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Abstract

In recent years, the pharmaceutical industry is slowly adapting from a batch-wise to a

continuous production. This is due to the well-known advantages shown by a continuous

production of a more stable product quality, decreased foot prints of industrial plants

and greener approaches of chemical synthesis. Continuous manufacturing of Active Phar-

maceutical Ingredients (APIs) also provides the possibility to locally fulfill sudden spike

demands in times of shortages as seen by the current COVID-19 pandemic.

This work targets such demands by contributing to an interdisciplinary work flow

approach called Chemistry to Plant (C2P), which targets to provide fast an industrial

chemical plant for an API synthesis. The plant design concept is based on additive man-

ufacturing to produce a chemical milli- or micro reactor adapted to a specific chemical

task. The reactor is assembled from a developed structure element database by a simple

click-and-drop like procedure. Elements can be chosen based on their fluid mechanical

characteristics and simply scaled to obtain the desired process properties. Characteri-

zation of several elements from this database in terms of micro- and macro mixing was

experimentally investigated in this work. The Bourne reaction, a system of competing

consecutive and parallel reactions, was used to obtained characteristics on the micro mix-

ing level. Macro mixing was investigated by simple residence time experiments with the

aid of an optical measurement of a varying liquid tracer.

Detailed knowledge of thermal and kinetic parameters is essential to design a reactor.

These data are most of the time not available for newly developed syntheses. To provide

the needed data for the above mentioned work flow, two measurement reactor concepts

were developed within this work. The first developed reactor concept is a micro Contin-

uous Stirred Tank Reactor (CSTR) cascade. It allows to integrate sensors and monitor

a reaction progress between the vessels in the cascade. The concept allows to achieve

high mixing performances even at low flow rates by adjusting the rotation speed of in-

corporated magnetic stirrers. This reactor concept was used to estimate reaction time

scales of a direct oxidation of Grignard reagents with oxygen. The gained insight into the
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mixing limited reaction from these investigations led to advanced additively manufactured

reactors designed from the structure database. The second measurement reactor concept

presents an isothermal flow calorimeter to investigate the thermal and kinetic behavior

of organic syntheses in continuous flow. The device combines commercial and additive

manufactured components into a modular and extendable measurement system for chem-

ical reactions. A direct heat flux is measured with the aid of Seebeck elements of each

reactor segment and provides local information of a reaction progress. The calorimeter is

internally calibrated with integrated heating foils and operated at isothermal conditions.

True isothermal operation is achieved of each segment separately by a PID based tem-

perature control by means of a micro controller. Performance of the designed calorimeter

was validated with the above mentioned characterization techniques and by measuring

acid-base neutralization with a mean error of 1.75% from the literature value. Overall,

the presented reactor concepts and the developed C2P work flow of this work have the

potential to reduce the time to market for novel chemical syntheses.



Kurzfassung

In den letzten Jahren stellte sich die pharmazeutische Industrie langsam von einer char-

genweisen auf eine kontinuierliche Produktion um. Dies liegt an den bekannten Vorteilen

einer kontinuierlichen Produktion durch stabilere Produktqualität, geringere ökologischen

Fußabdrücke von Industrieanlagen und umweltfreundlichere Ansätze von chemischen Syn-

thesen. Die kontinuierliche Herstellung von pharmazeutischen Wirkstoffen (APIs) bietet

auch die Möglichkeit in Zeiten von Produktionsengpässen, wie sie in der aktuellen COVID-

19-Pandemie aufgetreten sind, diese örtlich und spontan zu erfüllen.

Diese Arbeit zielt auf solche Anforderungen ab, indem sie zu einem interdisziplinären

Workflow-Ansatz namens Chemistry to Plant (C2P) beiträgt, der darauf abzielt,

innerhalb kürzester Zeit eine industrielle chemische Anlage für die API -Synthese

bereitzustellen. Das Anlagenkonzept basiert auf der additiven Fertigung, um einen

Milli- oder Mikroreaktor herzustellen, der an eine spezifische chemische Aufgabe

angepasst ist. Der Reaktor wird aus einer entwickelten Strukturelementdatenbank

durch ein einfaches Click-and-Drop-Verfahren zusammengesetzt. Elemente können

basierend auf ihren strömungsmechanischen Eigenschaften ausgewählt und einfach

skaliert werden, um die gewünschten Prozesseigenschaften zu erhalten. In dieser Arbeit

wurde die Charakterisierung mehrerer Elemente aus dieser Datenbank in ihrer Mikro-

und Makromischleistung experimentell untersucht. Die Bourne-Reaktion, ein System

konkurrierender aufeinanderfolgender und paralleler Reaktionen, wurde verwendet, um

Eigenschaften auf der Mikromischungsebene zu erhalten. Die Makromischeigenschaften

wurden durch einfache Sprungversuche mit Hilfe einer optischen Verweilzeitmessung

eines variierenden flüssigen Tracers untersucht.

Für die Auslegung eines Reaktors sind detaillierte Kenntnisse der thermischen und

kinetischen Parameter erforderlich. Diese Daten stehen für neu entwickelte Synthesen

meist nicht zur Verfügung. Um die benötigten Daten für den oben genannten Workflow

bereitzustellen, wurden im Rahmen dieser Arbeit zwei Messreaktorkonzepte entwickelt.

Das erste entwickelte Reaktorkonzept ist eine kontinuierliche Mikrorührkesselkaskade
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(CSTR). Sie ermöglicht die Integration von Sensoren und die Überwachung eines

Reaktionsverlaufs zwischen den Kesseln in der Kaskade. Das Konzept ermöglicht durch

Anpassung der Drehzahl der eingebauten Magnetrührer auch bei geringen Durchfluss-

mengen hohe Mischleistungen zu erreichen. Dieses Reaktorkonzept wurde verwendet, um

Reaktionszeitskalen einer direkten Oxidation von Grignard-Reagenzien mit Sauerstoff

abzuschätzen. Die aus diesen Untersuchungen gewonnenen Erkenntnisse über die

mischungslimitierte Reaktion führten zu fortschrittlichen additiv gefertigten Reaktoren,

die aus der Strukturdatenbank entworfen wurden. Das zweite Messreaktorkonzept

präsentiert ein isothermes Durchflusskalorimeter zur Untersuchung des thermischen

und kinetischen Verhaltens einer organischen Synthese im kontinuierlichen Durchfluss.

Das Gerät kombiniert kommerzielle und additiv gefertigte Komponenten zu einem

modularen und erweiterbaren Messsystem für chemische Reaktionen. Ein direkter

Wärmestrom wird mit Hilfe von Seebeck-Elementen jedes einzelnen Reaktorsegments

gemessen und gibt einen lokalen Hinweis auf einen Reaktionsverlauf. Das Kalorimeter

wird intern mit integrierten Heizfolien kalibriert und kann unter isothermen Bedingungen

betrieben werden. Ein wahrer isothermer Betrieb wird für jedes Segment separat

durch eine PID-basierte Temperaturregelung mittels eines Mikrocontrollers erreicht.

Die Performanz des entworfenen Kalorimeters wurde mit den oben genannten

Charakterisierungstechniken und durch die Messung einer Säure-Base-Neutralisation mit

einem mittleren Fehler von 1,75% vom Literaturwert validiert. Zusammenfassend haben

beide Reaktorkonzepte und der entwickelten C2P Workflow dieser Arbeit das Potential

zu einer verkürzten Markteinführungszeit für neuartige chemische Synthesen zu führen.
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In recent years, interest of pharmaceutical companies in continuous manufacturing of

Active Pharmaceutical Ingredients (APIs) and final dosage forms increased. [2, 3] This is

mainly attributed to the constant product quality, less energy demanding and greener pro-

cessing compared to batch manufacturing. [4] The current API production in a batch-wise

manner also limits pharmaceutical companies in their possibility to react swiftly to market

demands as batch production sites are scattered all around the globe. Consequently, lead

times of up to 12 months need to be considered during the production and well plan-

ning ahead is required to not run out of materials. [5] Here continuous manufacturing

and especially flow chemistry can centralize again the point of API production closer to

the final preparation of the pharmaceutical dosage form at the point of need. For such

a flexible production using flow chemistry, also a flexible and modular plant and reactor

design approach is needed to account for the demanding multistep processing found in

the API production. [6] Additive manufacturing can be seen as one solution to provide

such aspects by producing on-demand the needed reaction hardware. [7] This work takes

on a similar approach by utilizing additive manufacturing as key technology to produce

chemical reactors tailor-made for their application. The current work is part of an inter-

1
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disciplinary work flow which aims to design and run a chemical production plant in a few

months, see Sec. 1.5.

1.1 Outline of the Thesis

An introduction to continuous manufacturing is given in Chap. 1 with a special focus on

the pharmaceutical industry. Current trends in this context are presented and general

advantages of continuous manufacturing are compared to batch-wise manufacturing as

well as limitations are given for both manufacturing routes. Flow chemistry, as part of

continuous manufacturing, is discussed with a focus on micro reactor technology. Micro

reactor design guidelines from literature used for the produced reactors in this work are

presented. Then reactor characterization and evaluation methods on the macro- and

micromixing level are shown. An general introduction to additive manufacturing is given

with a detailed presentation of the two used manufacturing techniques, Selective Laser

Melting (SLM ) and Digital Light Processing (DLP), utilized in this work. The next part

of Chap. 1 deals with reaction calorimetry, first showing state of the art batch techniques

and principles and later on focusing on current trends of continuous flow calorimetry.

Finally, an overview of the Chemistry to Plant (C2P) approach is given in this chapter.

