Index

a

acid catalytic depolymerization
513-518

alkali metals 16, 41, 61, 78, 227,
280, 281, 289-291, 335, 336,
399, 400, 403, 428, 433, 438,
490

alkaline catalytic depolymerization
518-521, 550

alkaline-earth metal oxychloride
catalysts 285-292, 314

alkali titanates 403-405

alkane dehydrogenation to olefin
(ADHO) technology 275,
277

alkane products
479, 532

alkenes 430-434

over heterogeneous catalysts
486-488
over homogeneous catalysts

479-486

alkenolysis processes 462

amine-based capturing process
406

amine functionalized adsorbents
407-408

amorphous silica-alumina 474

Anderson-Schulz-Flory (ASF)
model 57, 58, 426

462, 463, 466,

Heterogeneous Catalysis for Sustainable Energy, First Edition. Edited by Landong Li and Justin S. J. Hargreaves.

aqueous-phase reforming (APR)
hydrogen production 50-51
of methanol 37-38

aromatic hydrocarbons 440, 474,

476, 532, 537-543, 546-550

aromatics, syngas to  74-76

artificial photosynthesis 449

attapulgite (ATP) 49

b
benzene, toluene and xylene (BTX)
76,135, 212, 367
bimetallic catalyst systems 49
bimolecular cracking mechanism
208-214
biocrude 327, 334, 335
biomass 33, 51, 52, 57, 334, 351,
398, 400, 410, 414, 426, 461,
473,507, 513, 518, 521, 524,
530, 546, 548, 550
boron-based catalysts
active sites of 297-301
development of 292-297
possible reaction pathway
301-307
borosilicate zeolites 296, 297
Bouveault-Blanc reduction 96,
489, 490
butylene 205, 273, 305

© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.

559



560

Index

(o
CaO-based adsorbents 400-402
carbenium ions 206-208, 210-212,
365, 367-369, 373, 526
carbonaceous materials 307, 308,
315
carbon-based adsorbent 409-410
carbon-based catalysts
active sites of 308-310
development of 307
selectivity control of olefins

310-313

carbon capture 393-395, 411,
413-415

carbon capture and storage (CCS)
414-415

carbon capture and utilization
(CCU) 394, 414-415
carbon catalysts 5, 308, 310, 311
carbon dioxide (CO,)
hydrocarbons synthesis
alcohol 442-447
alkenes 430-434
aromatics 440-442
liquefied petroleum gas
liquid fuels 434-440
valuable chemicals 447-450
methanation 427-430
carbon dioxide (CO,) capture
technology 395-396
carbon capture and storage
414-415
chemical looping combustion
411-413
direct air capture 413-414
oxy-fuel combustion 410-411
postcombustion
amine-based solvents
amine-functionalized
adsorbents 407-408
carbon-based adsorbent 409

434

406-407

MOF-based adsorbents

408-409
zeolite adsorbents 409
precombustion
high-temperature adsorbents
400-405
intermediate-temperature
adsorbents 397-400

carbon dioxide (CO,) emission 33,
119, 205, 294, 314, 393-416,
425

carbon-rich fossil fuels 425

carboxylation 49, 461-465, 467,
470, 472,476,478, 479, 481,
484, 494, 524, 546

carboxylic acids 308, 461, 467,
471, 475, 480-490, 493-495,
524,527

catalytic cracking

reaction mechanism
bimolecular cracking 208-212

monomolecular 206-208,
212-214
thermodynamics 206

Catofin technology 275

chemical looping combustion
(CLC) 393,411-413

chemical looping-oxidative
dehydrogenation (CL-ODH)
291

chemical production

syngas to aromatics
methanol/dimethyl ether as

intermediates 75-76
olefins as intermediates
74-75

syngas to C,, oxygenates
Co-based catalyst 78-80
Cu-modified FTS catalysts
80-82
syngas to olefins

bifunctional catalysts 72-73



Co-based FTO 69-72
Fe-based catalysts 68-69
chemical titration method 308
coal gasification 24, 25,397
cobalt-based catalysts 428, 438
composite zeolites 254-259
copper, active component
192-193
copper clusters 150, 152, 154
copper-modified zeolites
active sites  149-151
isothermal and direct catalytic
conversion 153-154
reaction mechanism 151-153
topology and composition
154-156
CO, reforming of methane (CRM)
97, 429
cracking technologies
CrO,-based catalysts
active sites 278-280
role of promoters 280-281
role of support 280
crude microalgae oil 471
cyclic alkanes 185, 476
cycloalkanes 476, 532-537, 540,
541, 543, 546-550

