
309

Index

a
acetic acid 45, 114, 117, 159, 170, 208
acetone 131
acetonitrile 39, 53, 105, 108, 117, 162
activation energy (Ea) 35, 143, 159, 244, 301
activation volume 36–38, 41, 133
adipic acid 65–68, 179–183, 231, 290
Alfa Laval 247, 265
aminolysis 101, 117, 119
ammonia 171
Arrhenius 33, 35, 92, 255
ArrheniusOneTM 286, 287
aryllithium 62, 97, 285
ascaridole 157
AstraZeneca 3, 82, 274
atom economy 194
atom efficiency 104
autocatalytic 31, 259
axial dispersion 249, 250
azide 111, 112
aziridine 115

b
ball milling 224
barium hydroxide 114
BASF 165
batch protocol 267
Bayer 165, 278, 279
Bayer Technology Services (BTS) 279
Beckmann rearrangement 144, 158
benzaldehyde 97, 109, 168
benzimidazole 102, 125, 284
benzoate 49, 55, 56, 232, 233
benzoic acid 49, 99, 117
benzyl alcohol 97, 108
biocatalytic 68, 157
Bodenstein number Bo 250
Boehringer Ingelheim Pharmaceuticals 3

borohydride 106–108
borylation 77, 274
bromination 131, 142, 143, 148, 185, 186
butyl lithium (BuLi) 79

c
capecitabine 80
capillary reactor 62, 113, 123, 173, 185, 213,
276, 284

carbonylation 81, 82, 284
carboxanilide 112
carboxylic acid 48, 108, 109, 112
catalyst carrier 216, 217
caterpillar micromixer 7, 35, 271
CCl4 142, 157
chemical product design 4
Chemtrix 7, 8, 242, 247
chiral synthesis 49, 96–98, 132, 142, 145,
146, 168, 169, 277

chlorodehydroxylation 104
chlorohydrination of allyl chloride 76
cinnamaldehyde 285
citronellol 157
Claisen rearrangement 100, 125, 133, 134,
142, 143, 284, 285, 290

click chemistry 40, 72, 111, 186, 290
cobalt 106
conserve complexity 5
continuous stirred tank reactors CSTR 241
conventional method 307
conversion 3, 29–31, 35, 36, 51, 56, 58, 64,
65, 67, 83, 86, 99, 102, 105, 108, 109, 113,
115–117, 125, 132, 133, 142, 144–146,
148, 150, 151, 157–159, 161, 166, 168, 171,
175, 180, 182, 185, 232, 256, 257, 259, 260,
263, 267, 270, 272, 302

Novel Process Windows: Innovative Gates to Intensified and Sustainable Chemical Processes, First Edition.
Volker Hessel, Dana Kralisch and Norbert Kockmann.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.



310 Index

CoPIRIDE 264, 289
copper 63, 112, 166, 180, 290
Corning 56, 57, 242
cost analysis 200, 216, 234
cradle to gate 195, 196, 202, 212, 217,
229–231

cradle to grave 195, 196, 202
cross-coupling 77, 78
cryogenic reactions 274
cycloadditions 39–42, 72, 98, 111, 112,
123, 124, 284

cyclohexane 39, 52, 65, 130, 180, 182, 185,
231

cyclohexanone 67, 68, 144–146,
158, 180

cyclohexene 65, 66, 130, 131, 155, 160, 180,
188, 189, 232, 290

cyclohexenone 145
cyclone micromixer 51, 246
cyclooctane 144–146
Cytos 32

d
defense advanced research projects agency
(DARPA) 171

DBU cluster 283, 287
Dean number 248
decanol 104
depreciation 204, 219
design for commercial afterlife 5
design for separation 5
designer solvents 46
diarylethene 87
diazomethane 48
dielectric constant xxiv, 39–41
Diels–Alder reactions 39, 134, 136, 160,
301

diffusion 15, 26, 27, 39, 151, 154, 155, 168,
248–250, 252, 253

diisobutylaluminum hydride (DIBALH) 81,
269

dimethoxy-propane (DMP) xxi, 254
dimethylcarbonate 107
Dimroth 284
dioxane 64, 108, 109
dispersion 16, 137, 155, 170, 188, 248–252,
276

distillation 96, 159, 180, 187, 208, 243, 266,
280

droplets 138
DuPont 171
durability rather than immortality 5
Dutch State Mines/De Staats Mijnen (DSM)
3, 246

e
ε-caprolactam 144–146
E-factor 111, 194, 207, 225–226
efficiency 3–5, 25, 55, 72, 101, 121, 125,
143, 147, 148, 157, 166, 192,
194, 201, 213, 222, 230, 234, 238,
288–290