A development to 3D printed and customized reactors for the oxidation of Grignard

reagents is the shown in Chap. 2. This chapter is taken from the journal publication in

Reaction Chemistry and Engineering by Maier et al.: Manuel C. Maier, René Lebl,

Philipp Sulzer, Josef Lechner, Torsten Mayr, Matej Zadravec, Eyke Slama, Stefan

Pfanner, Christoph Schmölzer, Peter Pöchlauer, C. Oliver Kappe, and Heidrun

Gruber-Woelfler. “Development of customized 3D printed stainless steel reactors with

inline oxygen sensors for aerobic oxidation of Grignard reagents in continuous flow”. In:

Reaction Chemistry and Engineering 4.2 (2019), pp. 393–401. issn: 20589883. doi:

10.1039/C8RE00278A. url: http://xlink.rsc.org/?DOI=C8RE00278A. The approach

of using a modular structure database for the fast design of additive manufactured reactors

was developed within this work. This approach allows to select reactor components as

required by the process conditions, e.g. mixing properties, to be chosen and scaled properly

to the remaining reactor components.

The above mentioned reactor design procedure requires knowledge of kinetic as well as

thermodynamic properties of the desired reaction. These values are most of the time not

available in the initial research phase of novel flow chemistry. The usage of batch equip-

ment, like batch calorimeter, is limited for most continuous flow applications as process

conditions are fundamentally different. Because of that, a continuous flow calorimeter

was developed to generate the needed properties for the reactor design. This device is

presented in Chap. 3, which is taken from the journal publication in Reaction Chem-

istry and Engineering by Maier et al.: Manuel C. Maier, Michael Leitner, C. Oliver

Kappe, and Heidrun Gruber-Woelfler. “A modular 3D printed isothermal heat flow

calorimeter for reaction calorimetry in continuous flow”. In: Reaction Chemistry and En-

https://doi.org/10.1039/C8RE00278A
http://xlink.rsc.org/?DOI=C8RE00278A
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gineering 5.8 (2020), pp. 1410–1420. issn: 20589883. doi: 10.1039/d0re00122h. url:

http://xlink.rsc.org/?DOI=D0RE00122H. The presented flow calorimeter combines 3D

printing with commercial available electronics into a modular and customizable measure-

ment device. Its reactor segments are temperature controlled independently at isothermal

conditions. The developed calorimeter allows to measure fast (ms range) reaction under

steady state conditions.

The last Chap. 4 is also taken from the journal article published in Organic Process

Research & Development by Maier et al.: Manuel C. Maier, Alessia Valotta, Katha-

rina Hiebler, Sebastian Soritz, Kristian Gavric, Bianca Grabner, and Heidrun

Gruber-Woelfler. “3D Printed Reactors for Synthesis of Active Pharmaceutical Ingredi-

ents in Continuous Flow”. In: Organic Process Research and Development (2020). issn:

1520586X. doi: 10.1021/acs.oprd.0c00228. This work presents three different cases

for the synthesis of APIs with contributions of 3D printed reactors. The first case shows

advances of the reactor design approach presented in Chap. 2 for the direct oxidation of

Grignard reagents. Next, another 3D printed reactor was utilized for achieving fast mix-

ing in a synthesis cascade leading to a valsartan precursor. In the third and final case,

a Continuous Stirred Tank Reactor (CSTR) is shown for the production of resveratrol

derivatives. This reactor was made of a UV -curable resin and used for the first step of a

multiphase enzymatic decarboxylation followed by a Heck cross-coupling reaction.

Chap. 5 summarizes this thesis and discusses possible further extensions of the pre-

sented work. Especially the combination of 3D printed reaction ware and continuous flow

processing seems to be a promising match. On-demand reaction ware will most likely

contribute to a more localized production of APIs.

1.2 Comparison of continuous and batch manufacturing

The pharmaceutical industry is mainly relying on batch manufacturing due to complex

multi-step processes and easy traceability of final products. The approach to use batch

manufacturing has the advantages that various operations can be carried out in the same

equipment at reduced instrumentation costs, which provides a needed flexibility especially

when only small product quantities are produced. For the production of larger product

quantities, batch manufacturing becomes cost intensive since high labor and handling

costs, shut down times and varying product quality over several batches can be seen.

A continuous production mode could overcome these problems and actions are taken to

promote it for the continuous production of drug products. [2, 3] However, continuous

processing is only slowly established in the pharmaceutical industry mainly because of

the lack of flexibility and robustness of the used processes. Additional hurdles are strict

regulations with respect to product quality similar as in the batch production, additional

investment costs for a switch from existing batch to continuous equipment and the low

amounts of produced goods. [2, 11, 12] A continuous production furthermore needs a

higher degree of process design compared to batch manufacturing. [13, 11] Critical process

https://doi.org/10.1039/d0re00122h
http://xlink.rsc.org/?DOI=D0RE00122H
https://doi.org/10.1021/acs.oprd.0c00228
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attributes need to be defined, measured and monitored to ensure a product quality within

defined limits. This can be done by real time inline measurements, which allow real time

and feedback control. As a consequence, better process quality and control is gained.

1.3 Microreactor technology in flow chemistry

In the publication of Roberge et al. [14] they suggest that 50% of reactions in the fine

and pharmaceutical industry would benefit from a continuous production based mainly

on micro reactors, often referred to as flow chemistry. They identified the frequently

handling of solids as one of the main hurdles, which needs to be overcome for an industrial

implementation. But a possibility of safer and more efficient reactions at scale as well as

reduced time during the R&D process in small scale outweighs this limitation.

A micro reactor is defined in this work as a reactor with internal channel geometries

below one millimeter. Above this value and if it could hold only a few milliliters, one would

define such a reactor as a milli reactor. Safer processes and enhanced process conditions are

possible in milli- and micro reactors due to the high surface-to-volume ratio. At these small

dimension, enhanced mixing and heat transfer characteristics can be seen. [15] A surface-

to-volume ratio of a few thousand to ten thousand square meter per cubic meter can be

found in micro reactors compared to a values below one hundred for batch equipment. [16]

This allows a precise control of the reaction at isothermal conditions. Operations are

possible at greener and more efficient reaction conditions at higher concentrations with

less or even no solvent. [17] Additionally, the small internal volumes of these reactors

require less energy to heat up the system and allow to use less raw material during a

process development of new synthetic routes. Less material in the process also reduces

the risk of possible fatalities. Operations at currently forbidden conditions are enabled

in micro reactors at high pressures and temperatures well above boiling points or even at

super critical conditions. All these possibilities are summarized in a concept called Novel

Process Window (NPW ). [18, 19, 20]

Flow chemistry carried out in micro reactors focuses on rapid or hazardous chemistry

including unstable intermediates. Requirements for a flow reaction are soluble starting

materials in the working fluid without or limited formation of solid material. This re-

quirement is given by above mentioned small channel dimensions to prevent blockage of a

reactor. To be able to assess the benefits of flow chemistry for different kinds of reactions,

Roberge et al. [14] introduced four classes of reaction types.

� Type A reactions have a half life time frame below one second and are usually

mixing controlled. Therefore, a slow dosing procedure needs to be used in a batch

operation to prevent a run-away scenario. The reaction mainly takes place in the

mixing zone whereby flow chemistry in micro structured reactors can provide the

needed fast mixing and removal of reaction heat. These type of reactions include

reaction species like halogens, amides as well as organometallic reagents.



1.3. Microreactor technology in flow chemistry 5

� Type B reactions are rapid, in the range of then seconds to several minutes and are

controlled by their kinetics. These reactions would benefit from isothermal condi-

tions and proper control of stoichiometry, which can be provided in micro reactors

and might lead to higher yields. Here mixing is not so critical anymore and a con-

tinuous reactor can be optimized by its residence time with a minimized pressure

drop.

� Type C reactions include slow and hazardous reactions in the range of more than ten

minutes, which are normally carried out at batch conditions. Here flow chemistry

could increase product quality and provides a safer possibility through the used low

internal volumes.

� Type D reactions include all other reactions not belonging to the above types. These

reactions are normally carried out highly diluted in batches.

Application of micro reactor technology to the above mentioned type A and B reactions

would be beneficial mainly because of the proper local temperature control. Type C

reactions are normally more suitable for batch-wise processing. Micro reactor technology

is only needed for type C reactions that require a short exposure to high temperatures or

pressures as well as to increase safety of auto-catalytic processes. Type D reaction can

be accelerated under NPW conditions in a micro reactor to provide an enhanced reaction

activation or alternative other highly active reagents can be used.

Another aspect to consider whether to use a continuous process in a micro reactor is

the number of present phases. As mentioned above, micro reactors can handle solids only

poorly. In more then 60% of the reactions studied by Roberge et al., [21] solids are present

whether as reactant, catalyst or product. Thus, the multipurpose usage of micro reactors

is currently limited to homogeneous and to gas-liquid or liquid-liquid reactions.

1.3.1 Microreactor design guidelines

A guideline to design micro reactors in five steps was published by Hessel et al. [22] This

approach is described below and used in this work in combination with additional design

guidelines from literature. [23, 24, 25] These guidelines compare respective time scales

with each other in the form of dimensionless numbers and suggests their limitations for

desired reactor characteristics.

A characteristic internal length scale, most of the time defined as hydraulic diameter dh,

is chosen in step 1. This diameter defines the heat and mass transfer characteristics of a

reactor and is the most critical parameter for milli- and micro reactors. A smaller diameter

generally reduces the mixing length scale and therefore reduces the needed mixing time.

A general trend can be seen with respect to kinetic and heat generation of a reaction. The

more energy needs to be transferred out of the system, the smaller a diameter should be.

There are different paths to calculate a needed hydraulic diameter. One possibility is to use



6 Chapter 1. Introduction

an energy balance like approach to prevent a hot spot formation. [26] Another approach

utilizes given reaction kinetics of a tubular reactor, [27] which leads to a characteristic

diameter to prevent hot spot formation and can be calculated with the following equations:

Heat production potential S′ defined as

S′ =
∆Tad
Tw

γ (1.1)

showing the adiabatic temperature rise ∆Tad (K), wall temperature Tw (K) and di-

mensionless Arrhenius number γ.

γ =
Ea
RTw

(1.2)

with Arrhenius activation energy Ea (J mol)-1 and general gas constant R (J mol-1

K-1).

