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Flow Processes

Micro Reaction Technology in Organic Synthesis,  C Wiles and P Watts, 2011, CRC

Length/Time

➢ Each molecule passing through the device experiencing 

the same reaction times, temperatures, pressures and 

surroundings.

➢ Excellent batch-to-batch reproducibility

➢ No Head-Space (excellent for G-L-S/L-L/L-S/G-L reactions)

➢ No secondary nucleation or side reactions

➢ Ease scale-up without much re-optimization & redesign

➢ Controlled Reactivity/Selectivity



3Kim et al. Science, 2016, 352,6286, 691 

Time Resolved Synthesis
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Time Resolved Synthesis

X
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Time Resolved Synthesis

X
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Kim et al. Science, 2016, 352,6286, 691 

Continuous Flow of 25 nL; 0.33 ms; 91%  

Time Resolved Synthesis
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Kim et al. Science, 2016, 352,6286, 691 

Time Resolved Synthesis
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Afesal 

(anthelmintic activity)

67%

Kim and Yoshida et al. Science, 2016, 352,6286, 691 

Time Resolved Synthesis
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Afesal 

(anthelmintic activity)

67%

Kim and Yoshida et al. Science, 2016, 352,6286, 691 

Time Resolved Synthesis

25 nl @ 67%
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Afesal 

(anthelmintic activity)

67%

Kim and Yoshida et al. Science, 2016, 352,6286, 691 

Time Resolved Synthesis

25 nl @ 67% = 5.3g/h
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Afesal 

(anthelmintic activity)

67%, 5.3g/h

10 ml: ??

Kim and Yoshida et al. Science, 2016, 352,6286, 691 

Time Resolved Synthesis

25 nl @ 67% = 5.3g/h
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Afesal 

(anthelmintic activity)

67%, 5.3g/h

10 ml (1:4x105) 

Kim and Yoshida et al. Science, 2016, 352,6286, 691 

Time Resolved Synthesis

25 nl @ 67% = 5.3g/h
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Afesal 

(anthelmintic activity)

67%, 5.3g/h

10 ml (1:4x105) 

5.3g/h = 2.1 ton/h

Kim and Yoshida et al. Science, 2016, 352,6286, 691 

Time Resolved Synthesis

25 nl @ 67% = 5.3g/h
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Afesal 

(anthelmintic activity)

67%, 5.3g/h

10 ml (1:4x105) 

5.3g/h = 2.1 ton/h

Kim and Yoshida et al. Science, 2016, 352,6286, 691 

Time Resolved Synthesis

Throughput: Vol x time

25 nl @ 67% = 5.3g/h
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“Basics of Flow Microreactor Synthesis”, J. Yoshida, Springer Briefs in Molecular Science, 2015

Desired Product

ByproductX E

E

Time Resolved Synthesis
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Optimum Resident Time of 3ms

“Basics of Flow Microreactor Synthesis”, J. Yoshida, Springer Briefs in Molecular Science, 2015

Time Resolved Synthesis
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“Basics of Flow Microreactor Synthesis”, J. Yoshida, Springer Briefs in Molecular Science, 2015

Time Resolved Synthesis
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“Basics of Flow Microreactor Synthesis”, J. Yoshida, Springer Briefs in Molecular Science, 2015

Time Resolved Synthesis
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Angew. Chem. Int. Ed. 2009, 48, 8063 –8065

Kinetic vs Thermodynamic Control
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RSC Adv., 2011, 1, 758–760

Fast Library Generation
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RSC Adv., 2011, 1, 758–760

Fast Library Generation



O. Kappe and coworkers, Angew. Chem. Int. Ed. 2015, 54, 6688 – 6728 

Hazardous Chemistry

Chemical Generator: Make and use in Flow

➢ Diazomethane

➢ Hydrazoic Acid

➢ Isocyanides

➢ Phosgene

➢ Fluorination

➢ Chlorination

➢ Peracids



Hydrogenation

J. Am. Chem. Soc. 2018, 140, 36, 11325–11334



Hydrogenation

J. Am. Chem. Soc. 2018, 140, 36, 11325–11334



What is the issue with chemical space?