Ehrfeld Mikrotechnik BTS 247, 265, 269
Einstein-Smoluchovski 25
Eisai 110
electron kinetic energy 38
Eli Lilly 3, 276
enantioselective 75, 96, 106, 107, 142,
168

enantioselectivity 16, 106, 107, 168
energy dissipation rate xxiv, 27, 252–255,
258

energy flows 5, 195, 198, 201, 202
enzymatic microreactors 68, 157
epoxidation 219, 285
epoxides 101, 117, 119
ERC Advanced Grant 290
esterifications 117, 136, 170, 172, 232, 233,
285

ethanol 22, 33, 34, 101, 117, 121,
154, 211

eutrophication potential (EP) 196
Evonik 165, 166, 279, 282
extraction 40, 70, 77, 96, 168, 169, 195, 243,
266, 271, 277, 280

Exxon 165

f
F3 Factory 279, 289
falling film microreactors 51, 53, 61
feasibility study 263, 268, 270, 278
feedstocks 3, 158, 211, 217, 220
FhG-ICT IMM 167
filtration 170, 277
Fischer indole synthesis 103
flash chemistry 13, 24, 285
flash method 307
flow 16, 23, 48–51, 54, 56, 58, 62, 69, 70,
73, 76, 79

flow chemistry 1, 7, 9, 10, 18, 19, 23, 24, 63,
99, 111, 129, 191, 193, 236, 237, 280, 284,
286, 291–295, 298

flow extraction 169, 170
flow forming a thinning jet 154
flow patterns 15, 137, 170
FlowPlateTM 242, 277
FlowSyn 47, 106, 286
fluorescein 151
fluorinations 52, 53, 61, 100



Index 311

formic acid 81, 82, 114
Friedel-Crafts alkylations 3
fullerenes 123, 124, 217
furfuryl alcohol 113

g
Galantamine HBr 228, 229, 231
GlaxoSmithKline 3
global warming potential (GWP) 180, 196,
197, 200, 214–216, 217, 218, 220, 222, 229,
232

glucose-oxidase 83–85
glutaraldehyde 172
glycerol 103, 271, 272
glycosylation 80
green chemistry 1, 61, 193, 194, 237,
284

green engineering xvii, 1, 192, 193
Grignard reaction 27, 32, 47, 258

h
Hantzsch reaction 69
harsh conditions 80, 113, 208, 232
Hastelloy 262
HCN 45, 47
heat transfer 6, 8, 15, 21, 27–29, 34–36, 91,
94, 152, 159, 241, 244, 246, 247, 253–260,
269, 279, 285

heat transfer coefficients xxv, 177, 255,
257

Heck reaction 77, 81
herbicides 148
hexanol 104, 105, 151
HN3 45, 47
horseradish peroxidase 83, 85
Huisgen cycloaddition 72, 110
human toxicity potential (HTP) 196, 197,
218, 225, 232

hydraulic diameter 244, 247, 248, 254, 255,
257, 279

hydroformylation 279, 291
hydrogen 186
hydrogen peroxide (H2O2) 52, 61,
62, 65, 83, 132, 148, 161, 180, 220,
231, 288

hydrogenations 52, 130–132, 155,
276, 285

hydrolysis 69, 103, 121, 151, 186,
226, 227

i
imidazoles 102, 109f, 220, 291
indole 103, 109f
inherent rather than circumstantial 4

Integrate material 5
inter-glycosidic condensation 68
INVITE GmbH 278, 279
ionic liquids 35, 53, 99, 107, 192, 213, 214,
225, 233, 288

isoamyl acetate 170

j
Jet flow 137ff, 154
Johnson & Johnson 3, 229

k
ketones 49, 50, 67, 76, 96–98
Knoevenagel 72, 168
Knudsen 26
Kolbe–Schmitt synthesis 99, 213, 215, 272,
274, 288

Kolmogorov 27, 253
Kondrat’eva reaction 269

l
lab-on-chip 241, 243
lactic acid 114
laminar flow 15, 248–250
land use (LU) 196, 197, 216, 232
Lanxess 165
length scales 15, 25–27, 244, 247, 253
life cycle assessment (LCA) 11, 191,
194–196, 198, 200–202, 207, 208,
211, 212, 214–216, 219, 220, 225,
229, 232

life cycle costing (LCC) 11, 191, 193, 201,
202, 211, 215, 219

life cycle impact assessment (LCIA) xxi,
196–198, 201, 212, 216, 217

life cycle inventory (LCI) 195, 196
lipases 158, 170, 172–173
lithiation 77, 80, 96, 115, 274, 282,
301, 303

lithium–halogen exchange 63, 96
Lonza 8, 18, 242, 247, 268, 274, 277

m
Mannich reaction 75
membrane reactor 49, 50, 61, 81
Merck (Germany) 259, 268, 270
Merck (US) 3
methanol 34, 86, 117, 132, 136, 161, 166,
177, 207, 209–211, 234, 277

methanol steam reforming 171, 177
methylation 63, 107, 115
metoprolol 101
Michael addition 143
micro extractor 169