Adiabatic temperature rise ∆Tad is defined as

∆Tad =
c1,0(−∆HR)

ρcp
(1.3)

showing the limiting component c1 at time 0 (mol m-3), reaction enthalpy ∆HR (J

mol-1), mixture density ρ (kg m-3) and heap capacity of the reactor content cp (J kg-1

K-1).

The ratio of the characteristic reaction time tr to the cooling time tc is expressed as

N =
tr
tc

=
1

k(Tw)cm−1
1.0

4α

dhρcp
(1.4)

with a reaction rate coefficient k(Tw) (mol1-(m) L(m)-1 s-1) calculated at the wall tem-

perature Tw with a reaction order m and heat transfer coefficient α (W m-2 K-1).

The reaction time scale can be estimated by

tr ∝
1

k(Tw)cm−1
1.0

(1.5)

and the Arrhenius correlation in the form of

k(Tw) = k0e
− Ea

RTw (1.6)

including the pre-exponential factor k0 (mol1-(m) L(m)-1 s-1).

The heat transfer coefficient α in Equ. 1.4 can be calculated with the dimensionless

Nusselt number

Nu =
αdh
λW

=
convective heat flux

conductive heat flux
(1.7)

with the wall heat conductivity λW (W m-1 K-1). A value for the Nu number is
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depending on the flow regime inside the micro reactor, e.g. Nu = 3.66 for a tubular and

laminar flow in a pipe. [28]

An empirical relation for Nmin of Equ. 1.4 can be used to estimate dh as a function of

the heat production potential S′. [29] In this correlation the parameter B is depending on

the reaction order m.

Nmin = (
tr
tc

)min = 2.72S′ −B
√
S′

B = 0 for (m = 0)

B = 2.6 for (m = 0.5)

B = 3.37 for (m = 1)

B = 4.57 for (m = 2)

(1.8)

Another possibility to calculate the diameter dh to prevent a hot spot formation is

given by the fourth Damköhler number.

DaIV =
ρkwc

m
1.0∆HRdh

2

λW∆TW
=

heat of reaction

heat removed by heat transfer
< 0.2 (1.9)

including the temperature increase ∆TW (K) of the reaction media with respect to the

wall temperature.

After taking thermal effects into account for a defined diameter dh, its influence needs

to be investigated on the mixing performance. A too narrow channel in combination with

a long channel length induces a higher pressure drop and increases the energy demand and

pumping costs. This pressure drop can be used to estimate a mixing time scale together

with an energy dissipation rate. It also needs to be noted, that not all dissipated energy

will be used for mixing. A completely mix flow before a reaction starts is desired and

shown by the second Damköhler number.

DaII =
tm
tr

=
mixing time

reaction time
< 1 (1.10)

whereby the reaction time is defined in Equ, 1.5 and a mixing time can be calculated

with

tm = 17.3
(ν
ε

)(1/2)
(1.11)

with the kinematic viscosity ν (m2 s-1) and the energy dissipation rate ε (m2 s-3 or W

kg-1). The energy dissipation rate can be described as

ε =
∆pu

∆lρ
(1.12)

including the pressure loss per unit length of the reactor ∆p/∆l (Pa m-1) and flow

velocity u (m s-1). A pressure drop can be calculated with
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∆p = λf
lρ

2dh
u2 (1.13)

with a reactor length l (m) and a friction factor λf for laminar flow in a circular channel

λf =
Cf
Re

=
64

Re
(1.14)

including the dimensionless Reynolds number

Re =
udh
ν

=
udhρ

η
=
inertial forces

viscous forces
(1.15)

with a flow velocity u calculated by the cross sectional area A (m2) and volumetric

flow rate Q (m3 s-1)

u =
Q

A
=

4Q

d2π
(1.16)

Step 2 includes the setting of a channel length. As mentioned above, this length also

contributes to the mixing performance by influencing the pressure drop. A compromise

between a desired narrow Residence Time Distribution (RTD) and a low pressure drop

needs to be done. [24] The following consideration of a complete reaction within a reactor

is given by the first Damköhler number. This number should be greater than one but is

normally set between five to ten for practical reasons.

DaI =
τ

tr
=
mean residence time

reaction time
> 1 (1.17)

whereby τ can be determined as

τ =
l

u
=
Vr
Q

(1.18)

with the reactor volume Vr (m3).

In step 3 the channel walls are defined. They play an important role for the heat

management in a reactor, especially for high endo- or exothermic reactions. Here the time

scale for heat conduction in the channel walls has to be lower than the residence time of

the fluid. This isothermal operation is represented by the third Damköhler number:

DaIII =
krc

m∆HRl

cp∆Tzu
=

heat of reaction

down stream temperature increase
≈ 1 (1.19)

with the down stream temperature increase ∆Tz (K).

Step 4 deals with increasing process throughput by dimensioning of the number of

micro channels. The number of channels a process fluid needs to be distributed to and the

channel diameter determine the velocity through the device and influence the yield. There

are basically two approaches taken by internal and external numbering up. By internal
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numbering up, the functional reactor elements are replicated and placed in the initial

reaction environment, e.g. one thermostat used for all reactor elements. While in the

external numbering up approach all functional elements of a reaction setup are multiplied.

The final step 5 deals with the design of a fluid distribution system to the numbered

up reactors. Different ways can be taken by successively splitting a stream while reduc-

ing its cross-sectional area. [30] Here nature inspired approaches or mathematical based

approaches can be found. [31, 32]

1.3.2 Evaluation of reactor performance

Very fast reactions, as commonly found in flow chemistry, require a sufficient mixing for

homogeneous and heterogeneous reactions. A basic reactor characterization can be carried

out at the micro and macro mixing level as described in the following.

1.3.2.1 Macromixing

Experimental evaluation to determine a RTD of a reactor allows to get insight into the

flow pattern and mixing on the macro scale. [33] Deviations from the ideal reactor models

used in reaction engineering can be investigated with this well established investigation

method to identify axial dispersion and back mixing effects. In this evaluation, a non-

dimensional Bodenstein number Bo is defined as the ratio of convective mass transfer over

axial dispersion:

Bo =
uLchar
Dax

=
convective mass transfer

axial dispersion
(1.20)

where u is the flow velocity, Lchar (m) is a characteristic length of the device and

Dax (m2 s-1) is the axial dispersion coefficient. A high Bo number, normally above 100,

represents an ideal plug flow-like behavior of the reactor. Values below 100 represent a

higher back mixing and the reactor is best represented by a CSTR. Different models can

be used to convert the obtained experimental data from the RTD experiment and are

reported in literature. [33]

The distribution of respective times needed of different fluid elements to pass through

a reactor is called the exit age distribution E, or RTD of a fluid. A simple way to obtain

this E curve for a given reactor is experimentally done by using step or pulse input signals

to it with the aid of a nonreactive tracer. The tracer concentration at the reactor’s in- and

outlet is followed over time. A dimensionless form of the cumulative tracer concentration,

the so called F curve, can be obtained with this information. [33] In this work, mainly

step experiments were carried out to evaluate reactor performance because of the simpler

experimental procedure.
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1.3.2.2 Micromixing

An estimation of the mixing time on the micro scale can be obtained by mixing sensitive

reactions. [1, 34] This work focused on the Bourne reaction, which has a proposed time

frame for the half-life time of 727 ms. [35] A re-calculation of the proposed value gave a

half-live time of approximately 30 ms for only considering the rate limiting 2p step and

neglecting the o-R path, see detailed reaction scheme in Chap. 2 and 4. This makes the

rate limiting and product forming step of the Bourne reaction by a factor of 6 slower than

the 2,2-dimethoxypropane (DMP) hydrolysis. [35] This seems to be an appropriate value

by comparing their published data. Mixing sensitive reactions always yield a combination

of the chosen elements for the first contacting mixing point and following reactor elements

used to provide a certain residence time. With carried out experiments and obtained

yields, only a rough estimation of mixing performance is possible. For almost no product

formation, a mixing time below the half-life time can be assumed for the used Bourne

reaction.

1.3.3 Microfabrication techniques

Additive manufacturing, also know as 3D printing, is commonly used for rapid prototyp-

ing of small product quantities, production of customized objects and readily used for

the production of milli- and microfluidic reactors. [36, 37, 38, 39] Additive manufactur-

ing got this attention because of the automated and assembly-free nature of production,

reduced costs and fast-improving resolution of the final produced reactors. The unique

characteristics of additive manufacturing lead to the following benefits: [40]

� No additional tools are needed during manufacturing, which significantly reduces

production ramp-up time and expenses

� Production of small product amounts are feasible and economical

� Designs can be quickly adapted

� A product’s function can be optimized (for example optimized cooling channels)

� Economical custom products are feasible (one part at a time)

� Reduced waste since only the object’s material is needed

� A potential simplification of supply chains, shorter lead times, lower inventories is

possible

� Designs can be customized for a specific case

While there are various manufacturing techniques with a broad range of available

materials currently used for additive manufacturing, they all follow a similar production
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sequence. [41] First, a conceptional design as Computer Aided Design (CAD) is made and

mainly converted to an Standard Triangle Language (STL) file. This file is then manip-

ulated, arranged in space and transferred to the additive manufacturing machine. After

an initial machine setup and definition of manufacturing parameters, the additive man-

ufacturing is started. A general additive manufacturing procedure includes the selective

application of material according to a cross-sectional area of the desired geometry by trac-

ing a two dimensional layer in the form of a contour and then an infill. Once the single

layer is completed, the build platform or printer head will move a short distance from

the building plate. If needed, a new layer of raw material is distributed and the whole

procedure is repeated until the final layer is completed. The produced part is most of the

time attached to a building plate and needs to be removed and probably cleaned from

excess building material. Post-processing is followed by removing supporting materials

and modifying the part for its final application. Some features of three popular additive

manufacturing techniques, DLP , Fused Deposition Modeling (FDM ) and SLM , are shown

in Tab. 1.1



12 Chapter 1. Introduction

Feature DLP FDM SLM
3D-capability Very little topological Limited to circular Very little topological

restriction in 3D channel restriction in 3D
architecture. Only cross-sections architecture. Only
dimensional limits. and orthogonal dimensional limits.

