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Intro and objectives

• Bio(reactors):
• Production of/by ‘particles’
• Handling and separation of particles
• Operate at high concentrations

• Low Re numbers advantageous?
• Throughput?
• Particle handling: small versus large 

particles
• Plug flow?
• Dispersion?



Outline

• Intro
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• Applications 
• Contactor: L-L-extraction

• Heavy duty liquids crystallization
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Dispersion + reaction→ higher V, t

• V: 

𝑑𝐶𝐴

𝑑𝑡
= −𝑘𝐶𝐴

A A + B

CA0 CAf

V: volume reactor (with dispersion)

Vp: volume plug flow reactor
CAx

Plug flow

Chemical Reactor 

Engineering, Levenspiel, 

1972, Wiley

Bo=uL/D



Laminar flow – turbulence in reactors

Chemical Reactor 

Engineering, Levenspiel, 

1972, Wiley



Fundamental advantages

• Nano-scale reactors : supra-molecular assemblies
• Unique molecular forces due to confinement
• Specific catalysts, zeolites, micelles

• Micro-scale reactions
• Increase of gradients (T, Conc., density, pressure)
• Mixing times: can be ms-ns
• Short residence times
• Plug-flow: narrow residence time distribution
• High P-T processing: operation at liquid pressures above 

boiling point
• High troughput screening of reaction kinetics
• Safety
• Scaling out



Heat aspect: Important asset of 
µreactors

• More efficient and faster (endothermic 
reactions)

• No hot spots

• Controlled exothermic reactions: safety!
• Solvent free processes: higher efficiency

• Routes in explosive regime (actual shift: quenching of radicals by 
collisions with surface due to  high S/V)

• Only small quantities of toxic or explosives required (<-> batch 
reactors) 

1 cm



Upscaling is not

always

straightforward

“It worked fine in the lab !"



Reactor upscaling

Small lab beaker

Industrial tank



Reactor replication ("numbering up")



Numbering up vs. scaling-up



Micro-reactor scales

1700 kg/hr

1 kg/hr1 mg/hr



Safety

Ammonium nitrate - 1921

Killing 500–600 people and injuring about 2,000 more

.

Ammonium nitrate is strongly hygroscopic, so the mixture 
of ammonium sulfate and nitrate clogged together under 
the pressure of its own weight, turning it into a plaster-
like substance in the 20 m high silo. 
The workers needed to use pickaxes to get it out, a 
problematic situation because they could not enter the silo 
and risk being buried in collapsing fertilizer.
To ease their work, small charges of dynamite were used 
to loosen the mixture. The procedure was tried 
experimentally and was considered safe. It was not known 
at the time that ammonium nitrate was explosive. 
A theory is that the mixture changed and a higher 
concentration of ammonium nitrate was present.



Ammonium nitrate - 2001

Ammonium nitrate decomposes in temperatures above 
210 °C. Pure AN is stable and will stop decomposing once 
the heat source is removed, but when catalysts are 
present (combustible materials, acids, metal ions, 
chlorides. ..) the reaction can become self-sustaining 
(known as self-sustaining decomposition, SSD).

The exact cause of this disaster remains unknown. 



Minifactories: “smaller=safer"

An expensive lesson:

Accident at Bhopal, 1984

To produce the pesticide Sevin

>50,000 injured (>2000 
casualties, long-term 10,000) 
run-away reaction and escaped 
toxic gas

Proces-intensified continuous 
reactors could have processed 
MIC* directly with less than 10 
kg MIC present

*methyl isocyanate

D.C. Hendershot, Chem. Eng. Progr, Jan. 

2000, p. 35

Water entered a tank containing 42 tons of MIC. 
The resulting exothermic reaction increased the temperature inside the tank to over 200 °C 
(392 °F) and raised the pressure. The tank vented releasing toxic gases into the atmosphere

Sevin (carbaryl)



Amm. nitr. accidents during transport

Distributed 
production !!!