3,205

d
decarbonylation reaction 470,
476
density functional theory (DFT)
61, 104, 146, 186, 283, 311,
359, 430, 481, 547
dielectric barrier discharge (DBD)
11,12
dimethyl ether (DME) 42, 183
autothermal reforming 43
partial oxidation 42
steam reforming 43-46
dimethyl oxonium ions (DMO)
355

Index

direct air capture (DAC) 413-414
direct alkane dehydrogenation
catalysts
CrO,-based catalysts 278-281
Pt-based catalysts 281-285
direct methane to methanol (dMtM)
130, 195
dispersion-corrected density
functional theory (DFT-D2)
104
dry reforming of methane (DRM)
14, 96
heterogeneous catalysts
Co-based catalysts 114-118
Ni-based catalysts 106-114
noble metal catalysts 105
theoretical studies 118
thermodynamic analysis 97

e
electronic atomic monolayer metal-
support interaction (EAMSI)
192
electrophilic oxygen species
289, 291, 311, 313
Eley-Rideal mechanism 191
ethanol
aqueous-phase reforming of
ethanol 41-42
steam reforming of ethanol
39-41
ethenolysis 462, 478
ethyl dimethyl oxonium ion
(EDMO) 355
ethylene glycol (EG) 49
aqueous-phase reforming
50-51
steam reforming of ethylene
glycol 49-50
evaporation-induced self-assembly
(EISA) method 109

288,

561



562

Index

f

face-centered cubic (FCC) phases
62

fatty acids
475, 479, 489, 491

Fe-modified zeolites 146-149

ferrierite (FER) 149, 195, 214-216

Fischer-Tropsch synthesis (FTS)
14, 57,425
catalyst development
Co-based 62-64
Fe-based 59-62
liquid fuels production 64-65
fluidized bed dehydrogenation
(FBD) process 275,277
formaldehyde 145,161, 162,
183-185, 190, 351, 516, 524,
525
formate 118,152, 158,159, 161,
357,429, 430, 444, 445,
447-449
fossil fuels 3, 14, 21-25, 33, 129,
334, 393, 395, 406, 411, 413,
414, 425, 461

9
gallium oxide 284, 285

gas-phase reactions 189
non-zeolite catalysts 190-192
zeolite catalysts 192-195

global warming 14, 119, 130, 393,

395
glycerol 46
aqueous-phase reforming of
48-49
steam reforming 46-48
graphene oxides (GOs) surface
310
guaiacol 327, 334, 335, 514, 529,
533, 535, 536, 538, 542-545,
549

462, 465-467, 470, 471,

h
Haag-Dessau mechanism 207,
212
hard template method 242-243
harsh reaction 79, 143, 206, 274,
493
H-BEA 160, 359, 474
heptanoic acid 486
hexagonal boron nitride (h-BN)
292,297
hexagonal close-packed (HCP)
phase 62
hierarchical ZSM-5 zeolites
macroporous/mesoporous/
microporous 249-254
mesoporous-microporous
hard template method
242-243
posttreatment method 243
soft-templating method
243-247
higher alcohol synthesis (HAS)
76,445
high-temperature aqueous
solution-based direct air
capture (HT DAC) 413
homogeneous catalysts 188, 337,
462, 479-486, 494
H-USY 474
hydride abstraction 207
hydrocarbon pool mechanism
137, 351, 359-364, 434,
435
hydrocarbons liquid fuels 64
hydrogen energy 313
hydrogen production 33, 34
from dimethyl ether
autothermal reforming 43
partial oxidation 42
steam reforming 43-46



