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Continuous Process Intensification
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Photo by default is Flow as of now
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Continuous Process Intensification

Tools for the State-of-the Art lab Setup

Vapourtec R Series: Fully Automatic Lab in a Fumehood 

Autichem: For Slurry Reactions, L-S-G/L-L

Synthetron (SDR): For Exothermic and G-L reactions

Vibro Mill: Mechanochemistry

PI-Electro Flow and Batch Reactor: Electro Organic

Khimod: For High Temperature and High Pressure and  Fixed Bed

Protrix SiC: If Corrosive Metal Incompatible Chemistry
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Continuous Process Intensification

Reactions vs Process vs Tools

Exothermic Reactions (Need Cooling in Batch Process)

Continuous Flow Process

Metal Compatible: SDR, (S and G), Khimod

Metal Incompatible: SiC Chemtrix (Solid formation, Gas)

Metal Compatible (not very exothermic): Autichem/AMT (S and G)

Biocatalysis: AM Technology

HT/HP and Chemistry in New Spcae: Khimod



19

Continuous Process Intensification

Reactions vs Process vs Tools

Non-Exothermic Reactions (Need Heating in Batch Process)



20

Continuous Process Intensification

Reactions vs Process vs Tools

Non-Exothermic Reactions (Need Heating in Batch Process)

Continuous Electro and Mechano (Flow is also possible)



21

Continuous Process Intensification

Reactions vs Process vs Tools

Non-Exothermic Reactions (Need Heating in Batch Process)

Continuous Electro and Mechano (Flow is also possible)

Continuous Electro (to save one reagent but not solvent)



22

Continuous Process Intensification

Reactions vs Process vs Tools

Non-Exothermic Reactions (Need Heating in Batch Process)

Continuous Electro and Mechano (Flow is also possible)

Continuous Electro (to save one reagent but not solvent)

Redox Reactions

Reduction, Oxidation, C-C, Decarboxylation, Halogenation…



23

Continuous Process Intensification

Reactions vs Process vs Tools

Non-Exothermic Reactions (Need Heating in Batch Process)

Continuous Electro and Mechano (Flow is also possible)

Continuous Mechano (to save Solvent but not Reagent)



24

Continuous Process Intensification

Reactions vs Process vs Tools

Non-Exothermic Reactions (Need Heating in Batch Process)

Continuous Electro and Mechano (Flow is also possible)

Continuous Mechano (to save Solvent but not Reagent)

All Reactions 



25

Continuous Process Intensification

Reactions vs Process vs Tools

Non-Exothermic Reactions (Need Heating in Batch Process)

Continuous Electro and Mechano (Flow is also possible)

Continuous Mechano (to save Solvent but not Reagent)

All Reactions 

 Practically no limitation other than Metal Compatibility 
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Practical Tips
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Continuous Flow Process Intensification

➢ Prelim Investigation  (Syringe pump and Tube)

➢ Lab Modules (prelim Optimization)

➢ Interface Modules (Final Process Optimization)

➢ Production Modules (Plant Scale Production)

• If everything goes as per plan, one can have fully functional 

plant from the conceiving the idea in around 4-8 months



Flow Chemistry 

Planning, Execution and Scale-up

Step by Step Tutorial on how to go about doing 

A reaction in flow for the first time and then

How to go about optimization and scaling up

Continuous Flow Process Intensification
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➢Poor control in batch process (very tight process conditions)

➢Highly exothermic reaction 

➢Multistep reaction with unstable or hazardous intermediate

➢Selectivity is an issue in batch

➢Difficult to prevent side reactions

➢  Particle size need to be controlled

➢To reduce effluent, improve safety, decrease capex and opex cost 

➢Chemistry in New Space (HTHP)

➢Chemistry not possible in batch: Ultrafast reactions or 

intermediates

Why Flow from Batch

Continuous Flow Process Intensification



Almost, every type of chemistry

has already been developed via CFP

Please Refer to literature

before you start your flow reaction

Continuous Flow Process Intensification
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IMPORTANT

Document everything from here in your notebook

Continuous Flow Process Intensification
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➢ Write the reaction scheme (Fully Balanced)