2000 2018 ?

Central or distributed ?

“The natural course of every technology leads to fragmentation and smallness.” 

George Gilder, Harvard Business Review, April 1988

"We are blocking our roads with trucks..... Decentralization burdens the environment 
much less"

interview with Jos Put, CTO DSM, in C2W, 15 Sept. 2007



Industrial µreactor, DSM Linz, 2005

65 cm, 290 kilo

1700 kg liquid/h  
Removes a few 100 kW reaction heat

Contains mixers and a few thousand 
of microchannels

production: 300 ton in 10 weeks

Developed by Forschungszentrum 
Karlsruhe (FZK) and DSM



Specific aspects reaction

Goal was: synthesis organic intermediate via "Ritter" reaction:

• Very fast reaction

• Highly exotherm

• Toxic products, concentrated sulfuric acid 

• Large differences in and fast increase of viscosity



LIGA (Lithography, Galvanoformung, 
Abformung)

• Lithographic step (laser, electron- or ion beam, UV, X-
ray: large AR’s)

• Electroplating

• Mold insert or embossing: replication

→ mass production of plastics 

• High precision, high surface 

quality, high AR’s

• Based on broad material palette:
• Metals:direct

• Ceramics: cast

• Polymers: cast



Laser melting deposition

Materialise



Electro-discharge machining

• Especially appropriate for hard or 

chemically resistive materials

• Can be applied on all kinds of conductive materials

• Voltage generator, electrode

• Technology based on erosion process: discharge between
electrode and workpiece

• Advantages

• No mechanical contact: no contamination

• 3D machining possible (vs. 2.5 D)



CONTACTING LIQUIDS



• Need for small scale extraction units
• sample preparation

• small scale production of pharmaceuticals

• process development

• Increasing demand to combine extraction with 
reaction, heat transfer, (photo)catalysis, etc. 

• Phase separation often slowest step: demand for 
alternative configurations 

On-chip contactor/extractor



Interface stabilization



Membrane contactor



• 1.3 cm wide channel
• Flow distribution

• Support structures

• 100 µm deep channels

• 70 µm thick membrane
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1-propanol in heptane, water

r
PLaplace

 cos2
−=

 = Interfacial tension

 = Pore shape factor (0 <  < 1 ) 

 = Contact angle  

(Membrane/Liquid 1/ Liquid 2)

r = pore radius

Membrane contactor (co-current)



Kinetics
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Glass, PMMA, PEEK, POM, Alu

1 cm
10 cm

sealing

rigid casing  for plastic 

substrates

Contactor configuration



Title

• Distributor

• Straightforward increase in 
width

Membrane contactor: increasing
throughput

20 cm wide



0

0,5

1

1,5

2

2,5

3

3,5

0 1 2 3 4 5

C
E
/

C
F

Residence time (min)

Single Stage Co-

Current (width =

13 mm)

Single Stage Co-

Current (width =

100 mm)

Single stage

Equilibrium

10 cm wide channel

V=1 ml

F: 1 ml/min

Feed: Heptane+3% benzylalcohol

Solvent: water

PP membrane 20 µm thick
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CRYSTALLIZATION 



Emulsion crystallization of HCO 

II. Meso-micro continuous process designed for the 

crystallization of Hydrogenated Castor oil (HCO)

I. Hydrogenated castor oil (HCO)

• Triacylglycerol (fat)

• Used in heavy duty liquids

➢ Prevents phase split

➢ Increases the viscosity

III. Main objectives 

• Increasing performance by controlling the crystal shape

• Characterization of the emulsion crystallization

• Ehrfeld microreactors & Swagelok tubing

• Total flow  5 – 20 kg/h



Emulsion crystallization of HCO

III. The emulsion crystallization of HCO

Contains two transformation steps

• Part I:  Emulsification

• Part II: Crystallization



Emulsion crystallization of HCO
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Which crystal shape do we want? 