from ethanol
aqueous-phase reforming of
41-42
steam reforming of 39-41
from ethylene glycol
aqueous-phase reforming
50-51
steam reforming of 49-50
from glycerol
aqueous-phase reforming of
48-49
steam reforming 46-48
from methanol
aqueous-phase reforming of
37-38
combined reforming of 37
decomposition of 34-35
partial oxidation of 35-36
steam reforming of 36-37
from sorbitol 51-52
hydroperoxide 187
hydrothermal synthesis methods
132, 235, 247, 257, 329, 337
hydroxylated boron nitride (BNOH)
294
H-ZSM-5 24,44,45, 67,74, 76,
131, 134-136, 138, 140-142,
145, 156, 160-162, 185, 208,
210-212, 214-225, 228-235,
237-2309, 241, 242, 248-251,
257, 258, 356, 358, 359, 361,
363, 364, 366, 367, 369, 370,
372-376, 379, 434, 435, 437,
440-442, 533-536, 546

i

incipient wetness methods 102,
156, 158, 162, 280, 295, 326,
327,329

indium oxide 284,434

inelastic neutron scattering (INS)
547

Index

integrated differential
phase-contrast scanning
transmission electron
microscopy (iDPC-STEM)
141

interfacial engineering 16, 19

ion exchange method 67, 131, 159,
185, 229, 323, 326-328, 335,
400, 442

iron, active component 194-195

k

ketonization 462, 466, 467,470

Koch carbonylation mechanism
356, 359, 379

l
layered double hydroxides (LDHs)
80, 280, 399-400
light alkanes
conversion technology 273
direct dehydrogenation
commercial dehydrogenation
processes 274-278
direct alkane dehydrogenation
catalysts 278-285
oxidative dehydrogenation
reactions
and alkaline-earth metal
oxychloride catalysts
285-292
boron-based catalysts
carbon-based catalysts
307-313
transition metal oxide
285-292
light olefins  205-259, 273, 294,
305, 314, 364, 367, 369, 375,
378, 430, 433,442, 476
lignin
catalytic depolymerization
acid 513-518

292-307

563



564 | Index

lignin (contd.)
alkaline 518-521
oxidative 527-530
reductive 521-526
fuels and chemicals 547-549
monomers
aromatic hydrocarbons
537-542
to cycloalkanes 532-536
phenols 542-546
structure of 508-512
lignocellulosic biorefinery 507
Linde type A (LTA) 323
lipids
deoxygenation 461
diesel range hydrocarbons
metal sulfide catalysts
463-464
sulfur-free metal catalysts
465-474
fatty alcohols hydrogenation
of esters or methyl esters
489-493
of fatty acids  493-494
of oils 488-489
hydrodeoxygenation 461
jet fuel hydrocarbons
alkenes over heterogeneous
catalysts 486-488
alkenes over homogeneous
catalysts 479-486
thermocatalytic cracking
conversion 462

liquefied petroleum gas (LPG) 434

liquid fuels production
bifunctional catalysts 65-67
modified FTS catalysts 65

liquid-phase reactions

noble metal catalysts 187-189

zeolite catalysts 185-187

lithium containing ceramic
adsorbents 402-403

low temperature solid
sorbent-based direct air
capture (LT DAC) 413

m
macroporous/mesoporous/
microporous ZSM-5
249-254
MCM-22 zeolite 218
metal-free titania surface 104
metal-modified zeolites
Cu-modified 149-156
Fe-modified 146-149
metal-organic frameworks (MOFs)
295, 336, 396, 409, 442
metal-support interaction (MSI)
11, 23, 33, 37, 38, 40-42,
48-50, 52, 62, 98, 100, 103,
192, 283, 428, 429, 442, 493
methane
autothermal reforming 129
catalytic reforming
CO,/dry reforming of 14-21
oxidative steam reforming of
13-14
steam reforming of 9-13
conversion processes 183
direct conversion 130-131
energy production 129
partial oxidation of methane
(POM) 5-9
steam reforming 129
thermocatalytic decomposition