Region covered in a 

conventional 

laboratory

At ThalesNano
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26Kappe and Coworkers, J. Org. Chem. 2013, 78, 10567−10571 

Acetonitrile as Nitrile Source
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Mitsunobu Without DEAD

T3P, 300 C

THF

<1min; , 300 C
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NCE: Heterocycles

J. Med. Chem. 2009, 52, 2952–2963 
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Flow Process Benefits

Photochemistry…
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Chem. Rev. 2022, 122, 2, 2752–2906

Flow Photochemistry



Industrial Flow Reactors:
Merck - Photochemistry

Over the years Merck have succeeded with anion formations, diazomethane reactions, 

ketamine additions and aerobic oxidations, more recently photochemistry has featured; 

Photoredox-catalysed Indoline Dehydrogenation:

• Flow conditions drastically increased yield & shortened the reaction time

• Catalyst loadings ~ 0.1 mol%  → 100 g demonstration (5 h)

60 ml Reactor

Ruck et al., Chem. Sci., 2016.
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Improving Heat-Transfer:

➢ More molecules can react per unit time

➢ Increase Concentration

➢ Increase Temperature

Process Intensification

Increase Rate of a Reaction
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Rate of a Reaction
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Rate of a Reaction

ln 
𝑷𝟏

𝑷𝟐
=

∆𝑯𝒗𝒂𝒑

𝑹

𝟏

𝑻𝟐
 −

𝟏

𝑻𝟏

Clausius-Clapeyron Equation
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Rate of a Reaction
TEMPERATURE (

o
C)

100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250

1 Butanol 0.5 0.8 1.1 1.5 2.1 2.8 3.7 4.7 6.1 7.7 9.5 11.7 14.2 17.1 20.4 24.1

1 Propanol 1.2 1.6 2.3 3.2 4.1 5.4 7.0 9.0 11.3 14.0 17.2 20.9 25.2 30.0 35.5 41.7

Acetic Acid 0.6 0.8 1.1 1.4 1.9 2.5 3.2 4.1 5.1 6.3 7.8 9.5 11.4 13.7 16.3 19.2

Acetone 3.7 4.8 6.1 7.6 9.5 11.6 14.1 16.9 20.1 23.8 27.9 32.5 37.6 43.2 49.4 56.2

Acetonitrile 2.0 2.7 3.7 4.8 6.3 8.1 10.3 13.0 16.3 20.2 24.8 30.2 36.6 44.0 52.5 62.3

Benzene 1.8 2.5 3.1 3.9 4.9 5.9 7.2 8.6 10.3 12.2 14.4 16.9 19.6 22.7 26.1 29.9

Carbon tetrachloride 1.9 2.5 3.2 4.0 5.0 6.1 7.4 8.9 10.5 12.4 14.6 16.9 19.6 22.4 25.6 29.0

Chloroform 3.1 4.0 5.0 6.3 7.8 9.6 11.7 14.1 16.8 19.9 23.4 27.3 31.7 36.6 42.0 47.9

Cyclohexane 1.7 2.2 2.9 3.6 4.5 5.5 6.7 8.1 9.7 11.5 13.5 15.7 18.3 21.0 24.1 27.5

DCM 5.9 7.5 9.4 11.7 14.3 17.4 20.9 24.9 29.4 34.5 40.2 46.5 53.5 61.2 69.6 78.7

Di ethyl ether 6.1 7.6 9.4 11.5 14.0 16.8 20.0 23.6 27.7 32.2 37.3 42.9 49.0 55.7 63.1 71.0

