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Starting Position
– Novel Tools! Novel Chemistry?
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18-19th century
~1900

Today

Batch 
procedure

CHEMISTRY EQUIPMENT OVER CENTURIES
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Dutch PI Roadmap
– Arthur D. Little Full Study

Micro-/millireactors owe highest potential for global energy saving and competitiveness
of chemical industry
Focus is on process intensification („milli“ and not „micro“, where sufficient)

>> Coming report (2008): European Process Intensification Roadmap, 
Stichting Energietransitie Ketenefficiency, The Netherlands

Building a Business Case on 
Process Intensification, July 2006
Presented to Platform for Chain 
Efficiency (PKE); Full Report

Nature 442, 7101 (2006) 351-352
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IPR AS MEASURE FOR ACTIVITIES

Top-10 Patentees

SIEMENS 
AKTIENGESELLSCHAFT466

CLARIANT INTERNATIONAL 
LTD.3710

INSTITUT FUER 
MIKROTECHNIK MAINZ GMBH399

BAYER AG399

DEGUSSA AG408

CASIO COMPUTER CO., LTD.457

UHDE GMBH505

FORSCHUNGSZENTRUM 
KARLSRUHE GMBH544

VELOCYS INC.1293

BATTELLE MEMORIAL 
INSTITUTE1352

MERCK PATENT GMBH1441
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Lab on a Chip

Nanotechnology

Microreactors
Micromixers

‚Microactuators‘

Megatrends

Nation wise
US

V. Hessel, C. Knobloch, H. Löwe, „Review on Patents 
in Microreactor and Micro Process Engineering”, Rec. 
Pat. Chem. Eng. 1 (2008) 1-16.



TU/e 
technische universiteit eindhoven

hessel@imm-mainz.de February 2008

27 INDUSTRIAL PILOT AND PRODUCTION 
CASES IN FINE AND BULK CHEMSTRY

Polycondensation (Japanese company)
Friedel-Crafts alkylation (Japanese company)

H2O2 based oxidation to 2-methyl-1,4-
naphthoquinone (Japanese company)

Direct fluorination of ethyl 3-oxobutanoate 
(Asahi Glass)

Propene oxide formation (Degussa / Uhde)
Vinyl acetate synthesis (Uhde)

Lithiation of aromatic compounds (Brystol-
Meyers-Squibb)

Production of polymer intermediates (DSM 
Fine Chemicals GmbH)

Production of diazo pigments (Clariant)
Nitroglycerine production (Xi’an Company)
Fine-chemical production (not disclosed)

Grignard–based enolate production (Merck)

Hessel, V., Löb, P., Löwe, H.; "Industrial Microreactor Process Development up to Production", in: "Micro-
reactors for Organic Synthesis and Catalysis". eds.: Wirth, T., Wiley-VCH, Weinheim (to be released 2008).

Hydrogen peroxide synthesis (UOP, FMC)
Organolithium exchange reaction (Lonza)

Chlorination (Lonza)
Dehydrogenation (Lonza)

Polyacrylate formation (Siemens-Axiva)
Alkylation reactions based on butyl lithium (Lonza)

DAST Fluorination (Bayer-Schering Pharma)
Steroid Ozonolysis (Bayer-Schering Pharma)

Plasma reaction (Degussa)
Gas-liquid oxidation (Degussa)

PMMA manufacture (Idemitsu Kosan)
Grignard exchange reaction (Japanese Company)
Halogen-Lithium exchange (Japanese Company)

Swern-Moffat oxidation (Ube Industries)
Yellow nano pigments (Fuji)
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O N
SF F
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+

DAST

Toluene 90°C

100min

R1 R1

Falling film microreactor

Interdigital Micromixe
Falling film 
microreactor

Interdigital Micromixer

Cryostat

Ozone generator

BAYER SCHERING PHARMA: 
IMM-TOOLS FOR STEROID CHEMISTRY

Ozonolysis Fluorination
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MICROSTRUCTURED REACTOR 
BASED PRODUCTION-PLANT

• In operation 
since June 2005

• Throughput 3 metric tons per hour; 
worldwide largest reported productivity 
by micro process engineering

D. Kirschneck, G. Tekautz, 
Chem. Eng. Technol. 30, 3 
(2007) 305-308.
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MASS MANUFACTURE:

‚Large Reactors‘ for
Bulk Chemistry + Large lot sizes
for auotmotive + consumer good 

industries

Rolling

Brazing
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MICROSTRUCTURED PLATES IN METER-
FORMAT FOR PILOTS AND PRODUCTION

