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ABSTRACT
Microreactor technology is currently redefining the
way many small molecules are manufactured. This
paper will focus on the design and scale up strategy of
microreactors. The main goal was to develop a reactor
technology that can cope with tiny flow (few mL/min)
required during pre-clinical studies up to larger flow
rates (several hundreds of mL/min) necessary for
phase III clinical trials. The superior benefit of this
reactor technology is related to the complete avoidance
of device parallelization / numbering up strategies.
Thus, it illuminates a clear path from laboratory
chemistries to large-scale manufacturing processes in
a robust, multi-purpose, and scalable manner.
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be integrated with heat exchange to allow exceptional
reaction performances. Thus, various plates can be
designed for specific reaction needs (i.e. reaction
classes) and are tailored (in modular fashion) to
execute the different unit operations of a chemical
process (8).
REACTIONS CLASSES LEADING TO INDUSTRIAL
REACTOR DESIGN
A few years ago we published a reaction classification
to understand the number of reaction candidates that
could fit into microreactor / continuous processes (9).
We classified the reactions based on their physicochemical properties namely in terms of reaction
kinetics and phases (solid, liquid, or gas). The
reaction kinetics were categorized in three main
classes (see Figure 2):

Type A reactions: reactions that are very fast
(< 1 s) and mainly controlled by the mixing
process. In general, the reaction yield is
The development of a commercial microreactor for
increased by rapid mixing and enhanced heat
chemical production is an endeavour that has been
exchange performances when using a
undertaken by a number of companies and research
microreactor.
centres. Some key reactor systems that have been
•
Type B reactions: reactions that are rapid (10 s
used industrially are from Corning (1),
to 20 min) but predominantly controlled by the
Forschungszentrum Karlsruhe (2), Alfa Laval (3), IMM
kinetic. Here, the yield is increased by a
(4), and Ehrfeld BTS (5). The various reactors
precise control of the residence time (reaction
“The reactor types are made out of different materials, have
time) and temperature. In other words a
various
channel
geometries,
diverse
mixing
reaction ‘overcooking’ is avoided in a
are a consequence
and heat exchange structures, and last but
microreactor.
of the reaction
not least have distinctive scale-up strategies.
•
Type C reactions: reactions that are slow (> 20
Indeed, a claimed scale-up strategy
min) and often operated batch wise (as
classes.”
associated with this technology is often the
opposed to semi-batch). For such reactions
device parallelization / numbering-up
where a large heat accumulation is observed
approach (6, 7). In addition,
(batch
=
100%
heat
a typical design that is
accumulation) a thermal
gaining wide acceptance
hazard is possible that
within the chemical industry outlet cooling
requires particular measures.
delay
is the plate arrangement as
Thus, the use of a continuous
loop
i l t cooling
inlet
li
depicted in Figure 1. In
process will enhance safety
contrary to single micro- outlet product
with the prerequisite that
elements like individual
process intensification has
inlet fluid 1
micro-mixers, the so-called inlet fluid 2
taken place when using an
2nd generation microreactor outlet cooling
alternative technology.
It is important to point out
allows the integration of
inlet cooling
that
the
pie
analysis
more than one function in
one single plate. For Figure 1. Schematic representation of a 2nd generation presented in Figure 2 is not
example,
mixing
and microreactor based on a plate design for performing mixing, intended to predict the future
use
of
microreactor
residence time functions can gaining volume (residence time) and integrating heat exchange.
INTRODUCTION
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Type A reactions
Type B reactions