➔ Thin fibers

Why? 

➔ The highest low-shear viscosity increase

Crystallization - Crystal shape



Emulsion crystallization of HCO

Identifying the optimal process parameters 

Temperature

• T > 60 °C

Large rosettes and fibers

• T < 60 °C

Short needles and irregular shapes

• T1 33 °C - 45 °C // T2 71 °C

Thin fibers

Emulsion size

Shear rate

[Surfactant]

[HCO]

Etc…



DROPLET GENERATION
AND MANIPULATION



Emulsification using specific channel 
geometries



Segmented flow:gas-liquid 

Gas divides liquid into small batch 
reactors

In case of (e.g. Silica or TiO2) 

particle growth: 

particles close to wall grow longer



A. Günther e.a., Lab Chip 4, 2004, 278

LFR: laminar flow; SFR: segmented flow

Silica nanoparticles. Scalebar 1 μm

Segmented flow:gas-liquid 



In-line demixing

100 % efficiency separation

Non-coloured organic phase 

(chloroform)  is wetting the 

teflon and flows  in the narrow 

channels 
720 µm wide, 600 µm deep

140 Side channels at phase separator: 36 µm wide, 130 µm  deep



Segmented flow: liquid-liquid 

Barrow et al, lab chip, 9, 388, 2009

Laser machined PTFE

(polyfluoroethylene)

720 µm wide, 600 µm deep

140 Side channels at phase separator:

36 µm wide, 130 µm  deep

λ=780 nm, 0.55 W, 

Machining speed: 50 mm/min 

chloroform/water



Valving



Valving/pumping

Stephen Quake et al, Science 288, 113, 2000

PDMS to PDMS

Air actuated

Membrane of 30 µm

10 µm deep channel
Complete sealing!

(Only up to a few bar)

Valves sequentially on-off: 

pumping 



Multiple contents - screening



Emulsion polymerization Lock release

Complex emulsion particles



Parallellization

Brassard et al., Lab Chip, 2008, 8, 287–293

Glass chips (fusion bonded)

depth 100 µm

Width 100 & 200 µm

to be disp. Phase: 1,6 hexanediol diacrylate

with photoinitiator

Aqeous phase: polyvinylalcohol (2%) in H20



Contact angle manipulation

Brassard et al, Lab Chip, 2008, 8, 1342–1349



Digital µFluidics



CV: <7% vs. 25-80 % (smx and batch)  

Emulsion approach: other opportunity for 
microreactor format

http://www.brabobal.be/img/Umicore.gif

http://www.google.be/url?sa=i&source=images&cd=&cad=rja&docid=iVCcj51zh40OIM&tbnid=pMYaD8dxblsW4M:&ved=0CAgQjRwwAA&url=http://www.brabobal.be/sponsors.htm&ei=GUVTUaDPHujX0QXEnID4Dw&psig=AFQjCNHWNmCvc-rMwweg5H5COZ1VarlHrA&ust=1364498073552080


http://www.brabobal.be/img/Umicore.gif

400 µm hexane droplets in water 

+ SDS (CV ~10 %)

5 bar: 10 ml/min (64 nozzles)

Industrial scale emulsification

Patent pending

http://www.google.be/url?sa=i&source=images&cd=&cad=rja&docid=iVCcj51zh40OIM&tbnid=pMYaD8dxblsW4M:&ved=0CAgQjRwwAA&url=http://www.brabobal.be/sponsors.htm&ei=GUVTUaDPHujX0QXEnID4Dw&psig=AFQjCNHWNmCvc-rMwweg5H5COZ1VarlHrA&ust=1364498073552080


Several layers (11) are stacked and thermally bonded @ 155 C for 50 min 

under 5 kg weight (PMMA)

Reversible procedure with fluoroelastomer

Chip assembly



0. 4 mm droplets

(CV ~10 %)
Hexane droplets in water+SDS

5 bar: 10 ml/min (64 nozzles)