Screen printing for brazing

Micro-structure cannot be shown
40 cm

Compact pilot microreactor

Automated catalyst coating line

Novel Tools! Novel Chemistry?
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NOVEL PROCESS WINDOWS
– From concept to research cluster
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HYPOTHETICAL LIQUID-PHASE REACTION 
AT THE EDGE TO LARGE-SCALE PRODUCTION

0.2 
4 

2 0

2

4

6

8

10

12

14

16

18

20 

100 120 140 160 180 200 220 240 260

Reaction temperature [°C]

N
um

be
ro

f r
ea

ct
or

s

k=0.01 s-1

100°C

k=0.1 s-1

162°C k=1 s-1

249°C

k=0.05 s -1

141°C

250°C and 70 – 150 bar: ‚New Process Windows‘

10,000 t / a
A = 4 x 106 l/(mol s) 
Ea = 5 x 104 J/mol
412 Plates
35 cm x 25 cm x 50 cm 

1.7 Mio Euro 

150 kEuro
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NEED TO CHANGE CHEMICAL PROTOCOLS 
(‘TURN INSIDE OUT’)

{>200oC; >50 bar; <1 s} 
‘alike gas-phase chemistry’

High-p,T microreactor protocol 

{50-130oC; 1 bar; 2-8 h} Conventional lab batch 
I

EtO2C Me

N
N

SO2NH2

I

Me

N
N

SO2NH2

20% H2SO4

MW, 200oC, 5 min

following the routes of microwave assisted continuous synthesis (MAOS) 

X = 88%

Reflux, 100oC, 96 h
X = 86%

Organ, M.G., Mayer, S., Lepifre, F., 
M‘Zemba, B., Kathri, J. Mol. 
Diversity 7 (2003) 211-227.

Temperature [oC]  27                77              127               177     227
Rate constant k [s-1]       1.6 x 10-7 4.8 x 10-5 3.5 x 10-3 9.9 x 10-2 1.43
Time (90% conversion)   68 days        13.4 h        11.4 min   23.4 s         1.61 s
from: Kappe, C.O., Stadler, A. Microwaves in Organic and Medicinal Chemistry, Vol. 25 in: Methods and 
Principles in Medicinal Chemistry (eds.: Mannhold, R., Kubinyi, H., Folkers, G.) Wiley-VCH (2005) pp. 94-95.

k = A exp (-Ea/RT) A = 4 x 1010 mol-1 s-1

Ea = 100 kJ mol-1
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KOLBE-SCHMITT SYNTHESIS: 
HIGH-p,T PROCESSING

Total flow rate [ml/h]
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• Pressure: 40-70 bar
• Temperature: 100-220°C
• Reaction time: 4 – 390 s

Reduction of reaction
time by ~2000
Increase in space-time
yield by factor 440
Increase in productivity
by factor 4

16 s
32 s

12 s
8 s

64 s

7 s

High p,T

V. Hessel, C. Hofmann, P. Löb, J. 
Löhndorf, H. Löwe, A. Ziogas 
Org. Proc. Res. Dev. 9, 4 (2005) 479-489
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PHLOROGLUCINOL-TYPE 
KOLBE SCHMITT-SYNTHESIS

High p,T

V. Hessel, C. Hofmann, P. Löb,, 
H. Löwe, M. Parals Chem. Eng. 
Technol. 30, 3 (2007) 355-362.
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USE OR IONIC LIQUIDS AND MICROWAVE 
FOR THE KOLBE-SCHMITT SYNTHESIS
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Faysal Benaskar (TUe) 
Internship at IMM

Capillary + ionic liquids

Capillary + ionic liquids 
+ microwave
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92.10 € / kgµ-REAC PLANT – 1 reactor; 4.4 t/a; 10 l/h
45% selectivity; 200°C / 40 bar (‚high-p,T‘)

µ-REAC PLANT – 1 reactor; 4.4 t/a; 10 l/h
70% selectivity; 200°C / 40 bar (‚high-p,T‘)

56.95 € / kgµ-REAC PLANT – 1 reactor; 44 t/a; 100 l/h
45% selectivity; 200°C / 40 bar (‚high-p,T‘)

78.43 € / kg

57.47 € / kgµ-REAC PLANT – 10 reactors; 44 t/a; 100 l/h
45% selectivity; 200°C / 40 bar (‚high-p,T‘)

107.05 € / kgBATCH-REACTOR PLANT – 20 l; 4.3 t/a
45% selectivity; 100°C / 1 bar (‚Reflux‘)

17,352.52 € / kgµ-REAC PLANT – 1 reactor; 0.01 t/a; 0.025 l/h
45% selectivity; 100°C / 1 bar

