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Index

a
ablative reactors 63
acetaldehyde 42–44, 75, 76, 213, 216,

244, 251, 257, 328, 329, 584
3-acetamido-5-acetylfuran (3A5AF)

574–576, 584, 585
acetic acid (HAc) 78, 79, 101, 121, 230,

231, 234, 237–239, 247, 368,
576, 581–584

acetic acid ketonization 234, 237, 247
on ZSM-5 zeolites 237

acetic anhydride 230, 233, 249, 252,
255, 258

2-acetoamido-2-deoxy-D-sorbitol
(ADS) 576–578

acetol formation 325
acetone 22, 24, 43, 75, 100, 159, 208,

211–214, 216–219, 234, 240,
247, 325, 360, 555

1-acetylmethoxynaphthalene (1-AMN)
258

2-acetylmethoxynaphthalene (2-AMN)
258

acid-and base-catalyzed dehydration
reactions 324

acid anhydride 234, 514
acid catalysts 448–449, 451
acid-catalyzed aldol condensation 214

mechanism 214–216
site requirement

activation (enolization), by
Brønsted sites 216, 217

activation (enolization), by Lewis
sites 216–219

acid-catalyzed dehydration 41, 44,
154, 165, 168, 183, 325, 583

acid-catalyzed reactions
of acetic acid 122
of phenol 122

acid dehydration of pentoses 299
acidic ionic liquids (ILs) 147, 159, 164,

165, 574, 576, 582, 583
acidic metal oxides 20
acid solution 71, 120, 539
active Lewis acid catalyst 219
active phases, deCOx catalysts 502,

505–507
acyl anhydrides 229–231
acylating agents 229–232, 234, 254,

255
acylation

Brønsted vs. Lewis acid 232–234
of dimethoxybenzene 233
mechanistic aspects 230–232
of methyl furan 233
reaction 233
yield 231

acyl halides 229–231
adsorbed acetone 214, 216
adsorbed carboxylic acid 237, 238
aging 36, 66–68, 81, 100
alcohol cracking reactions 74
alcohol-rich medium 101, 102, 127,

128, 136
alcoholysis 102
aldehydes 112, 114–116
aldol condensation 44, 116

acid-catalyzed aldol condensation
214–219

Chemical Catalysts for Biomass Upgrading, First Edition. Edited by Mark Crocker and Eduardo Santillan-Jimenez.
© 2020 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2020 by Wiley-VCH Verlag GmbH & Co. KGaA.



600 Index

aldol condensation (contd.)
base-catalyzed aldol condensation

mechanism 208
site requirement 208–213

aldol condensation reactions 22, 43,
210, 212, 216, 219, 242, 251

of acetaldehyde 43
algal biodiesel production 442–446
alkali/alkaline earth metal ion 220
alkali catalysts 446–447
alkali metals 9, 11, 13, 239, 241, 244

doping 244
alkaline solution 71, 307
alkoxide formation 221, 303
alkylated benzenes 16
alkylation

base-catalyzed 225
Brønsted acid-catalyzed

mechanism 220–224
site requirement 224–225

Lewis acid-catalyzed mechanism
219

alkylbenzenes production 12
alkyl lactate production 183
(alkyl)phenolic compounds 66
(alkyl)phenols 79
α,β-unsaturated ketones 24, 208, 210
α carbon 324, 482, 516
α carbon deprotonation 324
α-Cu2P2O7 nanocrystals 170
α-H abstraction 210
α-hydroxy γ-carboxy alkoxide 235, 237
α-pinene 538

epoxidation 541, 542
hydration 551553
isomerization 551–553
oxide isomerization 555

α-strontium phosphates 170
α-terpineol 534, 538, 539, 550, 552,

553
Amberlyst 70 catalyst 119, 120,

124–126, 130–132, 161
amino acid polyols 578
anaerobic fermentation-based

production of succinic acid
299

anhydrosugars 7, 10, 20

animal fats, production of 471
anisole 38

acylation 233
HDO conversion pathways 41

antibiotics 71
anti-carcinogenic properties 173
aqueous phase hydrogenation of acetic

acid 44
arenes 230, 231
aromatic hydrocarbons 4–7, 9–11, 13,

14, 18–20, 37
aromatic ketone product 232
aromatic substrates 230, 231, 249
aromatization, of terpenoids 118
atomic layer deposition (ALD) 185,

593
autotrophic microalgae 443
azeotropic distillation 122

b
Baeyer-Villiger (BV) oxidation 259,

376
of lignin 378, 379

base-catalyzed alkylation 225
base-catalyzed transesterification 183,

447, 448, 452, 500
batch reactors 39, 44, 123, 136, 305,

317, 320, 417, 418, 452, 482,
504, 505, 507, 592

benzene 7, 16, 40, 42, 99, 101, 221,
222, 227, 249–251, 255, 382,
451

benzyl alcohol 42, 227, 248, 412, 413
beta-cyclodextrins 105, 107
β-keto acids 234, 236–238
β-keto acid mechanism 237
β-pinene-based polymers 546
β-pinene pyrolysis 542
β-scission reactions 73
bicarbonate 239
bidentate carbonate 239
bidentate carboxylate species 234
bi-functional aluminophosphate catalyst

43
bi-functional catalysts 40, 50, 124,

134, 164, 165, 181, 186, 490,
595
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bifunctional hydroprocessing, for
reductive lignin
depolymerization 403

bifunctional Pt catalysts 178, 306
bifunctional silicas 161
bifunctional Sn doped carbon-silica

catalyst 183
bifunctional sulfated zirconia (SZ)

catalysts 167
bimetallic Ni-Mo catalysts 50
bimolecular elimination 324
biocatalysts 440, 540
bio-crude 36
biodegradable sugar ester surfactants

183
biodiesel 2, 439, 472

fatty acid methyl esters 439
feedstocks along with oil contents

440
physico-chemical characteristics

439
biodiesel production 441

algal 442
drawbacks 439
feedstock cost 441
heterogeneous catalysts 450
homogeneous catalysts 446–449
lipid extraction 446
microwave-assisted process

456–459
supercritical transesterification

process 454–455
transesterification 441, 442
ultrasonic process 455–456

bioethanol to gasoline (BTG) 74
bioethanol to isobutene (ETIB) 246
bioethanol to olefins (BTO) 74
bio-gasoline (C5-C12) 26, 69
biogenetic isoprene rule 529
biomass 97, 207, 569

