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Flow chemistry
“Flow chemistry”, sometimes referred to as “plug flow” or “continuous flow 
chemistry” is the process of performing chemical reactions in a tube or pipe. 
Reactive components are pumped together at a mixing junction and flowed down 
a temperature-controlled pipe or tube. This provides some major advantages such 
as faster reactions, cleaner products, safer reactions and easy scale-up.

Electrochemistry
“Electrochemistry” is the branch of chemistry concerned with the interrelation of 
electrical and chemical changes that are caused by the passage of current.  

Flow synthesis scheme

Outlines of group meeting:
-  Electrochemical reactors comparison
-  Flow reactor design and configuration
-  E-flow reactors elaboration
-  Applications in organic synthesis 
   (laboratory and industry production)

Major references for this group meeting:
-  Noël, T. et al., Acc. Chem. Res. 2019, 52, 2858.
-  Pletcher, D. et al., Chem. Rev. 2018, 118, 4573.
-  Atobe, M. et al., Chem. Rev. 2018, 118, 4541.
-  Cardoso, D. P. et al., Org. Process Res. Dev. 2017, 21, 1213.
-  Arenas, L. F. et al., J. Electrochem. Soc. 2020, 167, 023504. 
-  Ziogas, A. et al., J Appl Electrochem 2009, 68, 2297. 

Electrochemical reactor (Electrochemical cell)
An electrochemical cell is a device that can generate electrical energy from 
the chemical reactions occurring in it, or use the electrical energy supplied to it 
to facilitate chemical reactions in it. These devices are capable of converting 
chemical energy into electrical energy, or vice versa.

Electrochemical flow reactor
Is there anyway to combine features of electrochemistry and flow chemistry to 
a tool in which could take advantage both of them? The answer is absolutely 
yes and here comes the electrochemical flow reactor.

Electrosynthesis scheme

a) Filter press flow cell in chlor-alkali electrosynthesis. 
ThyssenKrupp Industrial Solutions.

b) Filter press flow cell for chlor-alkali processing. 
ICI Chemicals and Polymers Ltd (now Inovyn Ltd).

Flow cell development milestones

Redox flow battery

1884

First flow battery made 
by Charles Renard and  

Arthur Krebs
1893

Porous electrode 
used in flow cell

1889
First filter-press 
fuel cell stacks

1899
First filter-press flow 

reactor patent granted

1965

Monsanto ADN large 
scale production in 

flow reactor

Research group to review:
-  Jun-ichi Yoshida group
-  Timothy Noël Group
-  Richard C. D. Brown Group
-  Frank C. Walsh Group
-  Siegfried R. Waldvogel Group
-  Thomas Wirth Group

Group meeting NOT include
-  Reactors for electroplating, electroforming, 
   electrowinning, and waste water treatment
-  Simulation and modeling of reaction 
   environment in electrochemical flow reactor
-  Calculation of hydrodynamic parameters 

a

Fuel cell
Filter press model:



Reactors for electrosynthesis
Factors to Consider Batch Reactor Flow Reactor

Interelectrode Distance (d) large small

l Diffusive Distance large small

l Travel Time (to electrode) long short

l Ohmic Potential Drop high low

l Power of Heating high low

l Energy Cost high low

l Electrolyte Loading large small

Surface-to-Volume Ratio (Ae/V) small high

l Conversion Rate slow fast

l Heat Exchange slow fast

Scale-up Mass Transfer slow fast

l Mass Transfer Mode complex well defined

l Conversion Time long short

Scale-up Heat Transfer slow fast

l Scale-up Safety Level low high

l Integrated Heat Exchanger not applicable applicable

l Precise Temperature Control inefficient efficient

Reagent Solubility soluble, insoluble soluble (only)

Electrode Deposition likely less likely

Electrode Potential Distribution nonuniform uniform

Scale-up Strategy dimension enlarge numbering-up plates

l Residence Time Control not applicable applicable

l Scale-up Set up easy complex

l Scale-up Reoptimization complex minimal, easy

l Space Requirement large space small space

Flow reactor with recycle Batch reactorFlow reactor with single pass
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Mass Transfer Controled  Conversion:

Joule's First Law:
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Overpotential (V)

Electrochemical reactor category 

Electrochemical transformation Rate controlling steps in electrochemistry

List of Symbols:

Ohmic potential drop of cell (V)

Cell Current (A)
1

Electrolyte ohmic resistance (Ω)