3-5
methane dehydroaromatisation
(MDA) 130

methane-formaldehyde (FA)
mechanisms 355

methane monooxygenase (MMO)
131, 184



methane to methanol with oxygen
(dMtM) 144
methanol
aqueous-phase reforming of
37-38
combined reforming of 37
hydrogen production 33-38
partial oxidation of 35-36
steam reforming of 36-37
methanol-to-hydrocarbons (MTH)
direct mechanism
development and milestones
352-353
first C-C bond formation
353-359
dual-cycle mechanism
364-367
indirect reaction mechanism
370-375
hydrocarbon pool mechanism
359-364
solid acidic catalysts 352
zeolite catalysts 375-379
methyl ethyl ether (MEE) 355
methyl tert-butyl ether 184
methyl trifluoroacetate 189
MgO-based adsorbents 397-399
microalgae oil 466, 469, 471, 472
mixed anhydride system 480
mixed bifunctional catalysts 44,
45
molecular layer deposition (MLD)
106
monomolecular 206, 208, 212
and bimolecular cracking
mechanism 212-214
a-protolytic cracking mechanism
206-208
Monsanto technologies 183
MoVTeNbO, mixed metal oxide
catalyst 287-288

Index

n

nanostructural engineering 294

nano ZSM-5 zeolite 235-241

natural gas 3, 33, 57, 129, 130, 133,
164, 184, 273, 351, 397, 406,
411, 425

natural mordenite 216

nickel oxide 288-289

noble metals 6, 11, 14-16, 19, 21,
23, 24, 35, 36, 38-41, 4647,
50, 63, 98, 103, 105, 106,
115, 187-189, 191, 281, 327,
340, 428, 429, 445, 465, 474,
522, 532, 536, 538, 539, 542,
550

non-noble metals 15, 34-37, 40,
47-48, 51, 277,493, 523, 536,
538, 539, 541

(]

olefins, syngasto 68, 72-73

Oleflex process 275-277

organic structure directing agents
(OSDAs) 133,259

oxidative catalytic depolymerization
513, 527-530, 550

oxidative dehydrogenation of
propane (ODHP) 285, 293

oxygenates 57,59, 72, 76-84, 96,
158,161, 183-196, 273, 274,
334, 461, 466, 475, 536

oxygen, electron density of 433

p
Pacol process 275,277

palmitic acid 467, 470

paraffins 66, 72, 74, 76, 82, 206,
207, 212, 216, 217, 225, 228,
235, 246, 259, 380, 441, 461,
462, 464, 470,471, 475, 479,
486, 548

565



566

Index

partial oxidation of methane (POM)
5-9, 130, 144-146, 149-151,
156, 162, 185, 191

partial oxidation of methanol
(POM) 34-36

pentaerythritol (PET) 227

petrochemical industry 57, 214,
220, 258,478

phenols 146, 311, 315, 513, 518,
521, 524, 527, 529, 532, 533,
535, 538-546, 550

phosphorus-modified ZSM-5
232-235

photocatalysis 449, 527, 530, 531

physical adsorbent 410

physical adsorption technologies
10

post-synthetic techniques

posttreatment method 243

potassium dititanate (K, Ti,O5)
404

pressure swing adsorption (PSA)
unit 10, 397

propane dehydrogenation (PDH)
274,279

propylene 205, 210-212, 214,
216-221, 223, 227-229,
231-233, 235, 237, 242-244,
247, 250, 252, 254, 258, 259,
273,274, 278, 281-284, 286,
289, 290, 292-297, 301, 305,
307, 311-314, 430, 433, 546

4-propylguaiacol 542, 543, 545

protolysis 207

Pt-based catalysts 281

pyrolysis 129, 210, 513, 530

329-332

r

rapeseed oil 464, 488

rare earth (RE) elements

reductive catalytic
depolymerization 521-526

230

RE-exchanged Y zeolites (REY)
catalysts 230

S

SAPO-34 73,214, 215, 218, 220,
254, 257, 283, 325, 351, 357,
359, 361, 362, 365, 367, 369,
370, 375, 376, 380, 430, 431,
433

shale gas 57, 74, 183, 184, 195,
273,313

sintering 8, 12, 15, 16, 19, 20, 23,
36,41, 47,49, 97, 99, 100,
105-107, 109, 110, 115, 119,
129, 143, 281, 283, 313, 329,
342, 401-404, 413, 429, 430,
467