CFP 4, 8–10, 13, 14, 18, 20, 22, 26,
27

composition 7
depolymerization of 207
pyrolysis 2, 10, 18, 26, 101, 102, 113,

114, 119, 123
biomass catalytic pyrolysis 5, 26

biomass, upgrading of
catalytic pyrolysis over zeolites

HZSM-5 4, 5, 7, 9
deactivation, of HZSM-5 9–13
modification of ZSM-5, pore

structure 18–20
modification of ZSM-5, with metals

13, 14, 16
CFP, to produce fine chemicals

24–26
CFP, with metal oxide catalysts 20,

22, 24
biomimetic metalloporphyin catalysts

362
bio-oil 1

adjustment, of bio-oil composition
65–67

aging 67
catalysts 132–135
catalytic cracking

cracking reactions and mechanisms
73–74

FCC unit 71–73
oxygenated compounds, cracking

74–76
components, under esterification

aldehydes and ketones 114–116
carboxylic acids 109–113
furans 113–114
other components 117–121
phenolics 116–117
sugars 102–109

and conventional fuel oil properties
64

cracking, in FCC unit
co-processing, of oxygenates and

mixtures 78–80
and mixtures with VGO 79,

81–83, 86
model oxygenates, cracking of 78

cracking of 76, 77
esterification process

coking 125, 127–129
coupled with hydrogenation

123–124
coupled with oxidation 123
in-line esterification 123
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bio-oil (contd.)
steric hindrance 124, 125
under subcritical or supercritical

conditions 121
subsequent hydrotreatment 129
water removal 121–122

instability 100
microemulsion 66
production 591
production via fast pyrolysis 63
stabilization 66–68
upgradation via esterification 112
valorization routes for 69–71

hydroprocessing 69–70
steam reforming 70–71
valuable components, extraction of

71
vaporization 70
via water extraction 111

bio-oil co-processing strategy 71
bio-oil esterification 113, 592

typical catalyst 133–134
bio-oil less hydrophilic 111
bio-oil upgradation

HDO
alcohol model compounds 44
aldehyde model compounds

41–43
carbohydrate model compounds

44–45
carboxylic acid model compounds

43–44
chemical catalysts 45, 48
of phenol, model compound 38

anisole 40
cresol 40–42
guaiacol 38–40

biorefineries 62, 145, 165
biorenewable molecule 299
biosourced molecules, dehydration of

glycerol to acrolein 325–328
lactic acid to acrylic acid 328–330
sorbitol to isosorbide 330–31

BioVerno 476
2,5-bis(hydroxymethyl)furan 177
boric acid 251, 574–576, 579, 580, 582
Boudouard reaction 50, 499

Brønsted acid 4, 9
density 156, 224, 229

Brønsted acid-catalyzed
aldol condensation 219
alkylation

mechanism 220–224
site requirement 224

dehydration of fructose 165
fructose dehydration 154

Brønsted acidic sulfoxy groups 167
Brønsted acidity 12, 16, 156, 158, 161,

164, 167, 169, 172, 216, 219,
224, 233, 259, 489, 555

Brønsted and Lewis acid 4, 170, 183,
218, 224, 225, 228, 250, 593

Brønsted vs. Lewis acid sites 171, 232,
593

brucite-like hydroxide sheets 151
bubbling fluidized beds 63, 72
bulk ketonization 234

mechanism 234
bulk niobia 169
1,4-butanediol (BDO) 316
butanol 74, 121, 127
1-butanol 121, 127, 322, 448

c
calcium montmorillonite 165
C-alkylation 221, 222, 224
C-alkylation of ethanol 222
camphene 539, 540, 550–553
camphor 531, 551
Cannizzaro reaction 313, 316
caprolactam 322, 323
caprolactone 323, 548–550
carbenium ions 73, 74, 220, 222, 223,

378
carbocations 73, 74, 324
β scission reactions 73
condensation reactions 74
hydrogen transfer reactions 74
isomerization reactions 74

carbohydrate fraction 70
carbon chain branching 125
carbon-chain filling strategy 559
carbonium ions 73, 234
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carbon nanofibers (CNFs) 301, 303,
484, 508

carbon-neutral biomass 97
carbon-supported niobia 169
carbon-supported Ni, Pt and Pd

catalysts 481
carboxylic acids 43
carboxylic acid C atoms 231
C8+ aromatics 9
catalyst deactivation 9, 232, 452, 453

pathways 597
catalyst design and development 597
catalyst surface 43, 48, 50, 135, 158,

178, 242, 331, 451, 480, 507,
510, 517, 594

catalytic C5-C6 sugar reforming 186,
593

catalytic cracking 2, 69
FCC unit 71–73

catalytic fast pyrolysis (CFP) 1–272
catalytic hydrothermal liquefaction 2
Catalytic microsolids 1
catalytic oxidation, glycerol

DHA 305
GLYAC 301, 303, 304
GLYCAC 305–306
LAC 306–307
MESAC 305
TARAC 304

catalytic pyrolysis 2, 4–20, 35, 36, 65,
81

catalytic pyrolysis over zeolites
deactivation, of HZSM-5 9–13
HZSM-5 4, 5, 7, 9
modification of ZSM-5

with metals 13, 14, 16
pore structure 18–20

catalytic transesterification
heterogeneous catalysts 450–453
homogeneous catalysts 446–449

catalytic transformation of, C5-C6 sugars
dehydration catalysts 154, 156

MOFs 163–164
sulfonic acid functionalized hybrid

organic-inorganic silicas
159–163

supported ionic liquids 164

zeolitic and mesoporous Brønsted
solid acids 156–158

hydrogenation 172, 173
Ni catalysts 173–176
other catalysts 178
Pt catalysts 178
Ru catalysts 176, 177

hydrogenolysis catalysts 179,
181–183

isomerization catalysts 147
HTs 151–154
other solid catalysts 154
zeolites 149–151

other reactions 183–184
tandem isomerization & dehydration

bifunctional zeolites and
mesoporous solid acids 165

metal oxides, sulfates and
phosphates 167, 169–171

MOF 172
catalytic transformation, of raw bio-oil

77
cation exchanged zeolites 151
cation leaching 151
C6 carbohydrates 299
C-C bond coupling reactions

aldol condensation
base-catalyzed aldol condensation

208–213
magnesia (MgO) 239

modification, inorganic materials
incorporation 241, 242,
244

modification of, synthesis
conditions control 239–241

modification, organic materials
incorporation 244, 245

zirconia (ZrO2) 245, 246
C-C coupling reactions 216, 221

aldol condensation
acid-catalyzed aldol condensation

214–219
base-catalyzed aldol condensation

208–213
alkylation

base-catalyzed 225
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C-C coupling reactions (contd.)
Brønsted acid-catalyzed

mechanism 220–225
Lewis acid-catalyzed mechanism

219
ketonization

site requirements 238–239
surface ketonization, mechanism of

234–238
C-C coupling transition state (TS)

238
C5 diols 154–155
CeO2-Nb2O5 mixed oxides 170
cetane numbers 86, 442, 498
CFP, metal oxide and catalysts 21–24
charcoal-supported Mo2C 484
chemisorption 50, 51, 247, 313
chiral reactants 71
chitin 569

structure 569
chitin biomass

carbohydrates and acetic acid
production 581–583

furan amines/amides 574–576
heteroaromatic scaffolds from 585
N-heterocyclic compound production