Diglyme 0.1 0.2 0.3 0.4 0.6 0.8 1.0 1.3 1.7 2.2 2.8 3.6 4.4 5.5 6.7 8.1

Dioxane 1.0 1.3 1.7 2.3 2.9 3.7 4.7 5.9 7.2 8.8 10.6 12.7 15.2 17.9 21.0 24.4

DME 1.2 1.6 2.0 2.5 3.0 3.7 4.5 5.4 6.4 7.5 8.8 10.2 11.8 13.5 15.4 17.5

DMF 0.2 0.3 0.4 0.6 0.8 1.0 1.3 1.7 2.1 2.6 3.2 3.9 4.7 5.6 6.6 7.8

DMSO 0.1 0.1 0.1 0.2 0.2 0.3 0.4 0.7 0.9 1.2 1.5 2.0 2.5 3.2 4.0 5.0

Ethanol 2.1 2.9 4.0 5.3 7.0 9.1 11.6 14.7 18.3 22.6 27.6 33.4 40.1 47.7 56.3 65.9

Ether 6.1 7.6 9.4 11.5 14.0 16.8 20.0 23.6 27.7 32.2 37.3 42.9 49.0 55.7 63.1 71.0

Ethyl Acetate 2.0 2.7 3.5 4.4 5.6 6.9 8.5 10.4 12.5 14.9 17.6 20.7 24.1 27.9 32.1 36.8

Formic Acid 1.0 1.3 1.7 2.2 2.9 3.6 4.5 5.6 6.9 8.3 10.0 11.9 14.1 16.6 19.4 22.5

Heptane 1.2 1.7 2.2 2.9 3.8 4.8 6.1 7.6 9.5 11.6 14.1 16.9 20.2 24.0 28.2 33.0

Hexane 2.5 3.1 4.0 5.0 6.1 7.4 9.0 10.7 12.7 14.9 17.4 20.2 23.2 26.5 30.1 34.1

IPA 2.0 2.8 3.8 5.1 6.7 8.7 11.0 13.9 17.2 21.2 25.7 30.9 36.8 43.5 51.0 59.4

MEK 1.9 2.4 3.1 4.0 4.9 6.1 7.5 9.0 10.8 12.8 15.1 17.6 20.4 23.4 26.8 30.5

MeOH 3.3 4.5 6.0 7.9 10.2 13.0 16.5 20.6 25.4 31.1 37.7 45.3 54.0 63.9 75.1 87.7

NMP 0.0 0.0 0.1 0.1 0.1 0.2 0.3 0.4 0.5 0.7 1.0 1.2 1.6 2.0 2.5 3.1

Pentane 5.9 7.3 9.0 10.9 13.0 15.5 18.3 21.4 24.8 28.5 32.7 37.2 42.0 47.3 52.9 59.0

p-Xylene 0.3 0.4 0.6 0.8 1.1 1.4 1.7 2.2 2.7 3.4 4.1 5.0 6.0 7.1 8.4 9.9

t Butyl Alcohol 1.9 2.7 3.6 4.8 6.3 8.1 10.2 12.7 15.6 19.0 22.9 27.3 32.3 37.8 44.0 50.8

THF 2.7 3.5 4.4 5.5 6.9 8.4 10.1 12.2 14.4 17.0 19.9 23.1 26.6 30.5 34.7 39.4

Toluene 0.7 1.0 1.3 1.7 2.2 2.7 3.4 4.2 5.1 6.2 7.5 8.9 10.5 12.3 14.4 16.7

Water 1.0 1.2 1.8 2.6 3.7 5.0 6.6 8.5 10.8 13.5 16.5 20.0 23.8 28.1 32.8 37.9
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Rate of a Reaction

ln 
𝑷𝟏

𝑷𝟐
=

∆𝑯𝒗𝒂𝒑

𝑹

𝟏

𝑻𝟐
 −

𝟏

𝑻𝟏

Is there a limit to how high Temp one can attain
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Rate of a Reaction

ln 
𝑷𝟏

𝑷𝟐
=

∆𝑯𝒗𝒂𝒑

𝑹

𝟏

𝑻𝟐
 −

𝟏

𝑻𝟏

Is there a limit to how high Temp one can attain

Yes, up to Supercritical Temperature of a Solvent
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Rate of a Reaction

k = A e -Ea/RT

What else can be done to increase Rate of Reaction
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Improving Mixing:

➢ More molecules can react per unit time

➢ Increase  A

Rate of a Reaction

k = A e -Ea/RT
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FUMI Reactor
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FUMI Reactor
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FUMI Reactor
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FUMI Reactor



46



47

➢ Enhanced mixing leading to large increase in rate of 

reaction

➢ Very high surface area to volume ratio (up to 180k m2/m3)

➢ High throughput (up to 400 ml/min)

FUMI Reactor



Spinning Disc Technology

No More Limits in Chemical Industry



Industrial Scale FLOW Reactors

08-12-2013 Copyright  Pi-Process Intensification Experts LLP 22

FUMI Spin Disk                    Spinning Disk Reactor

SpinPro-300

Volume :  300 ml

Output  :  10 T / day +

Spinning Disc Technology



Spinning Disc Technology



Spinning Disc Technology



Spinning Disc Technology



Spinning Disc Technology

FlowID R4



Spinning Disc Technology

R3 Skid



Spinning Disc Technology

R4 Skid



Spinning Disc Technology

Photo Flow Spinning Disc



Spinning Disc Technology

Modular Plant



Spinning Disc Technology



Spinning Disc Technology



Spinning Disc Technology



BuLi Scaleup: FLOWID

The reactor footprint of 1 m2 allows the unit to be installed virtually 

anywhere where service lines can be connected, such as 

between existing fixed equipment. Start-to-finish sensor 

communications for process monitoring and data logging are built 

into the reactor and can be customized depending on chemistry

Even at throughputs of 

almost 100 kg/hr and a 

reactor temperature of 

+15 degrees Celsius, the 

synthesis was performed 

without difficulty.



R Series System

Lab Module: Vapourtec

Best Selling Flow Reactor



Vapourtec E-Series

Lab Module: Vapourtec



R4 Reactor station

Simple UI for 
stand alone 
operation.

Large parameter 
display, visible 
from the other 
side of the lab Each position can 

accept a tube 
reactor….

…or a packed 
column reactor

4 independently temperature 
controlled reactor positions

Reactors click 
into place in 
seconds for 
easy setup

Temperature 
control from 

-70oC to +250oC

Lab Module: Vapourtec



Standard PFA coil

Ambient  to 150oC
High Temp SS coil

Ambient to 250oC

Cooled PFA coil

Ambient to -70oC

Standard Column

Ambient to 150oC

Cooled column

Ambient to -60oC Gas/Liquid reactor

Ambient to 150oC

CHIP Reactor

Large Volume

     Reactor

Lab Module: Vapourtec



Tube in Tube Reactor



Features of the UV-150
• Fits both E and R-Series systems

• Multiple gram / hour scale-up 

• High intensity UV light source

• User selectable UV power

• Light source wavelength filtering

• Temperature control -50C to 800C

• Easily changed reactors

• Space saving compact design

• Interlocks ensure safe operation

• Optional spectrometer for real time 
monitoring of transmission spectra

The New Vapourtec UV-150 Photochemical Reactor

Lab Module: Vapourtec



To ensure the best possible reaction 

selectivity the UV-150 is provided with a 

temperature controlled environment for the 

duration of the reactant’s passage through 

the reactor. Within the UV-150, the reactor 

region is separated and sealed from the 

lamp region.

Lab Module: Vapourtec



Lab Module: Vapourtec



Vapourtec E-Series

Lab Module: Vapourtec



Vaptec Peptide Module



Lab Module: Vapourtec



Unique reactor heating / cooling system

Lab Module: Vapourtec



A

C

Vapourtec R4

50 mg (convenience)

to 1000 g / day (“real chemistry”)
B

Scale translation?

nano micro meso kilo lab pilot plant manufacturing

ng g mg g kg 10 kg multi-ton100 kg

Flow principles can be applied to >14 orders of magnitude in scale, from 

earliest chemistry to late manufacturing

Where does Vapourtec fit in ?