High optical junctions Powder bed gives
absorption is required additional support –

to create micro less support
channel roof structures needed

Resolution Current: ∼100 µm Current: ∼350 µm Current: ∼300 µm
channels with Min. feature size

opaquing agent 40-200 µm [42]
Solvent Commercial resins are Thermoplastics are Similar to properties

compatibility water-resistant. water resistant. of the bulk material
Varying resistance to Varying chemical

organic solvents resistance
(Somos 5530HT, 9920

is resistant to most
solvents, Watershed
is not resistant to

ethanol). Higher MW
hydrogel resins are

not water or solvent
resistant

Gas Most SLA resins are Most FDM Gas tight built
permeability hard plastics with thermoplastics are

poor gas permeability; hard plastics with
commercial elastomeric poor gas

SLA resins are permeability
typically sold

uncharacterized
Mechanical Young’s modulus vary Young’s modulus Similar to properties

strength with material – (ABS , PC , PPS , of the bulk
Ormocer (1–4 GPa), COC : ∼2–3 GPa) material [43] e.g.
WaterShed (2.7 GPa) Anisotropy in ∼200 GPa for
Minimal anisotropy in strength – inter- Stainless Steel
mechanical properties layer bonding weak

Bio Many resins are Many biocompatible Different metals used
compatibility cytotoxic and not thermoplastics for implants TiAl6V4

biocompatible. available – ABS , and CoCrMo [43]
WaterShed and Visijet PLA, ABS , COC ,

SLA Clear are USP PP
Class VI plastic.

PEG-DA is
biocompatible

Table 1.1: Features of some additive manufacturing techniques. Column entries taken from
Bhattacharjee et al. [36] and additional information added.
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1.3.3.1 Selective Laser Melting - SLM

Selective Laser Melting (SLM ) is a powder-based additive manufacturing technique. In

contrast to Selective Laser Sintering (SLS ), a SLM process completely melts the used

powder rather than partially melting it. A high-density solid body is created from several

possible materials such as polymers, metals, ceramics and composites. [44, 45] The printing

process consists of a successive selective and layer-wise melting of a powder bed by means

of a high intensity laser beam under an inert gas atmosphere. A basic SLM setup is shown

in Fig. 1.1.

Figure 1.1: Principle structure of a SLM process. Reprinted from reference [46] with permission
from Elsevier

A powder bed is applied to a building platform and smoothed with a scraper or roller

blade. Then a laser is guided by mirrors according to a desired cross sectional printing

area, according to the sliced CAD-design, to melt and combine the powder bed to the

previous layer. Next, the platform is lowered, a new powder layer is applied and the next

cycle started. After the printing, the part is freed from unused powder, which is recycled

after a sieving step, and post-processed by means of surface treatments and stress relief

annealing. Drawbacks of SLM include the formation of internal cracks as a result of local

overheated areas during the printing and relatively high surface roughness. [45]

SLM was used in this work to manufacture reactors made of stainless steel. With

this manufacturing technique, it was possible to produce reactor geometries with material

characteristics similar to the bulk substance. This allowed to use a thin wall thickness

between the reaction media and coolant and consequently increased the heat transfer. Fur-

thermore, the used 316L steel showed a good solvent compatibility as well as compatibility
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with most of the frequently occurring materials used in organic synthesis. Another ad-

vantage is that metal printed reactor geometries can be processed with standard machines

and tools.

1.3.3.2 Digital Light Processing - DLP

Digital Light Processing (DLP) is an additive manufacturing technique very similar to

Stereo Lithography (SLA). Both procedures use photo-polymerization of a liquid resin in

a layer-wise procedure as shown in Fig. 1.2. Generally, it is possible for both procedures to

use a bottom-up or top-down approach, whereby the top-down approach has the advantage

that the illuminated layer is not exposed to the atmosphere and the amount of polymer

in the storage vat is reduced. [36] The main difference of the techniques is the possibility

of DLP to cure a respective layer all at once. While in SLA a laser beam is guided across

a layer, DLP projects the layer with a dedicated mirror guidance of a light beam or by

simply a high resolution LCD display. [47] This results in a curing time per layer which is

independent on the amount of cross-sectional area to cure.

Figure 1.2: Stereo Lithography (SLA) configurations. (A) shows a free surface or bottom-up
technique in which a laser cures material close to the surface of a vat. (B) shows the simultaneously
curing of a whole cross section in the so called bat or top-down configuration commonly found in
DLP . Reprinted from reference [36] with permission from Royal Society of Chemistry

The printing procedure for DLP consists of an initial binding step to the stage platform

followed by a layer-wise manufacturing. A sectional layer is projected through the bottom

of the resin vat and solidifies to the previous one. In a next step, the stage is moved

upwards to rip off polymer from the transparent bottom of the vat and new resin is
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allowed to enter the gap. This ripping applies stress on the unfinished part and may cause

failures during printing. The next layer is then started slightly above the previous one in

a height between 25 to 100 µm. This height needs to be chosen depending on the curing

parameters of a resin in a way, that the maximum step length is slightly smaller than the

achievable curing depth of a layer. The curing depth is depending on the used polymer,

intensity of the light source and curing time. [48]

DLP was used in this work mainly to produce casing elements for the calorimeter

shown in Chap. 3. It showed to be a cheap manufacturing possibility of highly detailed

parts especially useful during design iterations. Most of the commonly used polymers for

this manufacturing technique are not compatible with organic solvents, thus limiting the

application of DLP for the production of reactors. Nevertheless, a CSTR applied at mild

reaction conditions is shown in Chap. 4

1.4 Reaction Calorimetry

To carry out a chemical process in a safe and controlled manner, it is of utmost importance

to know the risks related to toxicity and reactivity of the involved chemicals. [49] Especially

thermal risks associated with the reactivity of a reaction are a major concern in the process

design phase. To keep a reaction under controlled conditions, the heat production of

exothermic reactions has to be considered in the design of process and safety relevant

equipment. This heat production can be characterized by a combination of both kinetic

and thermodynamic effects of a chemical reaction. Both effects can be monitored by

reaction calorimetry by following the heat flow rate of a reaction, making calorimetry a

differential kinetic analysis method. [33] The heat flow rate is proportional to the rate of

conversion and can be expressed as:

q̇Reaction(t) ∼ r(t)Vr (1.21)

where q̇Reaction is the reaction heat flow rate (W), r the rate of reaction (mol m-3 s-1)

and Vr the reactor volume (m3). These quantities change with time and reaction progress.

In contrast to reaction calorimetry, other analytical methods applied to kinetic analysis,

such as online concentration measurements of reaction spectra (UV -VIS , NIR, Raman),

can be seen as integral kinetic methods. [33] Here a direct correlation is shown between

concentration and measurement signal:

si(t) ∼ ci(t) (1.22)

with si as value of the ith reaction component measured by the analytical sensor of the

above mentioned spectra techniques with the concentration ci (mol m-3). A combination

of both differential and integral analysis methods showed great improvement of kinetic

analysis. [50, 51, 52]

The following sections first present the risks generally related to chemical processing
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and gives information about key parameters to characterize them. Secondly, a short

overview about the fundamentals of batch calorimetry are given. Then the focus will be

on current trends in continuous flow calorimetry with an overview of currently available

measuring methods and devices.

1.4.1 Risks assessment of a chemical processing

A general risk of thermal reactions can be characterized by a risk assessment in three steps:

search and identification of possible dangers and hazards, risk analysis and establishing

risk reducing measures. [53] To carry out this risk analysis, the behavior of a chemical

process is normally evaluated by constructing a run-away scenario. [49] In such a scenario

the loss of a critical temperature control unit during the process is assumed, leading to

a quasi-adiabatic operation mode. As a consequence, the reaction content’s temperature

increases with a change in reaction rate, potential activation of secondary reactions and

pressure increase due to solvent evaporation or decompositions. This scenario is depicted

in Fig. 1.3.

Figure 1.3: Runaway scenario of an exothermic batch reaction after a cooling failure. Reprinted
from reference [53] with permission from John Wiley and Sons

The maximum achievable temperature Tf of the reaction content shown in Fig. 1.3 as

well as the time to a possible thermal explosion are important safety aspects in the risk

assessment. Consequently, the related thermal and kinetic parameters of the desired and
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secondary reactions need to be analyzed. In a practical manner, the number of needed

properties is reduced to obtain an educated estimate on quantities characterizing the

potential runaway.

Kinetics of a desired reaction are crucial for the reactor design as well as for the safety

assessment. If the above mentioned cooling failure occurs, a desired exothermic reaction

continues to heat up the reactor content from the desired reaction temperature Tp based

on the temperature depending kinetics. If no heat is transferred to the surrounding, an

adiabatic temperature increase with ∆Tad can be seen. Whereby the maximum tempera-

ture of the synthesis reaction MTSR achievable by solely the desired reaction is defined

as

MTSR = Tp + (1−X)∆Tad with ∆Tad =
ca0∆HR

ρcp
(1.23)

with the desired reaction temperature Tp (K), chemical conversion X, concentration

of the main and limiting component ca at time 0 (mol m-3), reaction enthalpy ∆HR (J

mol-1), mixture density ρ (kg m-3) and heap capacity of the reactor content cp (J kg-1

K-1).