On-chip characterization 



Multi-nozzle array (CV ~10 %) Mixer (CV ~ 35 %) 

Enhanced phase separation



3D flow distribution

µFlow group - Patent 
“EP2957338”

3D emulsifier: 

microfluidic design for a high throughput 

droplet production

8 nozzle system

Inlet 

dispersed 

phase
Inlet 

continuous 

phase Droplet 

generator

Droplet 

generator4096 nozzle system

maximizing number of nozzles / surface



Pressure drop at branches

Nozzle diameter 150 µm

Channel depths: 200 µm

Width: 1 mm to 300 µm 

5 ml/h/nozzle 

A (first layer)….D (nozzle)



(Reducing) sensitivity to fouling

h=500 µm

1 mm – 1 mm 

-1 mm – 0.5 mm 

- 0.5 mm 

1 mm – 1 mm -

1 mm – 0.5 mm 

- 0.1 mm 

defects

Channel depths

Last channel 

before 

through-hole 



Throughput considerations

PMMA chips

P. Gelin et al, Ind & Eng Chem Res (2020)

Outlet Overview

2048 

nozzles on 1 

cm2 :  

8.2 l/h

100 µm channels



PLGA

• Biodegradable polymer

• Drug release
▪ Cancer treatment

▪ …

▪ Cell therapy for diabetes

• Basic Mechanism
▪ Slow degradation of the 

polymer, releasing the 

drug into the 

environment



PLGA: motivation

• Motivation

– Inject alongside implant (β-cells)

– Diameter: 10-50 µm

– Dexamethasone loaded particles

→Prevent inflammation

→Induce β-cell proliferation

Dexamethasone

Collaboration with Prof. Karine Hellemans (Diabetes Research Center, Brussels) 



PLGA particles – cell therapy

PLGA: poly(lactic-co-glycolic acid)

300 µm



PLGA particles, loaded with dexamethasone  



Vandermeersch, T., Goovaerts, R., Luyten, J., Denayer, J., De Malsche, W. (2015), 

Chemical Engineering Journal

http://www.brabobal.be/img/Umicore.gif

Vortex contact – geometrical approach

300 µm

http://www.google.be/url?sa=i&source=images&cd=&cad=rja&docid=iVCcj51zh40OIM&tbnid=pMYaD8dxblsW4M:&ved=0CAgQjRwwAA&url=http://www.brabobal.be/sponsors.htm&ei=GUVTUaDPHujX0QXEnID4Dw&psig=AFQjCNHWNmCvc-rMwweg5H5COZ1VarlHrA&ust=1364498073552080


ACOUSTICS



Acoustofluidics

Microfl

uidics

Acousti

cs

Acoustofluidics = ultrasound-based manipulations in microfluidic 

devices



Acoustofluidics

• Operates in the MHz range → λ < 1 mm

• Maximum energy transfer at resonance frequency → generate a standing wave

• Criterion for a standing wave in micro-cavity:

𝑤𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ 𝜆 = 𝑐/𝑓

𝐶ℎ𝑎𝑛𝑛𝑒𝑙 𝑤𝑖𝑑𝑡ℎ = 𝑛 ∗
𝜆

2
c: Speed of sound [m/s]

f: Frequency [Hz]

λ: Wavelength [m]

𝑓 𝑥, 𝑡 = 𝐴 ∗ 𝑒𝑖(𝑘𝑥±𝜔𝑡)



Acoustofluidics

• Bulk acoustic waves (BAW)

• Whole device vibrates and standing wave in generated in “matched” direction

• Generated by piezoceramic element (PZT)

• Chip made of non-elastic material to ensure reflection of pressure wave (glass; silicon; 
metals; …)

• Frequency: 1 - 10 MHz



Acoustophoresis of particles

A. Lenshof. Lab on a Chip, 

2012



Acoustic manipulation of particles

Particles are affected by acoustic field:

• Radiation force: 𝐹𝑟𝑎𝑑 = 𝑛4𝜋 Φ 𝑎3 𝐸𝑎𝑐

𝜔
sin(𝑛2𝜋

𝑦

𝜔
+ 𝑛𝜋) 

• Stokes drag force: 𝐹𝑑𝑟𝑎𝑔 = 6𝜋𝜂 𝑎 𝑣𝑙𝑖𝑞 − 𝑣𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

• Large particles (>2 µm): 

• Affected by Frad

• Focus in pressure node 

or antinode depending 

on Φ. (Hard/Soft particle)

• Small particles (<2 µm)

• Mostly influenced by 

Fdrag

• Follow liquid vortices

Particle diameter

Hard particle on pressure     

        node

Soft particle 

on pressure 

antinode

Frad, Φ > 0

Frad, Φ < 0



Acoustic manipulation of particles

Polystyrene particles    diameter= 0,5 µm

diameter= 5,0 µm

Comsol simulation, unpublished, µFlow group



Enhanced mixing with acoustics

0,0 0,80,60,40,2 1,0
mol/m³

sub-s mixing

in a 375 µm channel

Cross section

Gelin, P., Sukas, O.,Hellemans, K., Maes, D., De Malsche, W. (2019), 

Study on the mixing and migration behavior of micron-size particles in 

acoustofluidics, Chemical Engineering Journal, 369, 370-375



Acoustics - heating considerations

When actuated, the PZT generates heat depending on the voltage applied 

-> interference with the primary source of waves. 

Solution: Peltier-based PID feedback controller
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Acoustics - heating considerations

150

V

240

V

Acoustic 

off

Infrared sensor



Acoustofluidic separation

Buffer



Acoustic separation – high solid loads

Process conditions: 

Flowrate: 3.6 mL/min

Concentration: 10,0%

Potential: 240 V 

Temperature: 30°C

Stability of separation tested up to 

24 mins

(vial empty) 



Acoustic separation – high solid loads

Process conditions: 

Flowrate: 3.6 mL/min

Concentration: 10,0%

Potential: 240V 

Temperature: 30°C

Separation confirmed by SEM & Particle 

sizing

center side

5%

solid load

10%

solid load



Increase of cell suspension concentration

𝐹𝑟𝑎𝑑  =  4𝜋𝑘Φ𝑎3𝐸𝑎𝑐𝑠𝑖𝑛 2𝑦𝑘 + 𝜋

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟: 𝐹𝑐 =
𝐶𝑐

𝐶𝑖

Saccharomyces cerevisiae (Yeast), 

109 cells/ml



Increase of cell suspension concentration

Saccharomyces cerevisiae 

Cells

Chip 

height 

(µm)

Potential 

(mV)

Cell 

volume 

content 

(%)

Cells/ml
Flow* 

(mg/min)
Fc

Yeast

250 µm 200

7,06 2.65*108

15

2,94

14,11 5.30*108 2,22

70,57 2.65*109 1,27

435µm

400

14,11 5.30*108

50 1,99

100 1,64

800
50 2,73

100 1,74

*1g considered as 1 ml

Parameters: • Chip height

• Potential

• Solid content

• Cell initial concentration (solid content)

• Flow 



Conclusions

• Laminar flows
• Great, but not always…
• Increasing channel sizes: diffusion limitations gain importance
• Taylor-Aris dispersion reduces concentration, increases 

spreading and flow heterogeneity
• Novel emerging lateral flow methodologies can address this

• Increasing throughput
• Flow distribution critical
• Enhancing (lateral) mass transport essential 
• Particles size determines whether particles focus 
• 2.5 D → 3D organization increases attainable throughput

• Many opportunities with (structured) µreactors
• Limited applications in industry, due to:

• Low throughput
• Fouling
• Unknown technology
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