579–581
polyol amines/amides 576–579
sugar amines/amides production

571–574
chitin-derived products 570
chitosan 569–572
5-chloromethyl furfural (5-CMF) 581
chlorosulfonic acid 167
Chromogen III 574, 575
citrus-derived essential oils 534
citrus essential oils 534, 537
Cl-alcohols 45
classical dehydration catalysts 328
click chemistry method 548
closed photobioreactors 444
cluster models 216, 221
C3 methyl (di)esters 303–304
CMK-3 catalyst 554
CO2 adsorption species 239
cobalt Schiff base catalysts 363–367
Co(salen) catalysts 363, 364

Co(N-Me salpr) complex 363, 364
Co(salen) complex 363–365
Co(salen-pyridine) complex 363
CO2 emissions 62, 63, 86, 87, 97, 145,

497, 501
co-feeding ethanol 76
coke deposition 48, 50, 76, 77, 480
coke formation 10, 78, 79, 129

reactions 51, 70, 87
Coker units 61
coke yield, variation of 127
coking 10, 13, 14, 20, 24, 25, 40, 50–52,

66, 82, 100, 122, 125–129, 136,
178, 596

cold pressing process 536
C6+ olefins 75
C5+ olefin cracking 75
commercial MgO 240
CoMoS/Al2O3 catalyst 485
competitive adsorption 78, 177, 232,

247, 320, 325
condensable liquid 97
condensation reactions 22, 35, 36, 43,

74, 128, 210, 212, 216, 242,
251, 329, 381, 382, 558, 593,
594

conformal ZrO2 monolayers 167
conical spouted bed reactors (CSBR)

63, 65, 66
coniferous trees 531–533
continuous fixed-bed reactor 123
continuous water removal 122
conventional fossil resources 61
conventional hydrotreatment catalysts

69
conventional liquid transportation fuel

35
Co(salen)/SBA-15 catalyst 365
C4+ paraffin cracking 75
cresole 38
cross-polymerisation 101, 106, 113,

114, 127
crotonaldehyde 43
crude glycerol 304
crude oil refinery 45
crude sulfate turpentine (CST) 534,

536
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crude tall oil (CTO) 471, 476, 477,
501, 536

CuHPO4.H2O nanoneedles 170
cumbersome sugars 109
Cumulative biomass/catalyst ratios 10,

12
cyclohexane 38–40, 49, 407
cyclohexanol dehydration 233
cyclohexanone 38, 40
cyclohexene/phenol 222
cyclopentanol 256, 321
cyclopentanone 22, 320, 321

on MgO 209

d
Dakin oxidation, lignin model

compound 376, 379
DDQ-based oxidation system 375, 382
dealkylation 70
dealuminated Sn-Beta (Sn/de-Al-β)

149
dealumination 9, 13, 156, 158, 256,

257, 328
decarbonylation (DCN) 42, 70, 472,

473
decarbonylation/decarboxylation

(deCOx) of lipids 3
catalysts

active phases 502–507
deactivation 516–518
support materials 508–509

lipid feeds 500–502
reaction conditions 417
reaction mechanism 511–516

decarboxylation (DCX) 70, 299, 473
pathway 50
reactions 9, 44, 304

decoupling 2
deep eutectic solvents (DESs) 165
dehydration 79, 299

of alcohols 324
of cellulose 25, 170
hydrogenation 43, 44, 147
rate 171
of sugars 113, 121, 154

dehydroaromatization of limonene
559

dehydrogenation reactions of terpenes
557

demethoxylation 39, 470
demethylation 39–41
dense liquid 1
deoxyfructosazine (DOF) 579
deoxygenation 2, 7

of bio-oils 470
mechanism 24
of non-glyceride esters 16
of oxygenates 39

deoxygenation catalysts 477
isomerization activity 150, 483
metal carbides, nitrides and

phosphide catalysts 483–489
metallic catalysts 480–483
sulfided catalysts 477–480

deoxyhexitols 314
depolymerization 25
depolymerization methods 386, 396,

428, 594
depolymerization of isolated lignins

bifunctional hydroprocessing
403–410

harsh hydroprocessing 403
liquid phase reforming 410, 414
mild hydroprocessing 398, 403
using hydrosilanes, zinc and sodium

414, 416
depolymerization, of lignocellulose

146
deposition-precipitation 169, 301
deposition precipitation-carbonization

169
DES based biorefineries 165
de-silication 19, 156, 256
desilication technique 19
D-glucose 45
DHP-lignin model polymers 358
diesel fraction products 69
diffuse reflectance infrared fourier

transform spectroscopy
(DRIFTS) 246

2,5-diformylfuran (DFF) 162, 307,
309–310

dihydroxyacetone (DHA) 147, 152,
301, 305
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2,5-dihydroxymethylfuran (DHMF)
321

2,3-dihydroxypropene 325
3,4-dimethoxyacetophenone 116
dimethylacetal benzaldehyde 42
dimethylallyl pyrophosphate (DMAPP)

529
dimethyl ether (DME) 62, 222, 224
2,5-dimethylfuran (DMF) 322
2,4-dimethylquinoline 233
dimethyl sulfoxide (DMSO) 159, 309
direct deoxygenation of phenol 38
direct hydrogenation 41, 42
dissociation of peroxide 300
distillation 1, 65
diterpenes 530, 537
diterpenoid resin acids 530–533, 535,

536, 548, 550, 558
dodecatungstophosphoric acid (DTP)

228
doping 167
doped vanadyl phosphates 170
downstream conversion, of

biomass-derived oxygenates
catalytic oxidation, glycerol 301

DHA 305
GLYAC 301–304
GLYCAC 305–306
LAC 306–307
MESAC 305
TARAC 304

5-HMF oxidation 307
DFF 309–310
FDCA 307–309

selective catalytic oxidation 300–310
dragging beds 63
drying, of wet microalgae biomass 446
D-sorbitol (SOR) 45, 177, 178, 330, 576

e
early catalytic conversion of lignin

(ECCL) 395, 396, 416, 428
E1cB mechanism 324
EcofiningTM 476
electron-donating effect 220, 227
elemental composition, of bio-oil 119
Eley-Rideal mechanism 216, 222

Eley-Rideal model 221
emulsification 35, 67, 100, 101, 440
enol 216, 219, 360, 376, 380, 383, 428,

473
enzymatic catalysts 440, 453
enzymatic catalysts in biodiesel

production 454
enzymatic mild acidolysis lignin

(EMAL) 398
enzymatic processes 183
enzyme catalyzed transesterification

reactions 453–454
epoxidation of limonene 554
epoxidation of monoterpenes

homogeneous catalytic process 541
erythritol (ERY) 299, 312
essential oils 529, 530, 534–535
esterification 101, 592
esterification catalyst 105
esterification process, bio-oil

coking 125, 127––129
coupled with hydrogenation

123–124
coupled with oxidation 123
in-line esterification 123
steric hindrance 124–125
under subcritical or supercritical

conditions 121
subsequent hydrotreatment 129
water removal 121–122

ethanoic acid ketonization, on TiO2
234

ethanol conversion mechanism 220
ethyl benzene (EB) 9, 250, 382, 451
ethylene glycol 44, 127, 181, 239,