In the worst case, the reactor content’s temperature increases further until additional

secondary reactions occur. The higher temperature can cause decomposition or evapora-

tion of reaction components, leading to a pressure increase and possible explosions. The

time needed for this thermal explosion to occur gets critical when the time to reach a

maximum rate under adiabatic conditions becomes shorter than a chosen limit, e.g. 10-24

hours for industrial applications [54]. The estimated time to reach a maximum rate under

adiabatic conditions tmrad is defined for a zero order reaction as

tmrad =
cpRT0

2

q̇0Ea
(1.24)

with the heat capacity of the reactor content cp (J kg-1 K-1), general gas constant R (J

mol-1 K-1), initial temperature T0 (K), heat release rate q̇0 (W) and Arrhenius activation

energy Ea (J mol)-1. A more accurate method of estimating tmrad is to perform an

adiabatic experiment and using the following equation: [55]

tmrad =

∫ Tm

T

dT

k
(
Tf−T
∆Tad

)n
∆Tadc

n−1
a0

(1.25)

with the temperature at maximum rate Tm (K), rate constant k ((mol m-3)1-m s-1),

reaction order m (-), maximum achievable temperature Tf (K), adiabatic temperature

increase ∆Tad (K) and concentration of the main limiting component ca at time 0 (mol

m-3).
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1.4.2 Batch Reaction Calorimetry

Batch reaction calorimeter generally consists of a reaction vessel equipped with a stirrer

and surrounded by a temperature controlled jacket containing a thermal fluid, see Fig. 1.4.

A classification of batch calorimeters is possible based on their measurement and control

principles as well as operation modes. [56]

Figure 1.4: Basic set-up of batch calorimeter and their operation modes. (Left) heat flow, heat-
balance and power compensation calorimeters. (Right) electric effect or Peltier based calorimeter.
Reprinted from reference [56] with permission from Elsevier.

1.4.2.1 Measurement and control principles

Heat flow reaction calorimeters measure the required cooling heat flux q̇Flow by the tem-

perature difference of the reactor content Tr and the cooling liquid Tj while keeping Tr
constant. Operation conditions with the corresponding heat transfer coefficient need to be

calibrated to convert this temperature difference into a heat flow signal. This calibration

is done by an integrated electrical heater. A precise temperature control of the reactor

content requires high flow rates of the cooling fluid through the jacket. This measurement

principle was first developed by Regenass [57, 58] and is used by most of the commercial

reaction calorimeters.

Power compensation reaction calorimeters control the temperature of the reactor con-

tent by varying the power supply of a compensation heating. This allows to indirectly

monitor the heat flow q̇Flow from the reactor content to the cooling liquid as a correlation

to the power consumption. As a consequence, such a measurement principle does not

provide active cooling of the reactor content and requires a constant temperature Tj of

the cooling fluid in the outer jacket. The power compensation principle was first shown
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by Anderson [59].

A heat balance reaction calorimeter controls the reactor content temperature Tr di-

rectly with the provided cooling liquid. The transferred heat flux q̇Flow can be calculated

with an energy balance of the cooling liquid. To close this equation, it is required to know

the heat capacity of the cooling liquid, accurately measure the temperature of inlet Tj,IN
and outlet Tj,OUT of the cooling jacket as well as the mass flow of the liquid. The mea-

surement principle does not need a calibration and was first implemented by Meeks [60].

Peltier reaction calorimeters allow to both actively heat and cool the reaction content

with an Peltier element. The heat flow q̇Flow is calculated based on the needed power

consumption of the Peltier element and the measured temperature gradient between the

cooling liquid and reactor content. Heat transfer is mainly allowed through the Peltier

element as indicated by an additional insulation in Fig. 1.4 on the right side. This design

was first shown by Becker [61].

1.4.2.2 Operation modes

A calorimetric measurement can be further distinguished between the control strategy for

the temperature of the reaction content: [56]

� Isothermal mode with a controlled reaction content temperature Tr at a constant

value

� Adiabatic mode whereby the cooling liquid temperature Tj is controlled to avoid

heat losses from the reactor content

� Isoperibole mode by holding the cooling liquid temperature Tj at a constant level

and leaving the reaction temperature Tr uncontrolled

� Temperature programmed or scanning mode of the user defined temperature profile

of the reactor content’s temperature Tr

The isothermal operation mode is the most applicable operation mode since no accu-

mulation of heat needs to be considered. This eliminates the dependency of heat capacities

on the reaction temperature Tr as well as dependencies of reactor internals like stirrers

and sensors. Non-ideal behavior needs to be considered if the isothermal operation can not

be granted. In real world applications this can be caused by dynamic events correlated to

dosing and circuit control. If this deviation gets significant, it also needs to be considered

during the evaluation. The isothermal operation mode will be discussed in more detail in

the following section.

1.4.2.3 General isothermal heat flow balance

Steady state balance of a general isothermal heat flow reaction calorimeter is shown in

Fig. 1.5 and described in the following. [56]
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Figure 1.5: Heat flow rates of a general batch calorimeter case under isothermal conditions.
Depicted heat fluxes show a positive heat flow rate in the arrow direction. Reprinted from refer-
ence [56] with permission from Elsevier.

During calorimetric measurements, the total heat flow rate during a chemical reaction

is measured. This total heat flow rate also includes all other kinds of heat producing

processes in which heat is released or absorbed. These additional heat sources can be

written as:

q̇tot = q̇React + q̇Mix + q̇Phase (1.26)

with q̇React as reaction heat flow rate (W), q̇Mix as mixing heat flow rate arising from

mixing enthalpies while combining different fluids (W) and q̇Phase as heat flow rate during

phase changes (W). Assuming a reaction under constant pressure, the reaction heat flow

rate is further defines as:

q̇React = −
∑

j=1...NR

∆HR,jrjVr (1.27)

where ∆HR,j is the reaction enthalpy of the jth reaction (J mol-1), rj the jth reaction

rate (mol m-3 s-1), VR the reaction volume of the mixture, and NR as number of chemical

reactions. The negative sign in equations 1.27 arises from the general definition in reaction

calorimetry that exothermic events have a positive reaction heat flux q̇React with a negative

reaction enthalpy ∆HR. The heat introduced to the reaction mass by stirring can be

described by [62]
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q̇Stirr = Neρrn
3
Sd

5
R (1.28)

with the Newton number Ne, the density of the reaction mixture ρr (kg m-3), the

stirrer frequency nS (Hz) and the stirrer diameter dR (m). By dosing of reactants, a heat

flux q̇Dos is defined as:

q̇Dos = V̇Rcp,Dos(TDos − Tr) (1.29)

where V̇R is the reactant flow rate (mol s-1), cp,Dos the specific heat capacity of the

dosing fluid (J mol-1 K-1) and TDos is the temperature of the added fluid.

The measurable heat flow during operation q̇Flow depicted in Fig. 1.4 and 1.5 can be

defined under steady state conditions as:

q̇Flow = UA(Tr − Tj) (1.30)

representing U as the overall heat transfer coefficient (W m-2 K-1) and A as the total

heat transfer area (m2). Main contributions of U are a steady state heat transfer coefficient

of the reactor hr (W m-2 K-1) and a device specific heat transfer coefficient ϕ (W m-2 K-1)

shown in equation 1.31.

1

U
=

1

hr
+

1

ϕ
(1.31)

The device specific coefficient ϕ can be further shown by:

1

ϕ
=

L

λW
+

1

hj
(1.32)

with the reactor wall thickness L (m), the material specific heat conductivity of the

reactor wall λW (W m-1 K-1) and a jacked sided steady state heat transfer coefficient hj
(W m-2 K-1). Additional resistances of elements implemented to the reactor wall, e.g.

Peltier elements, need to be added to equation 1.32.

During a measurement, the above mentioned device specific properties hr and hj
change depending on reaction progress and operation conditions. hr is influenced by

physical properties of the reaction mixture such as viscosity and hj is depending on the

physical properties of the coolant. Additionally, the contact area A of equation 1.30 can

very with reaction progress due to gas formation, dosing and density changes. These influ-

ences as well as small heat accumulation inside the reactor are normally neglected during

measurement and the steady state equation 1.30 is used. The exact solutions for each

specific operation mode can be found in literature. [56]
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1.4.3 Continuous flow calorimetry

As shown above in section 1.3, flow chemistry is carried out in micro reactors under as-

sumed isothermal conditions due to their high surface-to-volume ratio. [22] As a result, flow

chemistry provides an especially interesting possibility to carry out fast and highly exother-

mic reactions since a tight temperature control, a safe operation at elevated pressures and

a controlled mixing state are provided. A safety analysis as described in section 1.4.1 of

such highly exothermic reactions commonly found in flow chemistry is most of the time

limited in batch calorimeters. Batch calorimeter have a fundamental different mode of

operation by lacking the possibility to operate under steady state conditions. Adaptions

of the continuous flow reaction conditions have to be made to still be able to carry out a

batch calorimetry measurement of such reactions. Normally, a limited dosing procedure of

a reactant is used to prevent an uncontrolled runaway reaction. Depending on the carried

out reaction, these dosing limitations of chemicals can lead to different products of mixing

limited reactions and consequently to falsified data which is then used for the process de-

sign and risk analysis. Therefore, it makes sense to carry out calorimetric measurements

under similar continuous conditions as later on used in the desired process.

Continuous flow calorimetry is an emerging field for developing flow chemistry pro-

cesses. By using micro reactor technology in flow calorimeter, a so called Novel Process

Window (NPW ) is accessible by more extreme conditions like temperature, pressure and

concentrations of reactants. [19] The small dimensions of the used micro structures also al-

low super-critical or solvent free processing carried out safely in laboratory environments.

These conditions allow a more efficient and greener processing of chemicals and present an

opportunity for flow calorimetry to precisely study thermodynamic and kinetic properties.

Common limitations of micro reactor technology can also be applied to flow calorimetry

such as handling of solids and problematic long residence times of slow reactions.

1.4.3.1 Types of flow calorimeter

Several types of flow calorimeter are presented in literature and a summary of some avail-

able continuous flow calorimeter is given in table 1.2. Their operation mode is mainly

isothermal or isoperibole. A general heat balance for such an operation is given later on in

Chap. 3. There are four approaches taken for the design of continuous flow calorimeters:

The first one is based on modifying existing batch calorimeter with inserted continu-

ous flow equipment, e.g. reactor coils and chips submerged in the temperature controlled

coolant in the inner vessel [63] or replacing a crucible, which is normally inserted with a

measurement sample, with a micro chip like reactor [64]. Both approaches have advantages

of using an already existing calorimeter system with known performance characteristics

and calibration possibilities while requiring slight adaptions of the system. On the other

side, there might be some connectivity issues with the continuous equipment and modifi-

cations on the software side are hardly possible.