312 Index

micro packed bed reactors 65–67, 100, 131
Microinnova 264
microreactors 6, 8, 10, 15, 18, 20, 23, 26,
45–47, 49–54, 56–58, 61–63, 67, 68, 71,
73, 76, 91–93, 98–102, 104, 106, 107, 114,
116, 118–121, 123, 125, 129–136,
142–153, 155, 156, 159, 165, 167, 168, 170,
171, 173, 175–179, 182, 186–189, 214,
215, 217, 232, 246, 252, 255, 266, 269, 270,
272–274, 277, 283–286, 289, 293, 295,
298, 299, 301, 302, 305

microwave 20, 64, 78, 91, 92, 99, 101, 102,
104, 106, 108, 111, 112, 116, 125, 167, 191,
211, 213, 224, 285, 286, 295

millifluidics 138, 153
mixing characteristics 254, 258, 259, 272
mixing effectiveness 254, 255
modular device 93
modular equipment 179, 264, 272, 278
modular plant setup 262
modular process development 267
Moffatt–Swern oxidation 54
multi-step synthesis 49, 77, 80, 207, 290
Murahashi coupling 79, 80

n
nanocrystal 120
net present value (NPV) 194, 220
Newman–Kwart 284
nitration 55, 246, 259
nitric acid (HNO3) 148, 149, 180, 182, 216
nitrobenzene 134, 148
nitroxide-mediated radical 100
Novartis 55
Novel Process Windows 1, 10–12, 18, 19,
20, 33, 40, 45, 66, 91, 283, 284, 287, 288,
290, 293, 295

Novozymes 158
nucleophilic aromatic substitution 116,
133

nucleophilic substitutions 17, 72, 100,
101

numbering-up 8, 56, 170, 179, 244, 246,
279, 280

o
oleum 55, 145, 146
organic peroxides 51
output-pulled versus input-pushed 5
oxadiazoles 105, 108, 284
oxidations 50, 52, 66, 81, 125, 143, 157, 161,
171, 180, 185, 186, 189, 208, 209, 231, 285,
290

ozone (O3) 50

ozone depletion potential (ODP) 196

p
p-nitrophenyl acetate 226
palladium 52, 62, 78, 79, 156
parametric sensitivity 254, 256, 257, 268,
271

particles size distribution (PSD) 177
Peclét number 250
Pelikan GmbH 288, 289
pendimethalin 149
peracetic acid 52
performic acid 52, 219
peroxidation 52, 144
Pfizer 3, 222
phenols 77, 94, 108, 142, 225
phosgene 47, 48, 207
photo-oxidation 157
photochemical ozone creation potential
(POCP) 196, 216, 232

photocycloaddition 145
photoreactions 146, 148, 305
phthalic anhydride 136
phthalimide 109, 111
PILLS 289
pilot production 252, 273, 274, 279
pinacol 159
platform concept 262, 265, 278
platinum 79, 132, 166, 171
Poisson distribution 251
polarity 19, 38
polycarbonate 141
POLYCAT 289
polymerization 27, 38, 51, 72, 100, 247, 258,
288

polypropylene 141
polystyrene 5, 62, 225
polytetrafluoroethylene (PTFE) 226, 227
precipitation 116, 247, 258, 271
pressure loss 131, 243, 246, 247, 252–254,
258, 259, 279

prevention instead of treatment 4
process automation 301
process control 87, 122, 171, 192, 260, 261,
263

process design 10, 11, 23, 193, 194, 198,
200, 209, 210, 214, 219, 220, 234, 237, 264,
278, 291

process development 2, 10, 46, 179, 191,
193, 200, 201, 206, 238, 260, 261, 263, 265,
271, 273, 276, 278, 279, 301

process integration 19, 20, 165, 226, 237



Index 313

process intensification 1, 10, 15, 45, 189,
191, 192, 198, 207, 209, 213, 220, 234, 238,
286, 288

process robustness 268, 273
process simplification 19, 180, 185, 189,
231, 284

process synthesis 243, 270, 280
proton exchange membrane fuel cells
(PEMFCs) 171

Pummerer rearrangement 54
4-(Pyrazol-1-yl)Carboxanilide 112
pyridine 41, 42, 78, 81, 105, 142
pyridine-2-carboxylic acids 78