573
ethylene glycol (EG)-derived amino

sugars 573
4-ethyl guaiacol 26
ethyl levulinate 109, 324
4-ethyl phenol 25, 26, 220
eucalyptol 118
exothermic process 13
ex situ or vapor upgrading methods 2
extracted oils 534
extra framework Al (EFAL) 11,

156, 250
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f
fast deactivation 213, 477, 490
fast pyrolysis 35, 62

process 1, 100
fatty acid methyl esters (FAMEs) 439

advantages 2
faujasite (FAU) 135, 158, 254, 557
faujasite catalyst 135
FC acylation 255
FeIII-porphyrin-based catalyst 309
Fe3O4 nanoparticles 162
fermentation 62
fermentation processes 300, 319, 324
first generation biofuels 441, 469, 471
Fischer-Tropsch (F-T) 62

synthesis 97
fixed bed reactors 42, 48, 66, 76–78,

123, 305, 323, 507, 510
fluid catalytic cracking (FCC) 4, 61–88
fluidized bed reactors 65, 77, 86
fluidized catalytic cracking (FCC) 61
fluidized circulating 63
fluorescence spectra, of bio-oil

feedstock 126
formaldehyde (FA) protected lignin

extraction 398
formic acid-mediated liquefaction 574
5-formyl-2-furancarboxylic acid (FFCA)

307, 310
fossil fuels 97, 145, 395, 439, 459, 497,

501
Friedel-Crafts acylation of anisole 229
Friedel-Crafts Lewis acid catalysts 219
fructosazine (FZ) 579
fructose dehydration 154–156,

158–162, 164, 167, 170
fructose selectivity 151, 154
2,5-furandicarboxylic acid (FDCA)

307
base-free oxidation 309
oxidation, base addition 308–309
oxidative esterification 309

2,5-furandicarboxylic acid dimethyl
ester 309

furanic amines/amides 574–576
furanic molecules 230
furanic resins 320

furan ring 108, 321, 322, 574, 575, 581
furans 13
furfural (FAL) 76, 105, 113, 147, 299
furfural formation 155
furfuryl alcohol (FOL) 107, 113, 154,

320

g
γ-alumina 45, 50, 245
Ga-modified and standard ZSM-5

catalysts 15, 17
gas chromatography 101, 135
gasification 62, 63, 77, 173
gasoline fraction 78, 79, 82
gasoline fraction composition 83
gas phase ketonization, of ethanoic acid

234
gas-to-liquid (GTL) 62
γ-butyrolactone (GBL) 316, 318
GlcNAc 569–579
GlcNH2 569–572
glucose 147
glucose/fructose dehydration 155
glucose hydrogenation 173–178, 186
glucose isomerization 147, 150–155,

167, 178, 186, 259
glyceraldehyde 147, 152, 301
glyceric acid (GLYAC) 301–304
glycerol (GLY) 79, 300
glycerol to dihydroxyacetone (DHA)

305
glycerol to glyceric acid (GLYAC)

base-free aqueous oxidation 303
noble metal-catalyzed oxidation

301, 303
oxidative esterification 303–304

glycerol to glycolic acid (GLYCAC)
305–306

glycerol to lactic acid (LAC) 306–307
glycerol to mesoxalic acid (MESAC)

305
glycerol to tartronic acid (TARAC)

304
glycolic acid (GLYCAC) 301
gold catalysts 301, 386
graphene oxides 163, 303, 485
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guaiacol 38, 78
guaiacol HDO conversion pathways 39
γ-valerolactone (GVL) 177, 259, 316,

360

h
hairy solid acid catalysts 161
harsh hydroprocessing, for reductive

lignin depolymerization 398,
403

HBEA
other structure modification methods

258
Sn-beta and other isomorphous

substituted beta zeolite
258–259

zeolite beta, synthesis and application
257–258

H-BIO 476
Hβ-zeolite catalyst 165
H2 consumption 52, 510, 511, 518
Heavier ketones 75
heavy cycle oil (HCO) 72
heavy phenolic components 116, 125
(hemi) cellulosic-derived sugars 147
hemiterpenes 530
heteroatom modified-MFI zeolites 217
heteroatoms elimination 35
heterogeneous Brønsted solid acids

225
heterogeneous catalysts 3, 440, 595

advantages 447, 450
disadvantages 447, 450
for lignin depolymerization 383

Au/SiO2 catalyst 383
Cu-containing layered double

hydroxide catalyst 385
Ni/Mg-Al LDH 384
Pd/C catalyst 383
Pd/CeO2 catalyst 383
Ru on nanohydrotalcite 385

solid acid catalysts 451
solid base catalysts 451–453
types of 450

heterogeneous catalytic processing 2
epoxidation of monoterpenes

553

heteropolyacids 135, 224, 227, 229,
325, 326, 328, 553

heterotrophic microalgae 443
hexagonal mesoporous silica (HMS)

catalysts 552
1,6-hexanediol (HDO) 310, 314, 322
4-hexen-3-one 43
hierarchical meso- and macroporous

structure 242
hierarchical zeolite beta 258
hierarchical (mesoporous) zeolites

256
high surface area graphite (HSAG)

242, 308
HMF 102, 107
5-HMF oxidation

DFF 309–310
FDCA

base-free oxidation 309
oxidation, base addition 308
oxidative esterification 309

H-mordenites 76, 158, 165, 218
H2O elimination 324
homogeneous base-catalyzed

transesterification mechanism
447, 448

homogeneous Brønsted acids 225
homogeneous catalysts 231

acid catalysts 448
advantages 446, 447
alkali catalysts 446–447
disadvantages 446, 447
two-step esterification-

transesterification reaction
448–449

homogeneous Keggin-type
heteropolyacid 553

homogeneous Lewis acid catalysts
154

homogenization of catalyst 77
homogenous acid catalyzed

transesterification mechanism
448, 449

hot-compressed water 167, 170
humin formation 105, 156, 158, 161
humins 105, 147, 156, 158, 161, 171,

185, 207, 330, 576
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HY
modification of, mesoporosity

256–257
modification of, organosilane

hydrophobization 254–256
hydrocarbon-based fuels 497
hydrocarbon production 13, 62
hydrocracking unit cracking 70
hydrodecyclization (ring opening)

reactions 70
hydrodenitrogenation (HDN) 35
hydrodeoxygenation 1, 24, 35–52, 69,

499, 559, 595
of alcohol model compounds 44
aldehyde model compounds 41–43
of benzaldehyde 43
of carbohydrate model compounds