21%

continuous processes (vide
technology. Indeed, this
infra).
reaction classification came Batch
Stagnation
Vessels
Module B merits particular
from the fine chemical
attention as this reactor is a
industry where most of the
Lonza development that is
processes are operated batch
the subject of a patent
or
semi-batch
wise.
application (11). The reactor
Consequently, it represents
was initially based on the
the kinetic distribution of Reactor Types
Modular reactors
Progress
multi-scale
approach,
reactions and one would Continuous
Microreactors
where differently sized
predict a stagnation of this
distribution as it originates Figure 2. Reaction classes lead to the different reactor types plates are used and adapted
to the reaction needs (12).
from age-old batch reactor required to operate continuous processes.
For example a tiny channel
technology. The best example
may be used at reaction
to depict this situation is to
start (when heat evolution
observe the rather low
is strong) followed by a
number of Type C reactions
gradual size increase of the
(6%) that poses a thermal
plates to accommodate
hazard potential (reactions
slower reaction rates (less
that required particular safety
heat evolution). With such a
measures determined during
design, heat transfer is
the risk analysis). More than
optimized, while pressure
50% of all the reactions
drop is minimized coupled
studied were slow reactions
with a large gain in volume
(> 20 min) but only 6%
(up to several mL). In
where classified as Type C.
addition, the reactor may
Indeed from the very
be
combined
with
beginning
of
process
heat
development the chemist Figure 3. Developed or used reactor technologies at Lonza to conventional
exchangers to gain volume
tends to choose reaction address the three reaction classes.
of several litres with
pathways that are safe,
residence times of several
highly diluted, and scalable.
minutes.
Consequently, fine chemical
manufacturing has become
The reactor technology
an industry of waste
presented in Figure 3
generation characterized by
(Module-B) has evolved at
a high environmental “E
Lonza into its Universal
factor” that is rarely lower
Reactor Technology (see
than 25 (E = kg of waste per
also Figure 4). Indeed, the
kg of product). The use of
modularity and versatility
continuous flow processes
of the single plate approach
based on microreactor
allow the development of
technology may change this
plates appropriate to any
pie distribution towards
faster and more intense Figure 4. Lonza’s Universal Reactor Technology for process development kind of application. Thus,
and production.
plates for gas-liquid and
processes (progress).
multi-injection applications
The pie analysis is of
were
manufactured
fundamental importance to
Lab Plate = 1-10 mL/min
development tool, few grams
demonstrating the multiunderstand
the
reactor
A6 = (10) 50-150 mL/min
0.1 - 300 kg
purpose character of this
requirements of the fine
A5 = 100-300 mL/min
300 - 900 kg
technology. The individual
chemical industry. The reactor
A4 = 200-600 mL/min
900 - 2500 kg
Hastelloy-made plates are
types are a consequence of
the reaction classes. Figure 3 Table 1. Typical flow rates and productivity of the Universal Reactor sandwiched between highly
conductive
shows the three main reactor Technology (productivity expressed as quantity of isolated product thermal
aluminium plates for the
types that were developed per reaction campaign).
thermal fluid passage
and used at Lonza
leading to a very compact
Module A was developed in
reactor. In this way, the thermal fluid layer is not
collaboration with Corning (10). The microreactor is
directly bounded on the reactor plates allowing an
based on the multi-injection principle to avoid hot
ease of adaptation and a cost effective manufacture.
spot formation in the mixing zone. Indeed, even a
The overall reactor is robust and can sustain pressures
microreactor cannot be considered as an isothermal
above 100 bar.
reactor for fast and exothermic reactions independently
of being made out of glass, metal, or SiC. The multiinjection principle is the most important factor to
SCALE-UP CONCEPT
obtain a good temperature control in the reactor. On
the other hand, the use of conventional technologies
The main advantage of this reactor technology is
such as static mixers and mini-heat / tube in tube
its scalability. Figure 4 shows the reactor designs
exchangers is a pragmatic way to operate flow
that have been developed to allow operation over
processes for slow and non-demanding reactions.
a wide range of flow rates (see also Table 1). A
The gain in reaction volume with such devices is cost
small plate device called the Lab-Plate reactor
effective and the technology is mature. In many
has been realized to enable process development
instances it is the technology of choice to operate
8%

Type
yp C reactions

Remaining

9%

2%

23%

6%
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Big circle: kinetics only
Small circle: kinetics & phases
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“The operation of one
single microreactor and
the total avoidance of
device parallelization
is a must for the scaleup of processes during
development”

under tiny flow rates, when reagent
availability is still limited (during preclinical and phase I trials). Conditions
are similar to capillary chemistry with
the advantage that the reaction zone
can be inspected and viewed. This
reactor is also an exceptional tool to
develop new channel structures for
gas-liquid or liquid-liquid reactions
that will be later integrated in larger scale reactors.
In an effort to standardize Lonza’s design approach,
the sizes chosen for the production plates are based
on the European DIN A4, A5, and A6 standard.
One of the main advantages of this standard is the
fact that the plate area is doubled by each size step
with the result that heat exchange area and reactor
volume is doubled. The scale-up concept becomes
apparent and is related to the reaction classes. Thus,
for Type A reactions, the aim will be:

To ensure sufficient cooling between the
reactor plates and mixing points;

To provide maximum mixing capacity; or to
employ mixers with large pressure drop.
For Type B reactions, the aim is different and will be:

To maintain the same area to volume ratio for
the reaction;

To optimize mixing quality by choosing a
pressure drop as low as possible.
As a result, a reactor operating at 100 mL/min in the
A6 format will be operated at 200 and 400 mL/min
respectively in the larger A5 and A4 format
independently of being a Type A or B reaction.
However, for Type A reactions, all the plates will be
micro-structured as mixing & heat exchange are the
dominant factors, while for Type B reactions the same
plate width will be used for the different plate format
keeping constant the area to volume ratio. Indeed
the gradual size increase of reactor plates (multiscale approach) and appropriate channel geometry
allow operating the microreactor at very high flow
rates up to 600 mL/min.

quantities. The three first factors can
be tested in the laboratory for a short
period of time before any process
transfer in the plant, which is a
fundamental advantage of this
technology, when compared to batch.
The operation of one single
microreactor and the total avoidance
of device parallelization is a must for
the scale-up of processes during development (preclinical to phase III clinical trials). The main issue is
related to control as most of the chemical systems are
meta-stable i.e. they form deposit that are more or
less stable over time. Such phenomena create an
unpredictable pressure drop over the reactor structure
that is by no means a task the process development
chemist can easily answer. The reactor technology
must ensure speediness and flexibility in process
development and keep the chemical engineering
aspects to a minimum. Thus the use of one single
channel as in the Lonza’s Universal Reactor Technology
always ensures feed balance, stoichiometry, and
cleanability.
The overall scale-up strategy is depicted in Figure 6
(13). It is clear that Lonza’s Universal Reactor
Technology is well suited for projects in process
development. It fulfils the need of compounds from
pre-clinical to phase III clinical trials in a highly
consistent and straightforward manner. Once a
project has progressed to commercial manufacture
(which will be in less of the cases) the goal changes
to value creation and more resources can be invested
in the project. At that stage chemical engineering will
play a more fundamental role and the scale-up is
feasible using either conventional static mixers with
mini-heat exchangers, higher cross sectional reactors
(as small as needed), or as a last resort numberingup and device parallelization.
Laboratory System

100g/min

Microreactor Technology

10 g to 10 kg

Test all Lonza reactors

Pre-clinical
trials

time

In many cases, especially with viscous systems and
low temperature applications, the pressure drop may
become very important at high flow rates. In addition,
the mixing zone is often the plate section that
consumes the larger pressure drop. Consequently an
enlargement of mixer elements at higher flow rates
drastically reduces the overall pressure drop. In
general, no loss of performance is observed as long
as the same energy dissipation rate in the mixing
zone is maintained (watt per litre). Thus, the mixing
zone becomes the only scaled factor that is considered
in
this
small scale production large scale production
lab scale
reactor
technology
100
100x
Operation time
and it must
2-6x
Reactor design
be properly
4x
High pressure pump
designed
Cross section
4-6x
a
n
d
More reactors
adapted.
10 g
100
1 kg
10
100
1t
10
100 t
The use of
campaign size
pumping
Figure 5. Straightforward scale-up approach of microreactor technology. systems at
See also reference (13).
h i g h
pressure is
also a solution to allow very high flow rate applications
with a large pressure drop. Figure 5 reviews the five
main factors that are used to enable high flow
applications and consequently large production
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C-SSP (continuous Small Scale plant)

100 g/min

Microreactor Technology

10 – 300 kg

Lonza reactor A6

Phase I
clinical trials

6 times
New Plant Design

Launch Plant

Microreactor Technology

Conventional Technology

Lonza reactor A5 & A4

Static mixer, mini heat exchangers

600 g/min
300 – 2500 kg

Speed and
Flexibility
Lonza
Reactor
Technology

Phases II – III
clinical trials

8 times
Large Scale Production

Large Scale Production

Microreactor Technology

Conventional Technology

Numbering up & parallelization
Numbering-up

Scale up & Multi-scale
Scale-up
Multi scale

Same size

4800g/min
50 tonnes

Commercial
manufacturing

Value
Creation

Enlargement

Figure 6. Overall scale-up strategy.