Bench-
marking

Base case:
high-p,T

Without
high-p,T

Further PI by
high-p,T

External
numbering-up

Selectivity

985.18 € / kgBATCH-REACTOR PLANT – 1 l; 0.27 t/a
45% selectivity; 100°C / 1 bar (‚Reflux‘)

Bench-
marking

COSTING ANALYSIS 
- 2,4-DIHYDROXY BENZOIC ACID SYNTHESIS

U. Krtschil, V. Hessel, D. Kralisch, G. Kreisel, P. Löb, H. Löwe Org. Proc. Res. Dev. (2006) in preparation.
U. Krtschil, V. Hessel, D. Kralisch, G. Kreisel, M. Küpper, R. Schenk Chimia 60, 9 (2006) 611-617.



TU/e 
technische universiteit eindhoven

hessel@imm-mainz.de February 2008

SCALE-OUT 
AND COSTING

125257022290.140.07
10520551920.300.18

1290.870.58
173.752.27
1217.639.73
1157.0230.82

1910 µm wide; 586 µm deep

Total 
cost
[%]

Cutting
cost [%]

Material 
cost [%]

Number of 
plate

needed

Number of 
channels
needed

Length to 
reach

95% (m)

Optimum 
flow rate 
(ml/min) 

per 
channel

30
30

Etching
cost [%]

0.0010.0001
0.0300.0032
0.1030.0109
0.2120.0222

Length
to reach
95% (m)

Optimum 
flow rate 
(ml/min) 

per 
channel

61553550104
12140515
10725522
10320531

Total 
cost
[%]

Cutting
cost [%]

Material 
cost [%]

Number of 
plate

needed

30
30
30
30

Etching
cost [%]

130363
5155
1528
751

Number of 
channels
needed

291 µm wide; 106 µm deep

Ma’moun Al-Rawashdeh (TUe) 
Graduation at IMM

~300 EuroProduktion
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NOVEL PROCESS WINDOWS

first comprehensive report: V. Hessel, P. Löb, H. Löwe, Curr. Org. Chem. 9, 8 (2005) 765-787

• Direct routes from hazardous elements

• Routes at increased concentration or even solvent-free

• Routes at elevated temperature and/or pressure

• Routes mixing the reactants ‘all at once’

• Routes using unstable intermediates

• Routes in the explosive or thermal runaway regime

• Process simplification – e.g. routes omitting the need of 
catalysts or (complex) separation

compare: Jähnisch, K.; Hessel, V. et al.; Angew. Chem. Intern. Ed. 43, 4 (2004) 406-446
ACS group ‚Novel Chemistry‘, headed by Eastman Kodak

Hydrothermal high-temperature synthesis (Geochemistry Science 1991, 254, 5029, 231); 
superheated water processing (J. Org. Chem. 1994, 59, 3098; J. Org. Chem. 1997, 62, 2505); 
high-temperature ionic liquid processing (Org. Lett. 2005, 7 (19), 4205); solvent-free (Pure 
Appl. Chem. 2001, 73, (1), 193) and solvent-less (Chem. Comm. 2001, 2159) synthesis.

E. R. Murphy, J. R. Martinelli, N. Zaborenko, S. L. Buchwald, K. F. Jensen, Angew. Chem. 119 (2007) 1764
F. B. Lopez, PhD thesis, High Pressure: a Challenge for Lab-on-a-Chip Technology, pp.137ff, University 
Twente (Reinhoudt group)

Excellence in Process 
Development Research Award
AIChE (New Orleans / USA, 2008)
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NEW CHEMISTRY ROADMAP, ACS
- JOE ZOELLER, EASTMAN KODAK, 2001

A.E. Staley Manufacturing
ARCO Chemical
AGA Gas
Air Products & Chemicals
Akzo-Nobel
Autoclave Engineers
BCI
BF Goodrich
Biofine
BOC Gases
Celanese
Cryo Dynamics
Degussa
DOW Chemical
DOW Corning
DuPont
Eastman Chemical
Electrolux
Eltron Research Inc.
Fedegari Autoclavi
Ford Motor Company
Genentech
GE Plastics
Global Technologies
Great Lakes Chemical Corp
Green Chemistry Institute
Isopro International
Itochu Aviation
Kellogg, Brown & Root, Inc.
…
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TWO-SCALED TUBE SECTIONS: 
IMPROVED TEMPERATURE CONTROL
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FIGURES OF MERIT