soft templating method 243-247

solid carbon (C,) 5,136

solvent degradation 411

sorbitol (C4dH,,04) 33, 51-52

sorption enhanced hydrogen
production (SEHP) processes
404

sorption-enhanced steam methane
reforming (SESMR) 103

spectroscopic techniques 315, 352,
379

steady-state isotopic transient
kinetic analysis (SSITKA)
69

steam catalytic cracking (SCC)
218

steam cracking technology 205

steam reforming of ethanol (ESR)
39-41

steam reforming of ethylene glycol
49-50

steam reforming of glycerol (GSR)
46-48

steam reforming of methane (SRM)
9-13,95-96



heterogeneous catalysts 97
Ni-based 98-104
theoretical studies 104-105
thermodynamic analysis 97
steam reforming of methanol (SRM)
34,36-37, 40
stearic acid (SA) 465, 466, 468,
471,473,477, 481, 495
strong metal-support interaction
(SMSI) 23,40, 62, 103, 442,
493
structure-directing agent (SDA)
132, 133, 243, 259, 325
supported bifunctional catalysts
44-46, 67
supported metal sulfide catalysts
461-464
supported sulfur-free metal
catalysts 461
swing adsorption reactor cluster
406
synchrotron vacuum ultraviolet
photoionization mass
spectroscopy (SVUV-PIMS)
307
syngas to aromatics (STA)
methanol/dimethyl ether
olefins 74-75
syngas to C,, oxygenates
Co-based catalyst 78-80
Cu-modified FTS catalysts
80-82
syngas to olefins
bifunctional catalysts
Co-based FTO 69-72
Fe-based catalysts 68-69
synthesis gas 14, 95-97, 129

75-76

72-73

t
tandem isomerization-
decarboxylation process 484

Index

temperature-programmed
desorption (TPD) 113, 308,
327

terephthalic acid (TA) 546, 547

tetrapropylammonium hydroxide
(TPAOH) 247

three-dimensional (3D) printing
manufacturing 252

titanates, fabrication methods for
403

transition metals 4-6, 17, 59, 104,
105, 136, 145, 163, 189, 192,
195, 220, 227, 229-230, 281,
284-286, 290, 314, 326, 334,
403, 411, 445, 484, 491, 550

triglycerides 461-465, 473-476,
478, 488, 489

two-reactor system 9

u
ultra-dispersed diamond (UDD)
311

|4

vanadium oxide-based catalysts
285-286

Vaska’s complex 483, 484

vegetable oils 464, 469, 474, 488

ventilation air methane oxidation
catalysts 342-343

volatile compound emissions 411

w

water-gas shift (WGS) reaction 9,
10, 36, 37, 43, 60, 95, 116, 187,
396, 397, 400, 428, 461, 465

X

X-ray absorption fine structure
(XAFS) 60,99, 116, 139,
150, 342

567



568

Index

X-ray photoelectron spectroscopy
(XPS) 35,106, 116, 139, 297,
308, 543

z
zeolite acidity 189, 227, 235
zeolite catalysis
active sites
acid sites
basic sites
redox sites
deactivation
poisoning 338-342
sintering 342-343
zeolites 131-133
active sites  332-338
as catalysts 324-325
chemistry 323-324
d-block metals 161-163
deactivation 332-338
development 214-235
with different framework
structures 214-220
metal deposition 326-329
metal-modified 144-146
metal preparation methods
direct hydrothermal synthesis
329

333-335
335-337
337-338

post-synthetic techniques
329-332
methane dehydroaromatization
135-144
size discrimination 325-326
ZSM-5 zeolite 220-228
zinc oxide clusters 159-160
zirconia 36, 99, 280, 543
Zn-modified zeolites
Bronsted acid sites  160-161
C-H activation 157-159
reactivity, of methane with small
molecules 161
zinc oxide clusters
ZSM-5 zeolite
modification
alkaline metal- and alkali earth
metals 228-229
phosphorus-modified
232-235
transition metal-modified
229-230
Si/Al ratio 221-226
tuning of Al siting and
distribution 226-227
ZSM-48 zeolite 217,218

159-160

