INDUSTRIAL USE OF MICROREACTOR
TECHNOLOGY
As a fitting conclusion, it is worthwhile to demonstrate
the principles described in this paper with a real-case
example consisting of a two-steps organometallic
reaction (Li-H exchange and coupling) with three
feeds having following composition: Feed-1 with
substrate at 15 wt%, Feed-2 with first reagent at 30
wt%, and Feed-3 with second reagent at 16 wt%. The
reaction is stoichiometric and operated at two
temperature levels. Feed-1 and Feed-2 were precooled to the cryogenic reactor temperature. The flow
diagram and reaction scheme are depicted in Scheme
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Scheme 1. Two steps organometallic reaction

temperature rise of more than 75°C. Three reactors
were tested: a static mixer, a glass microreactor, and
the Lonza plate microreactor (see Table 2). The
second reaction is of Type B and less demanding in
terms of heat exchange (∆Tadiabatic < 25°C) and mixing.
A microreactor and static mixer were tested with
identical performances. Indeed, this second reaction
did not require complex reactor technology and the
use of a simple static mixer under adiabatic conditions
was fine at low and high flow rates.
The results comparing the three different reactor

process R&D and manufacturing circles at pharma
companies as well as CMOs as it 1) illuminates a
clear path from laboratory chemistries to large-scale
manufacturing processes, and 2) completely avoids
the parallelization / numbering-up strategies adopted
by other technologies in the field that may result in
technical problems. Highlighting the Lonza technology
as an example, this microreactor platform supports
rapid process development and production under
continuous flow, using microstructured elements. The
developed reactor technology is robust, multipurpose, and scalable and has already been tested
for several Lonza products processing tons of material
within a few weeks of operation.
Reactor

F Total
[g/min]

F MR
[g/min]

T
[°C]

P
[bar]

Yield

Glass MR
Glass MR

100

33

-14

0.4

86

440

148

15

3.2

88

St ti mixer
Static
i

100

33

9

03
0.3

88

Static mixer

440

148

41

1.6

84

Lonza
o a MR-A6
6 100

33

-22

0.9

89

Lonza MR-A6 420

140

-16

8.8

90

Lonza MR-A5 450

150

-21

2.0

88

Lonza MR-A5 562

187

-19

3.0

89

Lonza MR-A5 614

204

-18

3.4

88

Lonza MR
MR-A5
A5 711

237

-16
16

45
4.5

87

Table 2: Results of the scale-up approach for the 2-steps reaction.
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1 and Figure 7.
The first reaction is of Type A with an adiabatic

REFERENCES AND NOTES
technologies are presented in Table 2. A loss of
temperature control in the first reaction was observed
with the static mixer; more or less the complete
adiabatic temperature rise was detected at higher
flow rate (148 g/min). Clearly un-wanted side
products were formed, and the yield was affected by
this loss of control but to a small extent only (84%
versus 89% on average). The results with the glass
microreactor show a loss of temperature control at
higher flow rates albeit not yet reflected in the
product yield (residence time is very short). In
contrary to the second reaction performed in the
static mixer, this first reaction is demanding in terms
of heat exchange and requires a proper reactor
design to be scaled. The results with Lonza’s reactor
technology show a complete equivalence of
performance for the smaller (A6) and larger (A5)
reactors. It was possible to operate the A5 microreactor
up to 237 g/min with a combined total flow rate over
700 g/min by keeping the pressure drop well under
control. 700 kg of isolated material were produced
leading to more than 10 m3 of processed solutions
through the reactor setup. A new campaign has been
commenced that will produce more than 2 tons of
isolated material.
CONCLUSION
In conclusion, Lonza’s Universal Reactor Technology
is causing a universal buzz of excitement within both
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