44–45
carboxylic acid model compounds

43–44
catalyst deactivation 50–51
catalyst promoters 48–49
catalyst selectivity 49–50
catalysts, operating conditions 46
catalyst supports 49
chemical catalysts 45–48
of phenol, model compound

anisole 40
cresol 40–41
guaiacol 38–40

research gaps 51–52
hydrodeoxygenation process 50
hydrodeoxygenation reactions 48, 52,

100
hydrodesulfurization (HDS) 35, 49,

469, 552, 559
hydrogenation 38
hydrogenation-esterification, of phenol

124
hydrogenation/hydrogenolysis 299

of carboxylic acids 316–320
C-C hydrogenolysis, of polyols

314–316
of levulinic acid 316

catalysts development 316–317,
319–320

selectivity, control 318

sustainable process 317, 318
of polyols

hydrodeoxygenation 311–314
reductive amination, of acids and

furans 323–324
selective hydrogenation, of furanic

compounds 320–323
of succinic acid 318

hydrogenation of furans 112
hydrogenation of furfural (FAL) 299,

320
hydrogenation, of phenol 40
hydrogenation reactions 38, 41, 44,

100, 180, 557
hydrogenolysis 38, 473
hydrogenolysis catalysts 179–182
hydrogen peroxide 300, 301, 303, 360,

361, 365, 368, 379, 539, 541
hydrogen transfer reactions 74, 79, 81,

183
hydrolysis, of hemicellulose 147
hydrophilic/hydrophobic properties

135
hydrophilic sulfonic acid-functionalized

microbead silicas 331
hydrophobic octyl chains 135
hydrophobized zeolites 256
hydroprocessing 69–70, 398, 403
hydrosilylation, of Brønsted acid sites

253
hydrotalcites (HTs) 151–154, 178

precursors 241
solid bases 147
supported Pt 303

hydrothermal liquefaction (HTL) 35,
36

hydrothermal stability 154, 158, 159,
161, 167, 169, 172, 178, 185,
251, 254, 300

hydrothermal synthesis 171, 252, 256
hydrotreated bio-oil 81, 86
hydrotreated vegetable oils 86
hydrotreater 48
hydrotreating (HDT) 2, 36, 49, 61, 100,

375, 382, 403, 472, 473,
475–477

hydroxyacetaldehyde 71
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hydroxyacetone 114, 116, 133, 325, 328
hydroxyaldehyde 64, 114
hydroxyalkylation

Brønsted acid-catalyzed mechanism
227

of formaldehyde/phenol 227
site requirement 228–229

4-hydroxy benzyl alcohol 227
hydroxyethyl-2-acetamido-2-deoxy-

hexopyranoside (HAADP)
573

hydroxyethyl-2-amino-2-deoxy-
hexopyranoside (HADP)
573

1-hydroxyhexane-2,5-dione (HHD)
diketone 323

hydroxyl (-OH) and alkoxy (-OCH3)
230

hydroxymethyl carbocation 227
3-hydroxymethylcyclopentanone

(HCPN) 323
5-hydroxymethyl-2-furancarboxylic acid

(HMFCA) 307, 310
5-hydroxymethylfurfural (5-HMF)

102, 147, 300, 307, 581, 582
oxidation 307

5-hydroxymethyl furfural/levulinic
acid/lumen 45

5-hydroxymethyl furfurylamine 323
2-(hydroxymethyl)tetrahydrofuran

(HMTHF) 320, 322
3-hydroxypropanal 325
H-Y faujasites 158
HY mesoporosity 256
HZSM-5 catalyst 8, 10, 14, 19, 66, 76,

77, 81

i
immobilization technique 453
immobilized lipase 453, 454
impregnated lignocellulosic substrates

146
in-cell biocatalysis 540
indanes 9
industrial wastewater 444

in-line esterification 123, 134
integrating organic compounds 244
interstitial hydrocarbons 72
intrinsic microporosity 256
ionic liquid (IL) 146, 164, 219, 308,

372, 574
iron protoporphyrin IX (Fe3+-PPIX)

361
isobutene intermediates 75
isolation, of sugars 146
isomerization 70

reactions 74, 510
isomerization catalysts

HTs 151–154
other solid catalysts 154
zeolites 149–151

isomer threitol (THR) 312
isomethyl oxide 216
isopentyl pyrophosphate (IPP) 529
iso-propanol/m-cresol 221
isosorbide 173, 330
isotope labelling 150, 300

k
ketonization 22, 44, 234

site requirements 238–239
surface ketonization, mechanism of

234–238
ketonization of carboxylic acid 234,

237
knockout trap configuration 121
kraft processing of pine and spruce

536

l
lactic acid (LAC) 43, 44, 153, 299, 301,

306–307, 316, 328–330
La-doped CaMgAl-layered double

hydroxide (LDH) 309
land-based lignocellulosic biomass

569
Langmuir-Hinshelwood-Hougen-Watson

(LHHW) kinetics 177
Langmuir-Hinshelwood (L-H) kinetic

model 44
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Langmuir-Hinshelwood models 209,
221

late-stage catalytic conversion of lignin
396

late-stage reductive lignin
depolymerization

bifunctional hydroprocessing 403,
407, 410

harsh hydroprocessing 403
liquid phase reforming 410, 414
mild hydroprocessing 398, 403
using hydrosilanes, zinc and sodium

414, 416
layered double hydroxides (LDHs)

151, 309, 383, 482, 551
levoglucosan 18, 71, 102

reaction pathways 103
levoglucosenone (LGO) 24
levulinic acids (LevA) 105, 107, 316,

581
levulinic acid/ester 105, 107, 111,

113
levulinic acid/ester separation 111
Lewis acid catalysts 149, 154, 219,

543, 546
Lewis acid-catalyzed mechanism 219
Lewis acid density 233
Lewis acidic alumina-silica catalysts

555
Lewis acidic Sn-beta zeolite 233
Lewis acidity 233
Lewis acidity controls 233
Lewis/Brønsted (L/B) ratios 228, 233,

250
life cycle analyses 597
light cycle oil (LCO) 69, 78
lignin 357

organosolv 360, 368, 381, 383, 395,
398, 407, 416

oxidative depolymerization
361–369

solvents for lignin oxidation 360
lignin depolymerization 40

heterogeneous catalysts for 383
Au/SiO2 catalyst 383

Cu-containing layered double
hydroxide catalyst 385

Ni/Mg-Al LDH 384
Pd/C catalyst 383
Pd/CeO2 catalyst 383
Ru on nanohydrotalcite 385

lignin-derived aromatic molecules 230
lignin-first approaches 395, 416, 594
lignin monomers 358, 379, 396
lignin peroxidase (LiP) 361
lignin valorization 386, 395–429
lignocellulose 146

fractionation 165
source 396, 417, 426

lignocellulosic biomass 1, 51, 62, 145,
395

limonene 551
limonene dicarbonate 545
linear acyl chlorides 234
linear C2-C22 carboxylic acids 230
linear correlation 12, 233
lipid extraction process 446
lipid feeds 500–502, 518
liquid Brønsted acid 154
liquid phase acylation 230, 254
liquid phase reactor system 232
liquid phase reforming 396, 410, 414
liquid phase reforming method 410
liquid transportation fuels 35, 36, 323,