q
quinoline 115

r
radiochemistry 73
reaction order 29–33, 270
reaction rates 28–30, 32–36, 38, 39, 51,
104, 105, 110, 130, 134, 135, 232, 255, 267,
301, 303

reaction runaway 33, 56, 254
reaction times 16, 17, 18, 20, 29, 30–32, 35,
56, 64, 76, 91, 97, 100–102, 106–108, 112,
116, 117, 142, 143, 148, 173, 188, 232, 248,
256, 259, 267, 268, 270–272, 285, 304

reflux 34, 91, 92, 99, 116, 117, 142, 272
residence time 16, 19, 20, 28, 29, 31, 32, 36,
48, 51, 53, 66, 86, 87, 99, 105, 106, 110, 111,
123–125, 131, 133, 144, 148, 149, 159, 170,
174, 175, 188, 227, 241, 242, 244, 247–254,
256, 258–260, 262–264, 267, 268, 270,
272–274, 276, 278, 281, 301–305

residence time distribution 32, 154, 248,
250, 251, 276

resorcinol 99, 213, 215, 271–273
Reynolds number 247, 248, 255
Rhodia 165
ring-closing metathesis 77
Roche 269
rufinamide 110

s
safety 2, 3, 16, 19, 33, 61, 64, 104, 142, 148,
225, 232, 242, 260, 268, 274, 284, 298

Sandmeyer reaction 79
scale-up 3, 65, 102, 177, 179, 235, 241, 243,
246, 247, 254, 258, 259, 261, 264, 265, 271,
276, 279, 281, 283

Schmidt number xxiv, 254
Semenov diagram 256, 257
sildenafil 222

silicon microreactor 93, 155, 301
solubility 34, 40, 104, 132, 156, 168, 267,
268, 271

solvent-free conditions 111, 116, 143, 148,
225, 226, 237

solvent-free reactions 110, 141, 142
space-time yields 51, 54, 99, 102, 120, 144,
148, 155, 157, 189, 283, 288, 290

split and recombine 7, 144, 252
StarLam mixers 242
steam reformer 165–167, 177
Strecker synthesis 47, 75–76
styrene 100, 288
styrene oxide 119
sulfonation 148
sulfuric acid 52, 81, 82, 144, 145, 188
supercritical acetonitrile 162
supercritical CO2 (scCO2) 5, 136, 155, 156,
157

supercritical conditions 34, 40, 95, 117,
120, 154, 156, 157, 159, 161, 162

supercritical methanol 209, 210
supercritical water oxidation (SCWO) 93,
159

superheated conditions 26, 34, 40, 48, 95,
99, 106, 109f, 117, 120, 121, 127, 154, 156,
157, 159, 161, 162, 291f, 297

Suzuki–Miyaura cross-coupling 77, 150,
224

SYNFLOW 289

t
T-mixer 254
Taylor-Aris dispersion 154f, 246
TEMPO catalyst 108
terephthalic acid 208, 209, 285
testosterone 54
tetrazole 45–47, 105–106, 186
ThalesNano 50, 286
thermal cyclization 116
thermal integration 46, 177–178
thermal runaway 46, 52, 53, 55
thermoelectric device 166
thiophene 142
time scales 21, 25, 27–29, 241, 244, 253,
255, 256, 267, 268

toluene 40, 49, 53, 55, 61, 108, 123,
146–148, 185, 186, 217, 218, 277

tosylhydrazone 123, 124
total 2, 29, 33, 107, 119, 141, 143, 165, 167,
169, 180, 182, 202, 204, 207, 217, 218, 235,
276, 277, 294, 297, 298

transaminase 83



314 Index

transesterification 117, 209, 211
transketolase (TK) 83
triazole 284, 290
triflate synthesis 94
triflates 94
triglycerides 103, 209
tubular microreactors 111, 143, 144, 151
tubular reactors 49, 83, 241, 259
turbulent flow 27, 250, 254, 257, 258

u
ultrasonic 77, 227, 229

v
vapourtec 55, 286
vitamin D 51
vortex generation 248, 252, 253

x
X Cube Flash 100, 101, 116, 117, 125, 284,
286

y
Y-junction 167
yield 2, 9, 26, 28, 29, 31, 32, 41, 46–51, 53,
54, 56, 65–68, 72, 75, 77, 78, 80, 81, 83, 86,
87, 93, 96, 99–101, 103–107, 110, 113,
115, 118, 120, 125, 131, 133, 136, 141, 142,
144, 148, 155, 157, 158, 162, 168, 169, 180,
187–189, 192, 194, 224, 226–229, 237,
247, 248, 259, 268, 269, 271, 273, 274, 276,
284, 288