Electrode Surface (m2)
1

Interelectrode Distance (m)
1

Conductivity (S m-1)
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Current density (A m-2)
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e

drop

k
i

d
A
R
I
U







Flow-by
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(undivided cell)Flow mode               (divided cell)

Flow field (channel)

General electrical connection

a) Parallel
b) Interdigitated 
c) Pin-type
d) Spiral
e) Single serpentine 
f)  Multiple serpentine 

IE

IEv

v
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Flow-by
(planar)

Flow-across
(porous)

Flow-through
(porous)

Flow-by
(porous)

Interdigitated
(porous)

Flow-through
(planar)
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Divided cell electrical connection

Flow type

Cath In                                   
An Out

An In

Undivided cell electrical connection

  Bipolar mode

(+) (-)

Monopolar mode                                 

 Monopolar mode                                                    Bipolar mode

+      -+     -+      -+     -

bipolar electrode

ion exchange membrane
(separator)normal 

anode
normal 
cathode

gradual scaling by 
increasing the number of 

electrodes                               

Outlet                                                                          Outlet

Inlet                                                                            Inlet bipolar electrode

Monopolar electrodes in 
parallel connection

Empty channel

Monopolar electrodes in 
series connection

Bipolar electrodes in 
series connection

aaa


UDRe 

Reynolds number:

Re< 2100

Re>4000

The velocity of the flow (U)
The diameter of the tube (D)
The density of the fluid (ρ)
The fluid's dynamic viscosity (µ) 

Laminar flow (every fluid molecule followed a straight path)

Turbulent flow (every fluid molecule has a irregular path)



Ready-made flow reactors on the world market
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Filter-Press flow cell (FM01-LC marketed by ICI)

a

Standard mode (single cell, undivided)
In 1990s BASF used this cell for commercial production of adiponitrile, 
dimethylsebacate, 4-tert-butylbenzaldehyde, and dimethoxyhydrofuran.

In 1970s the cell was used for methoxylation and acetoxylation of 
toluenes, alkylamides, and N-heterocycles, as well as dehydrocoupling of 
aromatic rings, for a scale of 1-5 mol and completed in 1-10 h.

Disk stack cell
Ø  Bipolar connection
Ø  Thin polymer spacer
Ø  up to 100 disks

insulaing seal

steel pipe cathode

solution outlet

carbon rod anode
narrow 
interelectrode gap

insulating seal

    solution inlet

g.
..

a

a

Advantages:
-  High mass transport rates
-  Uniform potential and current distributions
-  Simplicity of design, installation, and maintenance 
-  Low capital and running costs
-  Easy integration with other process needs
-  Easy scalability (ranging from laboratory pilot scale to industrial 
   scale) by increasing electrode size or by constructing stacks of 
   multiple cells
-  Flexibility of cell architecture (divided cell/undivided cell)
-  Well defined fluid flow and mass transfer in a rectangular flow 
   channel
-  Easy adjustment of electrode distance
-  Ability to install different electrode and channel configuration

E-chem flow reactor set-up

Performance improvement:
-  Greater flow turbulence due to better electrolyte agitation
-  Improved local turbulence using a roughened electrode 
   surface or using a 2D/3D porous electrodes
-  Improved local turbulence by introducing polymer mesh
-  A higher flow rate through channel

Spacer/Turbulence promoter 3D electrode (RVC, flow-by)

(Dimensionally stable anode)

(Constant stir tank)

Pipe cell
Ø  Concentric electrode
Ø  0.5-3 mm IE gap
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(1) Total view of the flow cell, (2) cross section of the hole cell, (3) anodic half-
cell and Nafion separator, (4) cathodic half-cell: (a) cathode, CuSn7Pb15; (b) 
anode, graphite; (c) Nafion membrane; (d) inlets for electrolyte; (e) outlets for 
electrolyte; (f) contacts for cooling media.

Explosion drawing of flow reactor

Flow Parameters (16 mmol): 
Q=20 F                        
CD=15 mA/cm2                       
Vf=0.6 mL/min
I= 1.2 A (C.C)
S=80 cm2

Tcat=25 ℃
Anode: Graphite
Anolyte: DMF, MTES, MeOH
Cathode: CuSn7Pb15
Catholyte: DMF, MTES
Divided cell, single pass

Gütz, C. et al Org. Process Res. Dev. 2015, 19, 1428.
Key Intermediate for NS5A Inhibitors

Norvatis dehalogenation
Flow field: 
Parallel

Flow mode:
Flow-by planar
 
Flow regime:
Laminar

Electrode type:
2D planar

Electric connection:
Monopolar

Anodic half-cell

Cathodic half-cell

Stainless steel 
framework

Cell division: 
Divided 

Stainless steel plate 
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Mo, Y. et al Science 2020, 368, 1352.