498, 500
liquified petroleum gases (LPGs) 69
loss of crystallinity 13, 154
low coordination surface oxygen atoms

239
low temperature CFP 25
lyxose formation 155

m
magnesia (MgO)

modification, inorganic materials
incorporation mixed oxides
241–244

modification of, synthesis conditions
control 239–241

modification, organic materials
incorporation 244–245
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magnesium leaching 153
magnesium oxide 239, 240
mallee wood 101, 119
maltose 105
manganese-dependent peroxidase

(MnP) 361, 362
MCM-41-based catalyst 554
m-cresols 40, 41, 223, 225, 230, 231,

255
mechanism of ketonization 234
mechanocatalysis 146, 578
mechanochemical methods 572
Meerwein-Ponndorf-Verley (MPV)

177, 244, 259
mercaptopropyltrimethoxysilane

(MPTMS) 135
mesoporous carbon microfibers 176
mesoporous catalysts 66, 159, 326, 555
Mesoporous/microporous structure

20
mesoporous silicas 161
mesoporous silica layer 245
mesoporous silica shell and dense silica

core (MSHS) 161
mesoporous SiO2 wall 162
mesoporous ZrPOx 171
metal-catalyzed aromatic ring

hydrogenation 38
metal-catalyzed cycloalkene

hydrogenation 38
metal halides 154, 538
metal ions, in catalyst 120, 125, 163,

220
metallic catalysts 480–483
metallophthalocyanins 362
metalloporphyrins 361, 362
metallosilicates 154
metallosilicate solid bases 147
metal-modified and standard ZSM-5

catalysts 15, 17
metal-organic frameworks (MOFs)

163–164
metal phosphates 169, 171, 220
metal phosphates, of aluminium

(AlPOx) 171
methanation 70, 486, 499, 510
methanol 112

methanol-rich medium 102–105, 107
methanol-rich medium levoglucosan

102
methanol to gasoline (MTG) 74
methanol to olefins (MTO) 4, 10, 74,

249, 251
methanol, transformations of 74
methoxy functional group (-OCH3)

38, 39
methoxylated phenols 20, 22
2-methoxynaphthalene (2-MN) 258
2-methoxyphenol 74, 76, 365
methoxyphenols 66
methyl acetate and formaldehyde 251
methylcyclohexane 40, 41
1-methylcyclohexane-1,2-diol 40
methylcyclohexene 49
methyl cyclopentane 38
methyl furan 231, 233
methyl glucopyranosides 102
methyl isobutyl ketone (MIBK) 158,

309
methyl levulinate 102, 105, 107, 113
methyl levulinate, formation of 110
methyl palmitate deoxygenation 488
3-methyl-3-penten-one 43
2-methyltetrahydrofuran (MTHF) 316
methyltrioxorhenium (MTO) catalysts

368, 542
methyl xylosides 105
MFI zeolites 217, 222, 251, 254
MgO-Al2O3 hydrotalcite 244
Micro activity test (MAT) 78
microalgae 443

autotrophic 443
biomass harvesting 444
cultivation systems 444
drying of wet microalgae biomass

445–446
growth, nutrient source for 443–444
heterotrophic 443

microalgae biomass 443–446
microporous structure 18, 20, 248
micropyrolysis system 22
microwave-based biodiesel production

processes 457
mild calcination 171
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mild hydroprocessing for reductive
lignin depolymerization 399

mineral acid catalysts 125, 132
mixed metal oxides 152, 167, 170, 410,

450
mixed oxides, MgO

alkali-metal 244
MgO-Al2O3 and MgO-ZrO2 241,

242, 244
Mn-porphyrin/H2O2 system 362
Mn(II)-Schiff base catalyst 554
Mo2C/Al2O3 catalyst 484
Mo2C/CNF 484, 485
modification technique 245
modified co-precipitation method 170
modulated hydrothermal (MHT)

approach 163
molybdenum oxide catalyst 22
mono-alcohols to olefins 324
mono-and bi-metallic systems 300
monocyclic and bicyclic compounds

50
monodentate carboxylate species 234
monomer yield 358, 380–382, 396,

398, 403, 407, 410, 414, 416,
417, 426, 428

monoterpenes 530, 531, 533, 535–539,
541, 546, 553, 557, 560

monoterpenoids 530, 531
MoS2 catalysts 49, 478
multi-alkylated adducts 251
multifunctionality of bioresources 325
multi-step separation approach 71
multi-walled carbon nanotubes

(MWCNTs) 301, 303, 305

n
nanocrystalline HZSM-5 zeolites 75
naphtha compounds 38
naphthalenes 7, 16, 254, 257, 258
naphthenic alcohol dehydration 38
N-containing compounds 570, 574,

581
NEXBTL technology 476
N-heterocyclic compounds 579–581
Ni-Al alloys 173

Ni-Al layered double hydroxide (LDH)
catalyst 482

Ni catalysts 173–176
NiMoS catalyst 478
niobia/carbon black catalysts 169
niobium (NbPOx) 171
nitrogen 119, 185, 368, 376, 414, 443,

469, 517, 569–587
Ni-W catalysts 38
N-methyl-2-pyrrolidone (NMP) 323,

575
N,N-dimethylformamide (DMF) 309
non-conventional feeds 71
non-reducible metal oxides 509
N-substituted-5-methyl-2-pyrrolidones

323
nutrient source, for microalgae growth

443

o
O-alkylated ethers 222
O-alkylation 221, 222, 224
octadecyltrichlorosilane (OTS) 172,

245
octane number 40, 41, 75, 82
18O isotope labeling 300
olefins isomerization 541
oleoresin 529–537
oligomerization 156, 158, 480, 481,

517, 518, 548
one-pot cascade synthesis, alkyl

levulinates 169
one-pot process 146, 184, 331, 594
one pot reaction system 2
open raceway pond 444
organic-linker-bridged disilanes 159
organic solvents 71, 100, 158, 309, 319,

360, 398, 511, 574, 576
organic volatile acids 71
organosolv lignins 360, 368, 381, 383,

395, 398, 407, 416
orthorhombic niobia nanoparticles

169
oxalic acid (OXAC) 301
oxidation, of sugars 147
oxidative depolymerization, of lignin

cobalt Schiff base catalysts 363–367
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oxidative depolymerization, of lignin
(contd.)

