processes, 201—203
Regression analyses, 521
Renewable energy sources, 131, 155
Resistance-in-series model, 503—504
Reverse electrodialysis (RED), 575,
587—-592

Reverse osmosis (RO), 37—39, 97,
317, 329—-330, 357—-358,
413, 433—434, 501-502,
533, 576
membrane, 603
control strategies for membrane
scaling, 613—618
established theories for
membrane-scaling formation,
604—-607
future challenges for mineral-
scaling control, 618—620
membrane scaling in brackish
groundwater desalination,
607—-612
membrane modules
1D models, 416—418
2D models, 418—422
3D models, 422—429
research direction, 415f
spiral-wound membrane for
reverse osmosis, 414f
operation mode of RO system,
615—616
Reversed-phase chromatography, 524
Reversible addition-fragmentation
chain transfer (RAFT), 352
Rhodium (Rh), 640
16S RNA sequence, 525
Robeson upper bound, 2
Rocket propellants, 245
Room-temperature ILs (RTILs), 2.
See also Amino acid ILs
(AAILs)
gas permeability of room-
temperature ionic
liquid—based membranes,
4-8
permselectivity of CO, through
RTIL—based membranes, 6—7
solubility selectivity of CO; in,
6—-7
Root means square (RMS), 550
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Saline feed stream, 576

Salmonella enterica, 86—88

Salty water desalination, 603
Samarium oxide (Sm,03), 632
Samarium-doped ceria (SDC), 632
Sankey diagram, 165—166, 166f
Scale formation, stages in, 539—540
Scaling control strategies, 604
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605f
Scaling-resistant reverse osmosis
membrane, 616—618
Scandia-stabilized zirconia (ScSZ),
632
Scandium oxide (Sc,03), 632
Scanning electron microscopy (SEM),
41-42, 260—-262, 271-273,
511-512, 546—549, 548f,
606
Seawater, 603
Seawater reverse osmosis (SWRO),
417
Secondary RO modules (SRO
modules), 615
Securing adequate water resources,
329
Selective laser melting, 77
Selective laser sintering, 73, 77
Selemion CSO, 590
Self-assembly technique, 147
Self-shutdown separators, 271—273
Self-supporting carbon membrane,
180—-182
Semisolid flow cell, 134
Sensor development, 642—646
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concentration, 644—645
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643t
measurement of methane
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sensor performance, 645—646
Separation energy of solvent mixture,
317-319
Separators
comparison of mechanical
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278-279
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274-278
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Sheet lamination (SL), 74, 76
Sherwood number (Sh), 417, 434,
442
Shigella flexneri, 86—88
Shigella sonnei, 86—88
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extraction of surface foulants, 522
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fouling
modeling of, 500—504
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offline characterization of,
511-521
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by, 367—368
Surface-enhance Raman spectroscopy
(SERS), 507, 557—558
Surface-initiated polymerization (SI
polymerization), 37—39
Surface-patterned alumina ceramic
membrane, 86
Sustainable energy, 177—178
Sustainable power generation, 155
Syngas, 628
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Tape casting, 247—248
Task-specific ILs (TSILs), 17
Terahertz time-domain spectroscopy
(THz-TDS), 516—517
Tetra-armed polyethylene glycol
(tetra-PEG), 14—15
Tetraethoxysilane (TEOS), 308
Tetrahydrofuran (THF), 231—232
2,2,6,6-tetramethylpiperidinyloxyl
(TEMPO), 132—133
Textile wastewater treatment,
374—-375
Thermal expansion coefficients
(TECs), 631
Thermally induced phase separation
(TIPS), 277278, 469—472
Thin ion gel membrane, 16—17
Thin-film composite (TFC), 37—39,
72-73, 97
commercial thin-film composite
membranes, 100—101
comparison of novel TFC
membranes with commercial
membranes, 101—108, 124t
nanofiltration or reverse osmosis
membrane, 99f
novel acyl chloride monomers,
115—-123
novel amine monomers, 101—-115
Three-dimensional models (3D
models), 395—396, 402—405,
415, 422—-429, 544
2D CFD modeling, 423t
3D CFD simulation in spiral-
wound membranes, 427t
biofilm distribution, 427f
CO, gas concentration, 405f
meshing of spiral-wound
membrane, 404f
movement of solute in feed
channel, 428f
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powder bed fusion, 77
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technology for water
applications, 78—80, 79t
working principle, 75f
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Titania (TiO;), 136—137
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452—-453, 607—-608
Transient one-dimensional gel layer
controlling model, 449—452
coupled with film theory,
449—452
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Transmission electron microscopy
(TEM), 198, 200, 260—262,
288, 512, 552—-553
Transport mechanisms, 168—169
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433—434, 436—448
osmotic pressure-based models,
436—448
Triaminopyrimidine (TAP), 106
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(PA-Si), 313—314
3-(triethoxysilyl)-N,N-
dimethylpropane-1-amine
(TA-Si), 313—314
3-(triethoxysilyl)-N-methylpropan-1-
amine (SA-Si), 313-314
Trimellitic anhydride chloride (TAC),
118
Trimers, 609—610
Trimesoyl chloride (TMC), 99, 376
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286—287
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Triptycene-2,3,6,7,14,15-hexaacyl
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Tubesheet functions, 193—195
Tungsten trioxide (WO3), 136—137
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for, 190—193
Turbostratic carbon structure,
178—179
Turbulent flow, 437
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399-402, 415, 418—-422
biofilm development, 420f
carbon material, 482—485
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fluid domain indicating boundary
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422f
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model, 438—439
mathematical model, 402
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143—-145
spiral-wound membrane feed
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Two-dimensional correlation
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Two-dimensional model, 443—448
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mixed matrix membranes
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Ultramicropores, 178—179, 190
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(UAM), 76

Ultraviolet (UV), 74—76, 364—365,
507-509

Underwater oil contact angle (OCA),
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Unsteady shear strategies, 415, 429
UV—vis spectroscopy, 514
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Vanadium ion crossover, 166—168,
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Vanadium redox flow battery
(VRFB), 135, 155156
essential role of membrane in,
135—-136
inorganic modification, 136—145
organic modification, 145—148
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575—586
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reclamation, 349, 368

shortage, 375
transport, 168—169
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X-ray computed tomography (X-CT),
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557, 558f, 559t

X-ray technique, 547, 556

Y

Yttria-stabilized zirconia (YSZ),
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Zeolite imidazolate framework (ZIF),
482, 485—489
Zeolites, 2, 305—306
Zero-dimensional nanoparticles (0D
nanoparticles), 136—140
Zeta potential, 523
Zinc chloride (ZnCl,), 447
Zirconia oxide (ZrO,), 632
Zirconium oxide (ZrO,), 635
ZLNF. See Zwitterion-modified NF
ZrO, nanotubes (ZrNT), 141—142
Zwitterion-modified membranes
antifouling mechanisms, 357—359
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applications of, 368—376
desalination, 375—-376
oily wastewater treatment,
370-373
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polymers, 351—356
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360—-363
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366
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367—-368
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374-375
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coating, 72
material, 90

Zwitterionic polymers (ZI polymers),

33,350-351
betaine-like monomers, 35t
classification of, 351—356
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polybetaines, 351—355
and inorganic fouling, 44—47
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