➢ Write down all the possible by-products

➢ Write down complete mechanism (Product and By-Products)

➢ Understand the role of each reagent or intermediate

➢ Understand if any of the product or by-product interact with 

any reagent or among themselves

➢ Check maximum solubility of each reagent in various 

solvents

➢ Decide which solvent to use (based on precedence or 

experience)

Continuous Flow Process Intensification
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➢ Identify the limiting reagent and solubility (Balanced Equation)

➢ This will be the ultimate intensified state wrt solubility

➢ Prepare half ml of each reagent, at maximum concentration, 

based on limiting reagent

➢ Starting point will be trial Reaction using a drop of each 

reagent 

Continuous Flow Process Intensification
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Prelim Tests

1. Place an empty vial in fume-hood

2. Add a drop of each reagent (one by one) and observe how the 

reaction is

Very violent reaction

Dilute the reagents by half 

and 

repeat until controlled reaction

Continuous Flow Process Intensification
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No violent reaction

Repeat the experiment 

while holding the vial in hand

Vials gets very hot (highly exothermic reaction)

Observe the physical state (ppt etc)

One can do develop a prelim TLC (analytical) method 

of monitoring the reaction 

Continuous Flow Process Intensification
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If the vial gets very hot 

Dilute the reagents by half

And

Repeat the experiment 

Vial is still reasonably hot

Repeat by dilution till its just warm

This is the starting point for flow process (room temp or higher)

Continuous Flow Process Intensification
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If the vial gets hot even at 100 mM, 

starting point will be a low temperature reaction

Continuous Flow Process Intensification
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Tutorial

➢1:2 Stoichiometry

➢Both the starting materials are liquid. 

➢Di-substitution is a possible side reaction at HT or high concentration 

➢Molarity of DFNB is 9M (density 1.44, mol wt 159)

➢Molarity of Morpholine 11.5M (Density 1.0, mol wt 87)

➢As per stoichiometry, one can use 1ml DFNB and 1.56 ml of morpholine 

➢Since salt is going to ppt out and the product is solid, we need a solvent.

➢Another option could be to use morpholine as solvent (di-substitution)

➢Best is to use DMF as solvent

Continuous Flow Process Intensification



➢Let us use DMF as solvent

➢To use morpholine as pure, we need to make 5.75M DFNB in DMF

➢This will allow us to keep the flow rate of DFNB solution and pure 

morpholine as equal

➢So, our limiting intensification is 5.75M DNFB in DMF and pure 

morpholine

➢Now start the drop test and find out the optimum starting point.

PLEASE DOCUMENT EVERYTHING 

PREPARE THE FINAL TABLE SUMMARIZING ALL THE DROP TEST RESULTS

Continuous Flow Process Intensification
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DFNB (M) Morph (M) Exothermicity Observations

5.75 M 11.5 (Pure)
Ppted (thick), 

color etc

Up to 200 mM

Solvent Selected: DMF

➢ Highlight where the exotherm was small

➢ Highlight where the preciptation (if any) observed or large exotherm

Continuous Flow Process Intensification



41

At this stage you will have documented following:

➢ Starting concentration of reagents (~100-200 mM)

➢  Weather you are going to do reaction at High or Low Temp.

➢  What is the maximum intensification possible based on the 

 information wherein precipitation happens.

Goal is to intensify (highest concentration and lowest 

time, i.e. highest throughput) as close to this as 

possible based on the reactor and utility chosen.