enzymes and bio-mimetic catalysts
361–362

methyltrioxorhenium catalysts 368
vanadium catalysts 367–368

oxonium ion 220, 222
oxygenated compounds, cracking

74–76, 83
ozone/H2O2 123

p
palmitic acid deoxygenation 487
para-toluene sulfonic acid (PTA) 225
particle agglomeration 244
p-cresol/formaldehyde

hydroxyalkylation 229
p-cresol HDO conversion pathways 42
p-cymene 552, 557, 559
1,4-pentanediol (PeDO) 310, 316
3-penten-2-one 43
periodic mesoporous organosilicas

(PMOs) 159
peroxidase enzymes 361
petroleum feedstock 62, 86, 591
petroleum industry 61, 508
Phanerochaete chrysosporium, 361
phenol-formaldehyde resins 71
phenolics 13, 71

components 125
compounds 116, 231

phenolic-enriched bio-oil fraction 71
phosphonium ionic liquids 219
phosphotungstic acid (PTA) 163
photobioreactors 444
photocatalytic redox catalysis 380
physical adsorption 453
phytol 532, 552
plant-derived terpenes 529
platinum-loaded HY zeolite (Pt/HY)

catalysts 39
pneumatic transport reactor 71
poisoning, of Amberlyst 70 catalyst

119, 120
poly(β-pinene) 546
poly(sodium 4-styrenesulfonate)

brushes 161

poly(limonene) carbonate production
545

polyethylene terephthalate (PET)
307

polyisoprene structures 531
polymerisation, bio-oil 100, 101
polymerization, of C5 sugars 105
polyol amines/amides 576–579
polyoxygenated molecules 299
polysaccharides 71, 146
poly(4-styrenesulfonic acid) silica

particles 162
poly-(4-styrenesulfonic acid) (PSSH)

brushes 162
pore zeolites 231
porous metal phosphates 171
post-benzylically oxidized lignin

depolymerization 380
post-synthetic demetallation approach

258
post-synthetic grafting 159–161
potassium halogen salts (KX) 328
Preem Gothenburg refinery 477
preferred energy resource 97
pressurized hydropyrolysis 2
product distribution 9, 40, 78, 79, 81,

114, 150, 181, 223, 256, 403,
573

product fraction distribution 83
product/reactant distributions 115
1-and 2-propanol 74, 311
propene/benzene 222
propionic acid 44, 101, 210, 233, 318,

328
propylsulfonic acid derivatised solid

acid catalyst 135
propylsulfonic acid-functionalized

SBA-15 materials 135
protonated adsorbed acetone 216
proton transfer reactions 74
proximicin A 585, 586
pseudoionones production 555
PS formation rate 244
Pt catalysts 41, 178, 180, 502, 505, 516,

558
Pt-catalyzed hydrogenation reactions

41
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Pt/mesoporous carbon nitride catalyst
303

Pt-Sn/C catalyst 9
pure Brønsted acidic niobic acid

nanoparticles 169
p-xylene 230, 231, 249–252
pyrazine products 579
pyridine derivatives 579
pyrolysis of, mallee bark 98
pyrolysis oil 1, 2, 45, 48, 63, 65, 81, 82
pyrolysis reactors 63, 65
pyrolytic lignin 64, 77, 101
pyrolyzed biomass 230
pyrrole 570, 579–581

r
raffinose 105
Raney Ni 173

amorphous alloys 173
catalyst 45, 176, 178

rate of deoxygenation 48, 482, 501
reactive bio-oil model compounds 76
reactive catalytic fast pyrolysis (RCFP)

20
reactive distillation 122
recirculation gasoil 72
reduced graphene oxide-supported

Mo2C 485
reducible metal oxides 11, 23, 311
reducible metal oxide catalysts, RCFP

23
reductive catalytic fractionation (RCF)

of lignin 428
biorefinery 417
lignocellulose source 417, 426
organosolv pulping 416
origin 416
reaction conditions 417, 419

regeneration of deactivated Amberlyst
70 catalyst 120

removal of heteroatoms 70
reverse Mars-Van Krevelin mechanism

24
reverse water gas shift (RWGS) reaction

499
Rh catalysts 541, 543
ring hydrogenation 38, 40, 41

Ru nanoparticles 176, 177
Ruthenium (Ru) catalysts 174,

176–177

s
screw reactors 63
secondary depolymerization techniques

376
acid-promoted Cu(AcO)2 catalyst

376
Beckmann rearrangement 378, 386

second generation biofuels 173, 441,
469

second-order kinetic dependence 237
selective catalytic sugar transformations

184, 592
selective isomerization 147
selective oxidation 299–301, 305, 307,

309, 331, 362, 369, 381
self-aldol condensation, of acetaldehyde

43
self-etherification 222
sesquiterpenes 530, 531, 533, 534
shell biorefinery 569–570, 587
SiC foam monoliths 232
silica gel immobilized acidic IL catalysts

164
silica nanoparticles 161, 164
silica-supported Ni2P catalysts 489
silylated zeolites 158
Sn-Beta zeolite 149, 165, 233, 258, 259
SnCl4.5H2O 150
Sn/de-Al-β zeolite 150
Sn-montmorillonite bi-functional

catalyst 165
solid acid catalysts 124, 132, 450, 451
solid base catalysts 450–453
solid bio-char 97, 119
solvent extraction 171
solvent extraction methods, for terpene

recovery 536
solvent liquefaction 2
sorbitan 173, 330
1,4-sorbitan 330
1,4-sorbitan to isosorbide 330
sorbitol (SOR) 79, 173, 299, 314
stable lithium carbonate 244
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starch (C6H10O5)n 146
steam reforming 35, 69–71
steam/water distillation 534, 536
stearic acid deoxygenation 32, 481,

505, 516
step-wise oxidative depolymerization, of

β-O-4 lignin model
compounds

activated DMSO 375
benzylic oxidation 369
CuOTf/TEMPO/2,6-lutidine/O2

system 373
DDQ 374, 375
nitroxyl radical and metal catalysts

369
secondary depolymerization

techniques 376
TEMPO/CuCl/bpy/NMI/O2 373
TEMPO/NaNO2/NaCl/O2 372
TEMPO/VOSO4/O2 system 373
vibrating disk mill method 374

steric hindrance 105, 107, 113,
124–125, 134, 136, 379, 583,
592

stirred Parr reactor 45
strong acidity 18, 36, 159
subsequent thermal regeneration 163
succinic acids (SucA) 299, 316,

318–320
sucrose 105, 173
sugar amines/amides 571–574
sugar dehydration 109, 154, 156, 165,

167, 171
sugar isomerization 147
sugar oligomers 105, 107
sulfated zirconia 24, 167, 303, 451,

552, 553
sulfation/phosphorylation 167
sulfided catalysts 49, 473, 476–480,

484, 489, 490, 499, 595,
597

sulfonated graphene 163
sulfonated graphene oxide 163
sulfonation 162, 163
sulfonic acids (SO3H) 159, 229
sulfonic styrene divinylbenzene resins