Prof. Albert Renken, Robert Misczuk (Master)
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CONTACTING OF THE DIFFERENT EDUCTS 
WIHT BROMINE (1:1) IN A GLASS MICRO MIXER

toluene thiophene

Br2 [ml/h] / Educt [ml/min]:

meta-nitrotoluene

18.6 / 42.8
24.5 / 49.8

18.4 / 28.4

reaction speed

formation of gaseous hydrogen bromide
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mono-F

Space-timeyield(mol/m³h)

mono-F

S
pa

ce
-ti

m
e

yi
el

d

• Significant enhancement of 
space-time yield for the micro-
structured reactors compared 
to the laboratory bubble column 

Reaction volume = Active channel volume
CH3

+ F2
- HF

CH3

F

CH3
F

CH3

F

+ +

Acetonitrile, -16°C

Jähnisch, K., et al..; J. Fluorine Chem. 105, 1 (2000) 117
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Accidents are due to large inventories !

Courtesy A. Stankiewicz (DSM / TU Delft) & J. Jenck (ENKI Tech)

UCC, Bhopal 3 Dec 1984:
cloud of 41 tons MIC

>2 500 killed

An inventory of 10 kg MIC
would have been sufficient
(D.Hendershot, CEP 2000)

Distance Downwind [m]

Cloud footprint
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th

 [m
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Novel Process Regimes: Kinetic and Thermal 
Explosion Limits for the H2 / O2 Reaction

Reactor dimensions
1) Macroscopic (1 m; open symbols) 
2) Microreactor (300 µm; filled symbols)

Explosion limits
Kinetic limits     (squares);
thermal limits    (triangles for Twall = Treaction)

(circles for Twall = Troom)

Microreactor (300 µm)

Macroscopic (1 m)

Veser, G.; Chem. Eng. Sci. 
56, (2001) 1265-1273. 

Veser, G., Friedrich, G., Freygang, M., 
Zengerle, R.; 3rd International Conference 
on Microreaction Technology, IMRET 3, 
pp. 674-686, Springer-Verlag, Berlin, (2000).

H2 + O2
Pt; Pd; Pt/Al2O3 H2O

1150°C
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ENERGY SAVINGS FOR THE 
PHENYL BORONIC ACID PROCESS
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Solution 
at AT

Reflux
THF

Distillation
THF

Cryogenic
reaction

Hydrolysis
at AT

Filtration; 
extraction

Microreactor
processing

V. Hessel, C. Hofmann, H. Löwe, A. Meudt, 
S. Scherer, F. Schönfeld, B. Werner, Org. 
Proc. Res. Dev. 8, 3 (2004) 511-523

H3CO OCH3

OCH3

MgBr + B
OCH3

OCH3
B

OH

OHH2O, H+

H3C OH
B

Solution 
at AT

Better product selectivity by 25%

Cleaner raw product by 10%
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DBU RESEARCH CLUSTER
NOVEL PROCESS WINDOWS (April 2007)

Mission
Novel process windows with regard to pressure, temperature, concentration
Sustainable chemical processes by temperature stable, pressurised microreactors

Technical Targets
• High energy efficiency
• Minimisation of waste
• Clean and inherently safe product makign
• Safe and low-emission syntheses
• Process intensification (e.g. increase in space-time yield)

Relevant Topics
• High-temperature & high-pressure conti routes, e.g. for functionalisation of alkanes
• Syntheses in explosive and thermal runaway regimes
• Solvent-less and free syntheses
• Multi-step syntheses with immediate conversion of instable intermediates
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PROJECTS OF THE DBU RESEARCH CLUSTER
“NOVEL PROCESS WINDOWS”

New Ways in OLED manufacture

New process windows for the Kolbe-
Schmitt synthesis

Preparation of pharmaceutical-grade 
Chitosan from renewable resources

New process windows and manufacturing 
strategies – batch to conti

Ultrasound based catalytic multiphase 
amination of hydrocarbons at high 
pressure

Sustainability evaluation of chemical 
syntheses during development

University Jena, POLYMET eV, 

IMM, University Jena, Sigma-Aldrich

Heppe Medical Chitosan GmbH, 
University Bremen

University Braunschweig, Pelikan PBS 
GmbH &CoKG

Leibnitz-Institut Katalyse, Little Things 
Factory GmbH, ASD GmbH, JTT

University of Applied Sciences 
Oldenburg

Jenpolymers Ltd
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PhD THESIS ILLG (TU/e; DBU Grant):
SYNTHESIS OF tert.-BUTYLPEROXYPIVALATE (TBPP) 