Continuous Flow Process Intensification
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Batch to Flow: General Idea

➢ Check and Confirm that it is a single step reaction

➢ Calculate Stoichiometry of each reagent

➢ Calculate the total volume of solvent used

➢ Now distribute the solvent among each reagent (equal, if possible)

➢ Prepare separate solution for each reagent

➢ Calculate molarity of each reagent

➢ Calculate the flow rate of each reagent for given stoichiometry

➢ This will be your total flow rate (X1)

➢ Now calculate the total flow rate (X2) for given reaction time (reactor volume/time)

➢ Calculate the ratio of X1 to X2

➢ Divide each reagent flow rate by this ratio to get the final flow rates for the reaction 
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Continuous Electro Process Intensification

Life is very Easy for a chemist here

Fastest Transition (half an hr) to Electro Organic

Exactly Same Process as Batch

You save One Reagent but not Solvent
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Chemical   vs   Electrochemical 

Substrate     Substrate  

Reagent     Electricity

Solvent      Solvent

Catalyst     (Mediator)

      Electrodes

      Electrolyte

      Constant I or V

Flask      (Un)Divided Cell

The number of experimental parameters that may be manipulated in electrosynthesis is large

Continuous Electro Process Intensification
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Continuous Electro Process Intensification
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Continuous Electro Process Intensification

The initial reaction setup should be kept as simple as possible. 

The following conditions are usually used as a starting point: 

Anode: Graphite or Pt

Cathode: Stainless steel or Pt

Substrate: 20 to 50  mM

Electrolyte:  100 mM (TBABF4 for Organic, KF/KCl salts for Aqueous); 

Constant Current Mode:  20-50 mA, 1–2 F mol−1

 Monitoring of the reaction by TLC, GC, LCMS etc. over time 
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Continuous Electro Process Intensification
Electrodes

Anodes

Anode for Reduction Anode for Oxidation 

Sacrificial anode (Dissolve when used as anode) Non sacrificial anode

Cathodes

Cathode for Reduction 

Mg     Al      Fe      Sn       Pb       Hg       Carbon-based Fe    Au     Ni     Pt 

Good for reduction of organic compounds When HER Needed
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Continuous Electro Process Intensification

At this stage you will have following information (economy also):

Electrode Combinations vs Yield and Faradaic Efficiency 

Economy: Which is the cheapest electrode combination for a given outcome

Now move to Continuous Flow Process for Intensification/Scale up
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Continuous Electro Process Intensification

Optimization 

➢Max Yield 

➢High Selectivity

➢Max Current Density

➢High Faradaic Efficiency 

➢Cost of Electrode Material

➢Cost of Solvent

➢Cost of Electrolyte

Once Everything is in place, explore paired chemistry
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Continuous Mechano Process Intensification

Life is very Easy for a chemist here

Fastest Transition (half an hr) to Mechano Organic Chemistry

Just mix everything and you are ready to go

You save Solvent but not Reagents
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Mechanochemistry

Dong, L. et al. Mechanochemistry: Fundamental Principles and Applications, Adv. Sci. 2024, 12, 2403949

Stolar, T.; Emmerling, F. et al. Mechanochemistry: Looking Back and Ahead, Chem 2026, 12, 102880

Stauch, T. et al. Advances in Quantum Mechanochemistry: Electronic Structure Methods and Force Analysis, Chem. Rev. 2016, 116, 14137

Pressure Friction Shock Impact Shear Torsion

A mechanochemical reaction is defined as “a chemical reaction that is induced by the direct 

absorption of mechanical energy” (IUPAC Compendium of Chemical Terminology 2009)

https://www.wab-group.com/flow-chemistry/
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Continuous Mechano Process Intensification

Life is very Easy for a chemist here

Fastest Transition (half an hr) to Mechano Organic Chemistry

Just mix everything and you are ready to go

You save Solvent but not Reagents

There is no restriction on chemistry at and above RT

Except Shear/Shock/Stress/Friction Sensitive Chemistry
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Continuous Mechano Process Intensification

Slide: Prof. Kappe
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Continuous Mechano Process Intensification

Atapalkar, R. S.; Kulkarni, A. A. Batch and Continuous Flow Mechanochemical Synthesis of Organic Compounds Including APIs,Rea ct. Chem. Eng. 2024, 9, 10
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https://www.youtube.com/watch?v=WPyzykk79K0&list=PLdesNkcRuf70shzcrbWS8dwixJdnSVYWD

Mechanochemistry
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Mechanochemistry
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Slide: Prof. Kappe
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Mechanochemistry

Mechanochemical Notations

Nicolas Fantozzi et al. Chem. Soc. Rev., 2023, 52, 6680 
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