222

sulfuric acid 119–121, 125, 126, 132,
134, 135, 162, 254, 318, 328,
552

sulfur-tolerant Faujasite Y (FAU Y)
zeolite catalyst 557

supercritical esterification 121
supercritical transesterification process

454–455
super-electrophiles 227
superhydrophobic mesoporous

polymer-based acid catalysts
330

support materials, deCOx catalysts
508–509

surface acyl species 237
surface-bound alkoxide species 222
surface hydrophobicity 169
surface ketonization 234

mechanism 234, 236–238
surface silanols 245
sustainable biomass 97
sustainable refinery model 591
swelling, of Amberlyst 70 catalyst 126
switchgrass biomass 16
synergistic effect 50, 82, 86, 165, 251,

308, 414, 572, 596

t
tall oil fatty acid (TOFA) 501
tall oil rosin (TOR) 536
tandem isomerization-decarboxylation

model 511
tandem isomerization & dehydration

bifunctional zeolites and mesoporous
solid acids 165

metal oxides, sulfates and phosphates
167, 169–171

MOF 172
tartronic acid (TARAC) 301, 304
tautomerization 214, 216, 217, 219,

237, 473, 478, 585, 593
tautomerization of acetone 216
techno-economic analysis 207, 597
terpenes 529, 537, 596

as adhesives 536–537
biogenetic isoprene rule 529
in biomass 531
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chemical pulping process 536
conversion to fuels 558–560
description 529
heterogeneous catalytic process

551, 552
α-pinene hydration 553
α-pinene isomerization 551
α-pinene oxide isomerization 555
carbonates production 543,

545
click chemistry method 548,

550–551
dehydrogenation reactions

557–558
epoxidation of monoterpenes

541, 553–554
hydration and oxidation reactions

538–541
hydrogenation reaction 557–558
isomerization 541–543
polymers and other materials

545–548
vitamins 555, 557

homogeneous catalytic process
538–550

isolation of 535–536
for medicinal purposes 537–560
plant-derived 529
sources of 532

conifers and other trees 532–534
essential oils and extracts

534–535
tapping and extraction process

535–536
uses of raw terpenes 536–537

terpenes, flavors, fragrances,
therapeutics and
pharmaceutical applications
537

terpenoids 117, 118, 529, 532, 534,
538, 548

TESAS (3-((3-(trimethoxysilyl)propyl)
thio)propane-1-sulfonic acid)
160, 161

tetrahedral boron species (BO4) 242
tetrahydrofuran (THF) 316, 318, 320,

398, 455

tetrahydrofurfuryl alcohol (THFA)
154

2,2,5,5-tetramethyladipic acid 237
tetraterpenes 531, 532
tetraterpenoids 531
thermodynamic equilibrium 100
thermophilic algae 443
third-generation biofuels 469
three-fold enhancement, in 5-HMF

167
Ti-Beta zeolite catalysts 555
time on stream (TOS) 12, 13, 232, 477,

507, 555
tin ions 165
TiO2 anatase 212, 237, 238
titanium (TiPOx) 167, 171
toluene 9, 14, 16, 40–42, 49, 71, 75,

222, 225, 227, 230
toluene acylation 233
TPP(Fe)Cl/tBHP catalyst system 362,

363
transalkylation 40
transesterification 441

catalytic 446–454
supercritical transesterification

process 455–549
transesterification of triglycerides 440
transesterification reactions 117, 118,

440, 441, 447–449, 451–454,
456

transition metal phosphides 486
1-(tri-ethoxy silyl-propyl)-3-methyl-

imidazolium hydrogen sulfate
(IL-HSO4) precursors 164

triglycerides 471
advantages 471
conversion under hydrotreating

conditions 472
deoxygenation of 472, 478
hydrogenolysis 473
liquid phase hydrocarbons 475

trigonal coordinated boron species
(BO3) 242

1,2,4-trimethoxybenzene 78
1,1,2-trimethoxyethane 114
(3-mercaptopropyl) trimethoxysilane

331
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trimethyltrioxane trimer 75
triterpenes 531, 532
triterpenoids 531, 548, 550
tunable Ni loading 173
tunable physicohemical properties 167
tungstated zirconias 327, 451
tungstophosphoric acid (HPD) 224
turpentine 534–537, 552, 559
twofold effect 257
two-step esterification-

transesterification reaction
448–449

two-step thermocatalytic process 77

u
ultrasonic irradiation, advantages of

456
ultrathin conformal monolayers 154
unidentate carbonate 239
United States Department of Energy

(DOE) 145, 299
unsaturated hydrocarbons 70, 252

v
vacuum distillation 122, 501
vacuum gas oil (VGO) 71, 72, 78–80
vacuum reactors 63
valorization of biomass 62, 86
vanadium catalysts 367–368, 385
vanadyl phosphates (VOPO4.2H2O)

170
VeganTM process 476
vegetable oils

production of 471
properties of 442

4-vinyl guaiacol 26
4-vinylphenol 26
vitamin E acetate 555, 556
volatile terpenes 531, 532
VOx nanobelt-arrayed microspheres

310
(dipic)VV(O)OiPr catalyst 367

w
Walter de Gruyter GmbH 62
water gas shift 44, 70, 499, 511, 595,

596

water-tolerant solid acids 325
W2C/CNF 485
weak π interaction 216

x
xylenes 7, 9, 14, 26, 75
xylitol (XYL) 299, 314
xylose 105

conversion 149, 156, 172, 178
polymerization of 107, 127
reaction pathways of 106

xylose dehydration 155, 156, 163,
171

catalyzed by solid acids/bases 155
xylose isomerization 155

to lyxose 161
xylulose formation 155

y
yields of, ethyl levulinate 109
yields of levulinic acid 105, 109

z
zeolites 4, 10

acidity curbs 77
catalysts 7, 13, 22, 26, 66, 74, 75, 77,

156, 158, 165, 379, 475, 555,
557

mesoporosity 257
structure 232
ZSM-5

Al, Ga, Fe, Zn and their oxides
251

B and P-based oxides 251
mesoporous ZSM-5 248–249
Mg and Mg-based oxides 250
modifying acidity, of ZSM-5

249–250
nanoparticle ZSM-5 249
noble metals 252
organic substances 252, 254
other metals and oxides 252
Si and Si-based oxides 251–252

zeolite catalyzed reactions 10
Zeolite HY functionalized with

octadecyl-trichlorosilane
(HY-OTS) 255, 256
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zeolite-supported Ni catalyst
deactivation 17

zeolitic solid Lewis acids 147
Zirconia 24, 154, 167, 184, 239,

245–247, 303, 327
zirconium phosphates (ZrPOx) 154,

170, 171

zirconium salts 154
ZnIn2S4 photocatalysts 381
Zn/NH4Cl method 416
ZSM-5 catalysts 19

mesopores 20
ZSM-5, structure of 5, 248