Lab Module: Vapourtec
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Nitration

Novartis

OPRD, 2011, 15, 1447

Vapourtec

R Series

97g/hr

> 670g



Lab to Production ModulesScalable Development Platforms

08-12-2013 Copyright  Pi-Process Intensification Experts LLP 14

A)  Versatile :   Limitation :  high solid slurries  (cont’d) 

MMRS  from 
EHRFELD
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MIPROWA
Ehrfeld Mikrotechnik BTS designed, 

manufactured and supplied a MIPROWA 

production reactor for Shaoxing Eastlake 

Biochemical (China) for a production 

capacity of up to 10,000 t/a. The 

MIPROWA millireactor with a throughput of 

about 1m3/h has a nominal width of 400 

mm and a length of 7 m and contains 

about 150 rectangular reaction channels 

with exchangeable static mixers.

➢ exothermic alkoxylation

➢ Replaces 20 Batch Reactors

http://www.chemanager-online.com/en/topics/thermal-processes/millireactor-production

Fastest Transition from Lab to Production



Lab to Production: CHEMTRIX



Lab to Production: CHEMTRIX



Scalable Development Platforms

08-12-2013 Copyright  Pi-Process Intensification Experts LLP 13

A)  Versatile :   Limitation :  high solid slurries  (cont’d) 

Advanced 

Flow 

Reactors

Labtrix

Labtrix

Lab to Production: CHEMTRIX
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Slide: Ian R. Baxendale 
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Naproxcinod
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Plantrix@

Commercial continuous manufacturing @ > 500 MT per year

Doubling of annual throughput cf. dedicated batch unit

Reduction in the overall carbon footprint by 30%

Target price manufacturing
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Lab to Production: CHEMTRIX
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Chemtrix Protrix

Vol: 1-13.5 ml

FR: 0.2 to 20 ml/min

Size: 350 (W) x 200 (D) x 250 mm (H)
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Wolff–Kishner Reduction

Org. Process Res. Dev. 2019, 23, 11, 2445–2455
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Slide: Ian R. Baxendale 



What makes                reactors unique?

• Large scope of alloys
➢ Stainless Steel, Inconel, Hastelloy, Monel, Zirconium ...
➢ Making KHIMOD HERs compatible with highly corrosive reagents 

With KHIMOD,

unlock your chemical potential

• Outstanding heat exchange capacity
➢ 16 thermic regulation channels per reactive channel
➢ Heat exchange capacity from 600 to 1 400 KW/m3/K

• Extreme resistance to pressure & temperature
➢ Standard model : up to 93 bars and 550°C
➢ Customized model : up to 200 bars and 800°C

• Opportunity to use fixed bed catalysts
➢ Wide range of catalysts available at our partners
➢ Option to use catalytic static mixers from Precision Catalysts

• High flexibility of design
➢ Adjustable reactive channel length
➢ Opportunity to heat or cool the reagents before the reaction

Thermic 
Regulation
Channels
2 x 3 mm

Reactive
Channels : Ǿ: 6 mm



AM Technology

ACR (Agitated Cell Reactor)

Shaken not Stirred



Coflore: Equivalent to a series of CSTRs

P
ro

d
u

ct
 f

lo
w

Reaction cell

Inter-stage channel

Discharge

Feed

• The series of 10 small CSTRs in one block

45 cm

AM Technology







30-100 ml, 700 ml-10.0 L

ATR: Agitated Tube Reactor



• Standard 10 tube system

• Total length 3.2m

• Dynamic mixing ensure narrow 
residence time distribution at all flow 
rates

Undisturbed Plug Flow even at Longer Residence Times

0

1

2

3

4

5

6

7

8

0 0.5 1 1.5 2

E 
(ϴ

)

Dimensionless Time, t/τ

Residence Time Distribution at 
Different Flow Rates

7 min.

14 min.

28 min.