Redox-neutral reaction

Flow cell parameters: Flow-by, 
undivided cell, single pass, d= 25 µm, 
monopolar connection, empty channel

Deprotection

Chemoselective cathodic reduction

Arai, K. et al Org. Process Res. Dev. 2014, 18, 1377.

Amemiya, F. et al Chem. Commun. 2010, 46, 2730.

Flow parameters: Undivided cell, 
single pass, flow-by, CD= 16.7 
mA/cm2, vf= 15 µL/min

Ag cathode, 75% (γ:α= 87:13) Pt cathode, 44% (γ:α= 9: 91)
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Batch: 100 mol% Me4NBF4, d=1.0 cm, 24 h, 1.0 mmol 55% yield
Flow: Undivided cell, single pass, 10 mol% Me4NBF4, V= 3.2 V, 
CD= 5.6 mA/cm2, d= 250 µm, tR= 5.0 min, 1.0 mmol 81% yield 
(10.0 mmol 80% yield)

Laudadio, G. et al J. Am. Chem. Soc. 2019, 141, 5664.

Sulfonamide synthesis

Flow Parameters: Undivided cell, single pass, d= 75 
µm, PTFE membrane (φ= 3.0 µm), vf= 2 mL/h, I= 11 
mA (C.C), no electrolyte 

Horcajada, R. et al Chem. Commun. 2005, 10, 1303.

Anodic Methoxylation (Shono Oxidation)

Isoindolinone synthesis

3D printed e-flow reactor

Flow Parameters: Undivided cell, single pass, Q= 3F, I= 
24 mA (C.C), V= 1-3 V, vf= 0.1 mL/min, 3D printed reactor 
(0.205 mL), serpentine channel, d= 0.75 mm

Folgueiras-Amador, A. A. et al Angew. Chemie. Int. 
Ed. 2017, 56, 15446.

In situ o-Quinones

Flow Parameters: Undivided cell, single 
pass, d= 80 µm, vf= 6.0 mL/h, I= 4.5 mA 
(C.C), CD= 1.5 mA/cm2

Tanaka, K. et al Synlett 2019, 30, 1194.

Flow Parameters: Undivided cell, single 
pass, d= 80 µm, vf= 0.1 mL/min, Q= 2.8 F, 
I= 4.5 mA (C.C), CD= 1.5 mA/cm2

Kashiwagi, T. et al J. Flow Chem. 2013, 3, 17.Suga, S. et al J. Am. Chem. Soc. 2001, 123, 7941.

Flow Parameters: Divided cell, single pass, PTFE 
membrane with (φ= 0.1 μm), I= 14 mA (C.C), vf= 2.1 mL/h 

Cation flow synthesis
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as

Difluoro- and Trifluoromethylation 

Arai, K. et al ChemistryOpen 2014, 3, 23.

Flow Parameters: Undivided cell, single 
pass, FEP channel, d= 254 µm, I= 200 mA 
(C.C), CD= 111 mA/cm2, Vf= 50 µL/min, 
tR= 28s

Flow Parameters:  Undivided cell, single pass, 
FEP channel, d= 254 µm,I= 50 mA (C.C), CD= 
28 mA/cm2, Vf= 20 µL/min, tR= 69s

Flow Parameters:  Undivided cell, single pass, 
FEP channel, d= 254 µm,I= 10 mA (C.C), CD= 
2.4 mA/cm2, Vf= 5 µL/min, tR= 10.5 min

Domino-oxidation−reduction

Gütz, C. et al Org. Process Res. Dev. 2017, 21, 771.

IKA e-flow reactor

Flow Parameters: Divided cell, 
single pass, (+)C/(-)S.S. Nafion 324 
membrane, d= 1 mm, Vf= 8.5 mL/h, 
I= 60 mA (C.C), Q= 2.18 F, CD= 5 
mA/cm2

Flow Parameters: Undivided cell, single 
pass, (+)C/(-)Pb, d= 0.12 mm, Vf= 8.5 mL/h, 
I=60 mA (C.C), Q= 2.18 F, CD= 5 mA/cm2, 
no electrolyte

- Byproducts (mono- and 2-fold 
  dehalogenated product) control 
  by lowering IE 
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He, P. et al Angew. Chemie. Int. Ed. 2006, 45, 4146.