Secondly, there is the possibility to use a combination of a transparent chip-like micro
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reactor with an infrared thermography heat measurement [65]. This method requires

optical access and an expensive infrared camera with a high resolution. The presented

system showed an isoperibole mode of operation and was calibrated by Joule heating.

The third approach utilizes a chip-like micro reactor in combination with thermoelectric

Seebeck elements. This direct heat flux measurement correlates the transferred heat, from

a reactor through a Seebeck element to a heat sink, with a generated voltage signal. These

thermoelectric elements can be prepared directly on a micro reactor chip [66, 67] or bigger

and commercial Peltier element can be used [68, 69, 70]. Calibrations of the systems

can be carried out by a direct Joule heating approach or by externally characterizing the

performance of Seebeck elements at a reference temperature. One of the main advantages

of this approach is the possibility to use several Seebeck elements distributed over the

length of a reactor. Such an approach allows to gain additional insight into the kinetics

of a chemical reaction.

Fourthly, several temperature measurements to create a spacial temperature profile

downstream of a reactor in combination with a well defined reactor system can be used. [71]

This approach solves the energy balance of the well-characterized reactor in combination

with a process modeling software to calculate substance and mixture properties. A cali-

bration at process conditions can be carried out without one of the reaction species. The

temperature is controlled in an isoperibole mode by a heat transfer through the reactor

wall to the coolant in the outer shell.

Some isothermal calorimeter may not be isothermal per definition and behave more

like the isoperibole mode by keeping the outer cooling liquid or heating block at a con-

stant value. The local hot spot formation of highly exo- or endothermic reactions is not

controlled. Nevertheless, the isothermal operation assumption is valid for reactions with

low reaction enthalpies and for low feed rates.
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Type Temperature Max. Pressure Volume/Reactor Shown mode
Range of operation

Modified -25°C to not stated; 250 x 100 µm Isothermal
Setline 120 120 °C 0.07 - 1.1 µL

Ref. [64]
Modified -50 to 20 bar for 250 µL - 2.61 ml Isothermal/

ChemiSens 200 °C ChemiSens Comm. capillaries isoperibole
CPA202 CPA202; (0.8 mm ID) and
Ref. [63] depending on micro reactor

inserted 250 µL used
reaction
hardware

Chip reactor; up to shown until PVDF Foil Isothermal/
thermoelec. 150 °C 16 bar 0.66 mm dh & isoperibole

heat flux comm. glass chip
measurement 1 mm dh with
Ref. [69, 70] 0.1 ml
Chip reactor up to up to 0.49 - 8 ml Isothermal/
thermoelec. 200 °C 100 bar isoperibole

heat flux
measurement
Ref. [68, 72]
Tube-in-tube shown at not stated l = 51 cm Isothermal/

reactor segment -25 °C ID 7.8 mm isoperibole
wise temp. 17 ml fluid volume

measurement [71] static mixer
Chip reactor -25 to up to ID 0.8 mm Isothermal
thermoelec. 50 °C 100 bar 220 µL

heat flux
measurement

Chap. 3

Table 1.2: Comparison of some recently published continuous flow calorimeter setups
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1.5 Chemistry to plant approach - C2P

The C2P approach is a work flow guided approach for continuous manufacturing, as shown

in Sec. 1.2. A desired chemical compound is produced in an organic synthesis which is

carried out efficiently in a fast designed and constructed chemical plant. This is possible

by a combination of Micro- and Milli Reactor Systems (MRS ), see Sec. 1.3 and design

possibilities enabled by additive manufacturing, [73, 74, 37] Sec. 1.3.3. Compared to

commercially available MRS , 3D printed reactors are almost not limited by the design

complexity needed for multiphase and multistep applications. By assembling commercial

MRS , often complex interconnections between the parts have to be made and may limit

productivity by influencing the flow regime. [75] This regime is defined by the input con-

ditions and may change throughout a reaction, leading to bad mixing as well as poor mass

and heat transfer. A uniquely designed reactor can be manufactured by additive manu-

facturing adapted to these changes caused by a reaction. This reduces the construction

process compared to the conventional approach of searching and adapting commercially

available parts of a MRS until a desired combination is found. A 3D printed MRS can be

designed in a more compact and efficient way by already considering peripheral equipment

such as pumps, sensors and valves in the design phase.

Fig. 1.6 shows the developed C2P work flow. First, a chemical reaction with an in-

dustrial interest for production is defined and initially investigated in terms feasibility. If

a suitable approach is found, the reaction conditions are saved in a cloud database. This

database is the central knowledge exchange point between the involved project partners.

After defining changeable and system parameters needed for the work of each individ-

ual partner, the desired reactor is further analyzed by computational simulations of the

reaction system including substance data and laboratory based reaction analysis. The

developed continuous flow calorimeter, see Chap. 3 plays a central part to provide thermo-

dynamic and kinetic data of the planned reaction. An additional tool during the reaction

investigation at various operation conditions is the developed CSTR cascade, shown in

Chap. 2 and later on in an advanced version in Chap. 4. Its design allows to have multiple

fluid ports and implemented process sensors to follow a reaction from vessel to vessel.

In a next step, a CAD file of the planned reactor is created. This design is based on

existing guidelines [22, 23, 76] as discussed in detail in Sec. 1.3.1. The CAD design of

a first reactor iteration is assembled from a structure element database first proposed in

Chap. 2 and advanced in Chap. 4. This database is parameter depending and used in

a click-and-drop like procedure to exchange and automatically adapt structure elements

based only on three design parameters. The reactor design is then virtually verified by

Computational Fluid Dynamics (CFD) simulations and adapted if needed. The final

design is then modified from project partners by adding the needed structure support for

additive manufacturing and produced in the desired chemical resistant material.

The produced reactors are then characterized according to the mentioned procedures

in Sec. 1.3.2. The next step includes the implementation of the reactor in the desired
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Figure 1.6: Visualization of the C2P work flow and involved project partners. After choosing a
desired reaction, process parameters are screened and a first reactor model is proposed. A virtual
and 3D printing iteration loop is carried out next to ensure optimized reaction conditions. The
next steps are a first lab scale investigation of the process including Process Analytical Technology
(PAT ) and process simulation with a following detailed engineering and final operation in an
industrial environment.

plant, for a first validation in a laboratory scale. In this stage process conditions are

screened already with the later on used Process Analytical Technology (PAT ) tools as

well as simulated on a process basis. The obtained results are then used in the following

detail engineering. Process simulation, decision of adequate PAT solutions as well as

detail engineering were started and included already during the reactor design phase. All

gathered information are then used to bring the desired production plant to scale, either

by scaling-out or numbering up approaches. This strong collaboration based work flow

with a constant data exchange between project partners aims to reduce the time to a final

producing plant from years to 2 – 3 months.

The aerobic oxidation of a Grignard reagent shown in Chap. 2 and Chap. 4 was used to

develop the above mentioned work flow. In Chap. 2, a focus is held on the reaction itself

and the reactor design concept leading to the structure element database. The continuous

flow calorimeter shown in Chap. 3 was developed then to have a reaction analysis tool

available within the C2P work flow for fast continuous flow syntheses. Chap. 4 then

focuses on the implementation and process control of various reactor designs created with

the structure element database. These reactors were used to successfully show the mixing

and temperature dependent oxidation of a Grignard reagent.
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Pöchlauer, C. Oliver Kappe, and Heidrun Gruber-Woelfler. “Development of

customized 3D printed stainless steel reactors with inline oxygen sensors for aerobic

oxidation of Grignard reagents in continuous flow”. In: Reaction Chemistry and

Engineering 4.2 (2019), pp. 393–401. issn: 20589883. doi: 10.1039/C8RE00278A.

url: http://xlink.rsc.org/?DOI=C8RE00278A.

[9] Manuel C. Maier, Michael Leitner, C. Oliver Kappe, and Heidrun

Gruber-Woelfler. “A modular 3D printed isothermal heat flow calorimeter for

reaction calorimetry in continuous flow”. In: Reaction Chemistry and Engineering

5.8 (2020), pp. 1410–1420. issn: 20589883. doi: 10 . 1039 / d0re00122h. url:

http://xlink.rsc.org/?DOI=D0RE00122H.

[10] Manuel C. Maier, Alessia Valotta, Katharina Hiebler, Sebastian Soritz,

Kristian Gavric, Bianca Grabner, and Heidrun Gruber-Woelfler. “3D Printed

Reactors for Synthesis of Active Pharmaceutical Ingredients in Continuous Flow”.

In: Organic Process Research and Development (2020). issn: 1520586X. doi: 10.

1021/acs.oprd.0c00228.

[11] Sau L. Lee, Thomas F. O’Connor, Xiaochuan Yang, Celia N. Cruz, Sharmista

Chatterjee, Rapti D. Madurawe, Christine M. V. Moore, Lawrence X. Yu,

and Janet Woodcock. “Modernizing Pharmaceutical Manufacturing: from Batch

to Continuous Production”. In: Journal of Pharmaceutical Innovation 10.3 (Sept.

2015), pp. 191–199. issn: 1872-5120. doi: 10.1007/s12247-015-9215-8. url:

http://link.springer.com/10.1007/s12247-015-9215-8.