55 min.
Residence 

Time

(min)

Equivalent 

CSTRs

7 870

14 302

28 216

55 158



RTR: Rotating Tube Reactor

2250 (W) x 1200 (L) x 1940 (H) 5m RT: >28 kL Volume in 24hr



RTR: Rotating Tube Reactor



RTR: Rotating Tube Reactor
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8

Synthesis of Pyridazine

Slide: Ian R. Baxendale 



AM Technology
Engineering Chemistry

During production



Exothermic control in the Coflore® ACR

• Calorimetric data showed the enthalpy of reaction to be -3250 J/g. 

• The nitrated product is formed as a precipitate within the reactor

batch methods takes 6-12 hours with 

dropwise addition accounting for 3 

hours, and at temperatures up to 80°C

ACR

11 min RT at 25 °C



Magnesium Solids Handling in the Coflore® ATR

• Coflore ATR and a peristaltic pump with a 10 wt% 

      magnesium powder in petroleum ether

• feed vessel stirrer RPM was set to 300, and the 

ATR agitation set to 4 Hz. The slurry flow was 

“top-down”

• determined the mass of magnesium at petroleum 

ether in the sample collection (outlet slurry weight 

%).



Magnesium Solids Handling in the Coflore® ATR

R-X
Mg

R-MgX +    R-R

Ar-X
Mg

Ar-MgX +    Ar-Ar

Ar-X
RMgX

Ar-MgX +    R-X



Continuous Biocatalytic Resolution of DL-alanine

React. Chem. Eng., 2022, 7, 490–550



DRL



DRL



DRL



Autichem DART-DM

https://autichem.co.uk/

Most Economic Slurry reactor

Lab to Production



Autichem DART-DM

https://autichem.co.uk/

50 Liter



Autichem DART-DM

Slurry in Photo Flow

MOC: Metal, PEEK, Glass…



Autichem DART-DM

DOI:10.3791/64937

A Scalable Balz-Schiemann Reaction

Shenzhen Hwagen Pharmaceutical; Guangdong Raffles Pharmaceutical Technology 

https://dx.doi.org/10.3791/64937
https://app.jove.com/institutions/81499/shenzhen-hwagen-pharmaceutical-co-ltd
https://app.jove.com/institutions/81500/guangdong-raffles-pharmaceutical-technology-co-ltd


Autichem DART-DM

Vitamin B1: 8 Step telescopic

https://doi.org/10.1016/j.eng.2023.01.016

47.7% in 3.5 hr

https://doi.org/10.1016/j.eng.2023.01.016


Autichem DART-DM

https://doi.org/10.1016/j.eng.2023.01.016

https://doi.org/10.1016/j.eng.2023.01.016


Autichem DART-DM

Org. Process Res. Dev. 2024, 28, 5, 1725–1733



Size and capacities of                     Heat Exchanger Reactors

K1 K2 K3 K4 K5

Application Kilolab scale Pilot & 

Industrial scale
Industrial scale Industrial scale Industrial scale

Capacity / HER 

*

2 to 30 t/y

0,3 to 4 

kg/hour

150 t/y

18 kg/hour

350 t/y

44 k g/hour

620 t/y

78 kg/hour

1 900 t/y

240 kg/hour

Capacity for a 

10 HER rack*

/ 1,5 kt/y 3,5 kt/y 6,2 kt/y 19 kt/y

Inner volume / 

HER
0,008 to 0,1 l 0,5 l 1,2 l 2,2  l 7 l

Channel length 0,3 to 3,6 m 0,3 to 18 m 0,3 to 36 m 0,3 to 75 m 0,3 to 235 m

Number of 

channels
12 64 144 250 784

* Capacity based on a 20 s residence time, a 20% weight concentration and OEE at 90 %



Plug flow behaviors’ of a single channel vs a 8 channels reactors

Pe = 330

Pe = 223

UV

Gas
Liquid

Tracer

Tracer

Pump 3Pump 1 Pump 2

Event 

Equilibar 2  
Event 

Equilibar 1  

Bypass

Réacteur

10 ways valve

K1-P8

Pump 3

Measured signal



K2 in operation
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Anthem Biosciences



Anthem Biosciences
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