Flow Parameters: Undivided cell, single pass, d= 
160 µm, vf= 15 µL/min, V= 4-4.4 V, tR= 5 min

C-C bond coupling
Manuiscript submitted to Org. Process Res. Dev. 

Peters, B. K. et al Science 2019, 363, 838. 

Flow reactor laboratory scale-up
Birch reaction

Oxidative cyclization 

Laudadio, G. et al J. Am. Chem. Soc. 2019, 141, 11832.

Flow Parameters: Undivided cell, single pass, d= 
250 µm, T-mixer, vf= 0.15 mL/min, V= 3.3 V (C.V.)

Sulfonyl Fluoride Synthesis

Flow Parameters: Undivided cell, single pass, d= 
250 µm, vf= 0.2 mL/min, CD= 4.88 mA/cm2, Q= 2.5 
F, no supporting electrolyte

Folgueiras-Amador, A. A. et al Chem. A Eur. J. 2018, 24, 487.

Dehydrogenative C−S Bond Formation

Hydrogenation (Furfural reduction)

Cao, Y. et al Org. Process Res. Dev. 2019, 23, 403.

Flow Parameters: Undivided cell, single pass, 
vf= 0.075 mL/min, tR= 10 min, V= 2.9 V (C.V.), 
current effiency 90%
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Monsanto adiponitrile process

Byproduct controled by 
cathode overpotential

-  2 kA/m2 current density, 3.8 V per cell
-  Current efficiency 95%
-  Interelectrode gap 2 mm
-  Total energy use 2.5 kWh/kg 
   (6.0 kWh/kg as of corresponding  
   undivided cell)
-  0.347 million metric ton/year 
   production (2010) 
-  QS adsorbed on the cathode
   in preference to protons or water

Flow reactor in commercial production

Amination

Kawamata, Y. et al J. Am. Chem. Soc. 2019, 141, 6392.

-  First commerical example of paired   
   organic electrosynthesis
-  Product on both anode and cathode
-  200% Bipolar disk stack cell
-  4000 metric ton/year production
-  MeOH as both reagent and solvent

BASF phthalide and dimethylacetal process

BASF p-Anisaldehyde process

-  Biopar disk stack cell with recycle mode
-  Current density 300-500 A/m2 with a cell  4-6V
-  More than 3500t/year production
-  Conversion > 90%, yield > 80%, selectivity > 85%

Nipon Chemical  L-Cystine process

-  3000 metric tons per year world market
-  100% conversion and 90% current efficiency
-  Current density 2500 A/m2

-  Filter press divided cell

-  Current density1 kA/m2 at a cell voltage 4-7 V

Botte, G. G. Electrochem. Soc. Interface 2014, 23, 49.

Steckhan, E. et al Chemosphere 2001, 43, 63.

Ralph, T. R. et al J. Electroanal. Chem. 1994, 375, 17.

Monsant EHD Flow reactor
Möhle, S. et al Angew. Chemie. Int. Ed. 2018, 57, 6018.
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Important parameters for industrial 
scale up:
-  Yield of the desired product
-  Rate of production
-  Energy consumption 
-  Capital cost

Challenges to commercialization 
-  High energy costs
-  Pollution constrains
-  Low product selectivity 

List of Typical Industrial Processes Based on Organic Electrosynthesis

Sequeira, C. A. C. et al J. Braz. 
Chem. Soc. 2009, 20, 387−406.

Cardoso, D. S. P. et al Org. 
Process Res. Dev. 2017, 21, 1213.
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Parameters and choices regarding the design features in e-chem flow reactors Performance indicators include: 
km, Mass transfer coefficient for 2D   
     electrode
kmAe, Volumetric Mass transfer 
         coefficient for 3D electrode
XA, Fractional conversion of reactant
STY, The space time yield of an 
         electrosynthesis cell 
NSV, The normalised space velocity 
         of environmental treatment cell.

Hydraulics parameters include:
Q, Volumetric flow rate of electrolyte, 
     cm3/s
v, Mean linear flow velocity past the 
   electrode surface, cm/s
P, Pressure, Pa
Re, Renard's number

Requirements of good flow cell:
-  High productivity
-  Good mass transport
-  Good temperature control
-  Low electrical resistance
-  Eas of operation
-  Safety in operation
-  Ability to deal with gaseous 
   products and reactants
-  Minimum cost