[12] Hans Leuenberger. “New trends in the production of pharmaceutical granules:

batch versus continuous processing”. In: European Journal of Pharmaceutics and

Biopharmaceutics 52.3 (Nov. 2001), pp. 289–296. issn: 09396411. doi: 10.1016/

https://doi.org/10.1021/acs.oprd.1c00117
https://doi.org/10.1021/acs.oprd.1c00117
https://doi.org/10.1126/science.aao3466
https://doi.org/10.1126/science.aao3466
http://www.sciencemag.org/lookup/doi/10.1126/science.aao3466%20http://www.ncbi.nlm.nih.gov/pubmed/29348235%20https://www.sciencemag.org/lookup/doi/10.1126/science.aao3466
http://www.sciencemag.org/lookup/doi/10.1126/science.aao3466%20http://www.ncbi.nlm.nih.gov/pubmed/29348235%20https://www.sciencemag.org/lookup/doi/10.1126/science.aao3466
http://www.sciencemag.org/lookup/doi/10.1126/science.aao3466%20http://www.ncbi.nlm.nih.gov/pubmed/29348235%20https://www.sciencemag.org/lookup/doi/10.1126/science.aao3466
https://doi.org/10.1039/C8RE00278A
http://xlink.rsc.org/?DOI=C8RE00278A
https://doi.org/10.1039/d0re00122h
http://xlink.rsc.org/?DOI=D0RE00122H
https://doi.org/10.1021/acs.oprd.0c00228
https://doi.org/10.1021/acs.oprd.0c00228
https://doi.org/10.1007/s12247-015-9215-8
http://link.springer.com/10.1007/s12247-015-9215-8
https://doi.org/10.1016/S0939-6411(01)00199-0


BIBLIOGRAPHY 29

S0939-6411(01)00199-0. url: https://www.sciencedirect.com/science/

article/pii/S0939641101001990%20https://linkinghub.elsevier.com/

retrieve/pii/S0939641101001990.

[13] Lawrence X. Yu. “Pharmaceutical Quality by Design: Product and Process De-

velopment, Understanding, and Control”. In: Pharmaceutical Research 25.4 (Apr.

2008), pp. 781–791. issn: 0724-8741. doi: 10.1007/s11095-007-9511-1. url:

https://doi.org/10.1007/s11095-007-9511-1%20http://link.springer.

com/10.1007/s11095-007-9511-1.

[14] Dominique M. Roberge, Laurent Ducry, Nikolaus Bieler, Philippe Cretton, and

Bertin Zimmermann. “Microreactor technology: A revolution for the fine chemical

and pharmaceutical industries?” In: Chemical Engineering and Technology 28.3

(2005), pp. 318–323. issn: 09307516. doi: 10.1002/ceat.200407128. url: https:

//onlinelibrary.wiley.com/doi/abs/10.1002/ceat.200407128.

[15] Norbert Kockmann. Process Engineering Methods and Microsystem Technology.

Vol. 5. 2008, pp. 1–45. isbn: 9783527616749. doi: 10.1002/9783527616749.ch1.

url: http://dx.doi.org/10.1002/9783527616749.ch1.

[16] Matthew B. Plutschack, Bartholomäus Pieber, Kerry Gilmore, and Peter
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“Application-Oriented Analysis of Mixing Performance in Microreactors”. In: Or-

ganic Process Research & Development 16.9 (Sept. 2012), pp. 1513–1522. issn:

1083-6160. doi: 10.1021/op300107z. url: http://pubs.acs.org/doi/10.1021/

op300107z.

[36] Nirveek Bhattacharjee, Arturo Urrios, Shawn Kang, and Albert Folch. “The

upcoming 3D-printing revolution in microfluidics”. In: Lab on a Chip 16.10 (2016),

pp. 1720–1742. issn: 1473-0197. doi: 10.1039/C6LC00163G. arXiv: 15334406. url:

http://xlink.rsc.org/?DOI=C6LC00163G%20http://www.ncbi.nlm.nih.gov/

pubmed/27101171%20http://www.pubmedcentral.nih.gov/articlerender.

fcgi?artid=PMC4862901.

[37] Anthony K. Au, Wilson Huynh, Lisa F. Horowitz, and Albert Folch. “3D-

Printed Microfluidics”. In: Angewandte Chemie International Edition 55.12 (Mar.

2016), pp. 3862–3881. issn: 14337851. doi: 10.1002/anie.201504382. url: http:

//doi.wiley.com/10.1002/anie.201504382%20http://www.ncbi.nlm.nih.

gov/pubmed/26854878%20https://onlinelibrary.wiley.com/doi/10.1002/

anie.201504382.

[38] Andrew J. Capel, Andrew Wright, Matthew J. Harding, George W. Weaver,

Yuqi Li, Russell A. Harris, Steve Edmondson, Ruth D. Goodridge, and

Steven D.R. R Christie. “3D printed fluidics with embedded analytic functionality

for automated reaction optimisation”. In: Beilstein Journal of Organic Chemistry

https://doi.org/10.1115/1.4004089
https://asmedigitalcollection.asme.org/fluidsengineering/article/doi/10.1115/1.4004089/450502/Manifold-Design-for-MicroChannel-Cooling-With
https://asmedigitalcollection.asme.org/fluidsengineering/article/doi/10.1115/1.4004089/450502/Manifold-Design-for-MicroChannel-Cooling-With
https://asmedigitalcollection.asme.org/fluidsengineering/article/doi/10.1115/1.4004089/450502/Manifold-Design-for-MicroChannel-Cooling-With
https://doi.org/10.1016/S0017-9310(02)00013-3
https://doi.org/10.1016/0009-2509(96)00270-9
https://doi.org/10.1016/0009-2509(96)00270-9
https://linkinghub.elsevier.com/retrieve/pii/0009250996002709
https://linkinghub.elsevier.com/retrieve/pii/0009250996002709
https://doi.org/10.1021/op300107z
http://pubs.acs.org/doi/10.1021/op300107z
http://pubs.acs.org/doi/10.1021/op300107z
https://doi.org/10.1039/C6LC00163G
https://arxiv.org/abs/15334406
http://xlink.rsc.org/?DOI=C6LC00163G%20http://www.ncbi.nlm.nih.gov/pubmed/27101171%20http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC4862901
http://xlink.rsc.org/?DOI=C6LC00163G%20http://www.ncbi.nlm.nih.gov/pubmed/27101171%20http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC4862901
http://xlink.rsc.org/?DOI=C6LC00163G%20http://www.ncbi.nlm.nih.gov/pubmed/27101171%20http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC4862901
https://doi.org/10.1002/anie.201504382
http://doi.wiley.com/10.1002/anie.201504382%20http://www.ncbi.nlm.nih.gov/pubmed/26854878%20https://onlinelibrary.wiley.com/doi/10.1002/anie.201504382
http://doi.wiley.com/10.1002/anie.201504382%20http://www.ncbi.nlm.nih.gov/pubmed/26854878%20https://onlinelibrary.wiley.com/doi/10.1002/anie.201504382
http://doi.wiley.com/10.1002/anie.201504382%20http://www.ncbi.nlm.nih.gov/pubmed/26854878%20https://onlinelibrary.wiley.com/doi/10.1002/anie.201504382
http://doi.wiley.com/10.1002/anie.201504382%20http://www.ncbi.nlm.nih.gov/pubmed/26854878%20https://onlinelibrary.wiley.com/doi/10.1002/anie.201504382


32 BIBLIOGRAPHY

13 (Jan. 2017), pp. 111–119. issn: 18605397. doi: 10.3762/bjoc.13.14. url:

http://www.beilstein-journals.org/bjoc/content/13/1/14.

[39] Sergio Rossi, Alessandra Puglisi, and Maurizio Benaglia. “Additive Manufac-

turing Technologies: 3D Printing in Organic Synthesis”. In: ChemCatChem 10.7

(Apr. 2018), pp. 1512–1525. issn: 18673880. doi: 10.1002/cctc.201701619. url:

https://onlinelibrary.wiley.com/doi/10.1002/cctc.201701619%20https:

//chemistry-europe.onlinelibrary.wiley.com/doi/abs/10.1002/cctc.

201701619%20http://doi.wiley.com/10.1002/cctc.201701619.

[40] Jan Holmström, Jouni Partanen, Jukka Tuomi, and Manfred Walter. “Rapid

manufacturing in the spare parts supply chain: Alternative approaches to capacity

deployment”. In: Journal of Manufacturing Technology Management 21.6 (2010),

pp. 687–697. issn: 1741038X. doi: 10.1108/17410381011063996.

[41] Ian Gibson, David W Rosen, and Brent Stucker. “Design for Additive Man-

ufacturing”. In: Additive Manufacturing Technologies. Boston, MA: Springer US,

2010, pp. 299–332. isbn: 978-1-4419-1120-9. doi: 10.1007/978-1-4419-1120-

9_11. url: https://doi.org/10.1007/978- 1- 4419- 1120- 9_11%20http:

//link.springer.com/10.1007/978-1-4419-1120-9_11.
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2.1 Abstract

Additive manufacturing has gained a lot of interest in recent years to create customized

reactors and equipment for milli- and micro flow applications. This work presents the

development of 3D printed stain- less steel reactors for the oxidation of Grignard reagents

in flow. In our first approach a 3D printed micro CSTR cascade was designed as a tool

to get more insight in the reaction kinetics. Novel optical sensors were integrated inline

in the cascade to monitor the oxygen consumption in real time. Based on the obtained

experimental data and CFD simulations, a customized 3D printed Split-and-Recombine

Reactor (SaRR) was designed especially for the needs of the reaction.

2.2 Introduction

Organic flow chemistry has developed an increasing interest in performing syntheses in

milli- and microreactors. [16, 77, 78] These reactors offer the potential for intensified

process conditions through high mass and heat transfer rates due to high surface-to-volume

ratios. [20, 79] Milli- and microreactors enable novel reactions to be developed at conditions

not easily realized in conventional batch processing. While there are straightforward and

cheap ways to set up micro flow processes with standardised tubings as reactors, their

mixing properties lack the possibility to be optimized to the predefined process conditions.