O

O H

O

O K

O

Cl

O

O

O

O

O K

(KOH)
aq + + H

2
O

+ + (KCl)
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O

O H
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O K

O

Cl

O

O

O

O

O K

(KOH)
aq + + H

2
O

+ + (KCl)
aq

Explosion of a benzoyl peroxide plant, Catalyst
Systems Inc. (Gnadenhutten, Ohio, 2003)

(Q
Κ
+Q

D
os

)-Q
R

in
 k

W

U in W/m2K

Heat balance of TBPP 
synthesis in 1 m3 reactor

Turnover organic peroxides 1999

120,000 tons, 900 Mio € market value
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Novel Process Windows
harsche Reaktionsbedingungen (p, T, c hoch)

- p, T sehr energieintensiv
- c Sicherheit, mögliche gesundheitliche 

Gefährdung

Ökologische Bilanz = f(Aufwand/Nutzen)

Anforderungen:
- Signifikant erhöhte Selektivitäten und/ oder 

Ausbeuten im Vergleich zum Stand der 
Technik

- Einhaltung von Sicherheitskriterien

Entwicklungsarbeit im Rahmen 
des Forschungsclusters 

„Novel Process Windows“

Projektbegleitende 
ökologische Bewertung

PROJEKTBEGLEITENDE ÖKOLGISCHE BEWERTUNG 

Kralisch, Hübschmann
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HIGH-p,T WINDOWS FOR TUNING 
α-KETOAMIDE / AMIDE SELECTIVITY

Murphy, Martinelli, Zaborenko, Buchwald, Jensen Angew. Chem. Intl. Ed. 119, 10 (2007) 1764-1767

Boiling point 
toluene (atm)

favoured by high pressure (CO) α-ketoamide

favoured by high temperature amide

α-ketoamide

amide
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PhD THESIS LOPEZ 2006 (REINHOUDT GROUP, 
UNI TWENTE): HIGH-PRESSURE FOR LAB-ON-A-CHIP

Stereoselectivity of Diels-Alder reactions

Volume difference of endo and exo transition states

Minimised structures
for reaction volumes ΔV

7 + 8        Conversion [%]            endo (9) / exo (10) ratio
1 bar 600 bar 1 bar 600 bar

aa 35 66 66:34 59:41
ab 35 55 55:45 52:48
ac 40 62 62:38 57:43

ba 57 57 57:43 57:43
bb 55 54 40:60 39:61
bc 59 58 55:45 54:46
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PhD THESIS LOPEZ 2006 (REINHOUDT GROUP, 
UNI TWENTE): HIGH-PRESSURE FOR LAB-ON-A-CHIP

Nucleophilic aromatic substitution

Capillary
microreactor

Fiber-based chip interface Glass high-pressure microreactorFiber-based chip interface
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Dual pump and 
injection system

Touch-screen panel

Heater         Cooler

X-CUBE™
High-temperature, high-pressure bench 
top flow reactor

200°C and 150 bar

Advantages
• Completion of many reactions

in minutes

• Optimization "on the fly"

• Low-volume system: conductance of volatile 
reactions safely and at high pressure

Suzuki, Sonogashira and Heck couplings, 
Buchwald reaction, Halogenation, Alkylation
Dehydration, Esterification, Azide formation

X-CUBE™: 
NEW COMMERCIAL HIGH-p,T FLOW REACTOR
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Energy and Environmental 
Science bridges the 
various disciplines 
involved with energy.

Invited review paper (Hessel, Kralisch) entitled 
"Sustainability through Greener Processing - New Process 
Windows by New Processing Technologies"

First issue launched 
this summer
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MENTIONING OF „NOVEL RROCESS WINDOWS“ IN 
VARIOUS LECTURES AND FEATURE REPORTS 

CE&T Special Issue „Microreaction
Technology“ March 2007
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IMRET10- INTERNATIONAL CONFERENCE ON MICRO-
REACTION TECHNOLOGY,  NEW ORLEANS,APRIL 2008 
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SynTOP CONFERENCE POTSDAM, JUNE 2008: 
BRIDGING CHEMISTRY AND CHEMICAL ENGINEERING

Syntop (Ökologie): Lebewesen, die in einem bestimmten Biotop gemeinsam vorkommen 
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Reactions under Novel Conditions
Convener: V. Hessel (NL/DE)

Keynote:
J.-i. Yoshida (Uni Kyoto)

Topic Lectures:
N. Kockmann (Lonza)
L. Magna (IFP)
H. Lehmann (Novartis)
W. Verboom (Uni Twente)
D. Kralisch (Uni Jena)

CONGRESS OF THE EUROPEAN ASSOCIATION FOR CHEMICAL AND 
MOLECULAR SCIENCES (EuCheMS), TURINO, SEPTEMBER 2008  