This missing optimization of- ten results in low product yields with unwanted side product

formation. [35, 80] Therefore, a trend has emerged to manufacture chip-like microreactors

for these predefined mixing operations. These 2D chip-like reactors are often made of

glass or poly-dimethylsiloxane (PDMS ), fabricated by etching and micromolding through

expensive manual labour. Subsequent adaption or expansion of these reactors is difficult

to achieve due to the lack of robust chip-to-chip interconnections. [75]

Rapid developments in the field of 3D printing show a successful production of milli-

and microreactors especially designed for the needs of the process. [36, 37, 81, 82, 83,

84, 85, 86, 87] The lack of robust interconnections can be eliminated through compact

design of system parts and thus compacter production lines can be achieved. [7] However,

most of these 3D printed reactors are made of plastics which are unsuitable for most

organic solvents. Another drawback of the frequently used polymers is the poor heat

transfer characteristics, leading to the formation of possible hot spots during the reaction.

Selective Laser Melting (SLM ) of stainless steel is a suitable 3D printing technique to
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overcome these limitations. [73, 38, 88, 89, 90, 91, 92, 93] SLM printed micro reactors

show high thermal conductivity, mechanical strength and thermal resistance over a broad

range of temperatures. Stainless steel can be easily post processed after the printing in

the mechanical workshop, enabling the connection to standard HPLC equipment.

This work reports the development of customized SLM printed stainless steel reactors

for the continuous aerobic oxidation of Grignard reagents. To investigate the intrinsic

reaction kinetics, the problem of the coupled mass transfer and proceeding reaction was

eliminated by absorbing oxygen beforehand in the solvent. This absorption reduces the

reaction to a one phase mixing dependant case. The reactor design for the resulting one

phase system was guided by monitoring the oxygen consumption rate during oxidation

of the Grignard reagent through implemented novel optical inline oxygen sensors. These

sensors show high resistance against the used organic solvent, are able to measure high

oxygen concentrations, and respond quickly to changes in the system, thus making them

especially useful for fast reactions.

For the reactor design approach, a 3D printed micro CSTR cascade (AP01) was de-

signed as a tool to measure the reaction rate. With this cascade it was possible to estimate

the dependency of the oxidation reaction on the degree of mixing by monitoring the oxy-

gen consumption rate with the integrated novel oxygen sensors in the CSTR vessels. An

estimation of the intrinsic reaction time scale was possible and was used in combination

with computational simulations and preliminary knowledge in advanced manufacturing

technologies to manufacture another 3D printed reactor (AP02). This reactor is designed

and adapted exactly to the requirements of the one phase Grignard reagent oxidation and

utilizes novel 3D printed three-dimensional structures.

2.2.1 Model reaction – aerobic oxidation of Grignard reagents

Aerobic oxidation of Grignard reagents to the corresponding phenols was selected as a

model reaction for the evaluation of both, oxygen sensor performance and mixing efficiency

of the 3D printed reactors. This reaction was developed to provide an efficient green

approach towards functionalized phenols using oxygen as an inexpensive and sustainable

oxidant. [94] It serves as an alternative for conventional reactions, such as nucleophilic

aromatic substitution, [95] oxidations using boronic acids, [96] or cost intensive, toxic,

transition metal catalysis based hydroxylation. [97]

Due to the reactive nature of Grignard reagents, their direct oxidation by oxygen is

highly demanding in terms of heat and mass transfer. Based on the proposed mechanism

of this reaction (Fig. 2.1), fast and efficient mixing is crucial to prevent stoichiometric

imbalances, which may cause the formation of side products. Such limitations can be

overcome by performing the reaction in a continuous flow regime, as both control over

temperature and mixing performance can be enhanced. [98] Furthermore, establishing a

continuous flow process allows for an easier and safer execution of the reaction on larger

scale, compared to conventional batch methods. [99, 100]
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Figure 2.1: Proposed mechanism for the oxidation of Grignard reagents by oxygen via a peroxide
intermediate. The initial step is expected to proceed via an electron transfer step between the
Grignard reagent and oxygen. [101]

Therefore, this aerobic oxidation of Grignard reagents provides an interesting model

reaction for further investigations towards reactor design from many points of view, espe-

cially considering its biphasic nature. Successful execution of this oxidation in a customised

3D printed reactor requires broad chemical resistance, good thermal conductivity, concise

mixing and optional implementation of suitable Process Analytical Technology (PAT ).

Since oxygen is used as a reagent in stoichiometric amounts, accurate control over its

dosing and effective concentration is highly desired for any kind of optimization or up-

scaling. Exact dosing of gases can be easily accomplished in a continuous flow setup using

calibrated Mass Flow Controllers (MFC ).

Inline measurement of the oxygen concentration by novel optical sensors within the

flow reactor is a powerful tool to monitor the progress of reaction in real-time. In this

work, the simultaneous use of multiple sensors at different stages of the reaction are used

to provide further mechanistic insights.

2.3 Results and discussion

2.3.1 Reactor design

To operate a multiphase reactor at its optimum, it is important to characterize the rate

limiting time scale. If the mass transfer time scale is significantly slower compared to the

intrinsic reaction time scale, undesired by-product formation can occur. To investigate

the intrinsic reaction time scale, the oxidation of the Grignard reagents is reduced to a

homogeneous reaction system by absorbing oxygen in the solvent beforehand. This reduces

the problem to a mixing rate limiting case of a homogeneous reaction system, which is well

understood even for fast reactions. [102] In passive mixing elements the degree of mixing

of homogeneous reaction systems are predefined by the structures themselves and the

operation conditions, i.e. inlet flow rates. To investigate a desired reaction with defined
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operation conditions, active mixing principles need to be applied. With active mixing,

the degree of mixing can be controlled by parameters applied externally to the reactor.

However, active mixing elements have the disadvantage that their correct operation has

to be monitored. Once the desired process is known, it is economically advantageous to

use static mixing elements designed for the prevailing conditions.

The designed micro CSTR cascade (Fig. 2.2) has all of the above needed features to

characterize a homogeneous reaction. It consists of 10 vessels with an internal diameter of

3 mm, stirred by a magnetic stirring spheroid of 2.4 mm wide and 2.7 mm long, powered

and controlled by the magnetic field of a laboratory magnetic stirrer. Each vessel can be

configured for different purposes by installing standard HPLC fittings/plugs to open or

block its upper part. The vessels are connected to each other through 800 µm channels

attached tangentially to the spherical bottom part of the vessel. The ring shaped cascade

is blocked at a marked position, indicating the in-/outlet of the vessels. With the stirrers

inside and fittings connected, the total reactor volume is 275.6 µL. By installing the de-

veloped novel optical fibre sensors with standard HPLC fittings, the oxygen consumption

during the reaction can be monitored in the vessels. The effect of stirring on the rate

of oxygen consumption can be influenced through adjusting the stirrer speed. When an

increasing RPM does not lead to an increasing reaction rate, the operation point for the

intrinsic reaction rate can be found.

Figure 2.2: CAD drawing of the micro CSTR cascade (AP01). (Left) View from outside with
indication of the blocked parts and resulting in-/outlet vessels. (Right) Exposed channels and
vessels of the cascade.

For the homogeneous reaction case of the Grignard reagent oxidation, a customized

reactor (AP02, Fig. 2.3) was designed based on the experimentally obtained data from the
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CSTR cascade (AP01) and CFD simulations of an adapted split and recombine mixing

structure (as shown below). The new reactor features fully scalable sections through a

parameter depending CAD design, which enables numbering up approaches to reach higher

throughputs. This scalability is possible since the basic setup of a flow reactor consists

always of a precooling, mixing and reaction sections. The parameter dependency allows

an arbitrarily scaling of each section by varying only three parameters while noticing

the placing of each CAD drawing’s origin at the point of mixing. This allows the fast

interchange of section elements in the design phase of the reactor. The used parameters

for the scaling of the sections are d, Le and n, the internal diameter, cubical element length

scale and number of elements, respectively. This design allows to calculate the size of each

reactor section by multiplying the element length with the number of elements. Through

simple spreadsheet calculations it is possible to vary these parameters and directly update

the design regarding the needs of the reaction. For the new Split-and-Recombine Reactor

(SaRR), an internal diameter of 800 µm and an element length scale of 3.5 mm was chosen

leading to a reactor volume of 0.565 ml for the mixing elements.

After the basic design of the reactor, the reaction channel was placed inside a cooling

shell and openings were added at critical positions to ensure adequate cleaning of the

delicate mixing structure. These openings were set to be easily accessible for welding

from the outside of the cooling shell. For the layerwise printing, a support was needed

to connect the reaction channel with its cooling shell. The support on the inside of the

cooling shell was generated by Materialise’s Magics software and adapted with a Boolean

operation to fit the reaction channel. This operation subtracted the CAD drawing of the

filled reaction channel body from the generated support, allowing to insert the hollow

reaction channel into the final CAD file as the last step before printing.

2.3.2 Simulation

Computational Fluid Dynamics (CFD) simulation was used to evaluate the mixing geome-

try of the SaRR. The set of governing equations (i.e. Navier–Stokes equations) was solved

using the Ansys-CFX software package. The geometry of the reactor has been discretized

with a hexahedral cell dominated mesh (Fig. 2.4), which consisted of approx. 12 million

cells and nodes.

The CFD simulation was performed at steady-state. Boundary conditions were set to

match the anticipated experimental conditions (shown later). Thus, a flow rate of 1230

µL min-1 was chosen for inlet A and two different flowrates, 126 µL min-1 (case 1) and 84

µL min-1 (case 2), were chosen for inlet B (Fig. 2.5). For quick mixing, it is desirable to

bring the flow tendency to a “helical” flow pattern. This pattern can be represented by the

velocity helicity, a parameter indicating counter current helical flow behaviour in different

sections of the reactor. [103] Helicity is a scalar quantity defined as an inner (dot) product

of velocity and vorticity vectors. Fig. 2.5 shows the contour plots for the flow velocity

helicity (bottom) at different cross-sections in the reactor. Two main counter current
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Figure 2.3: CAD drawings of the SaRR (AP02). (Top) Overview of the reactor sections. By
repeating the structure elements, the reactor can be scaled arbitrarily. (Bottom) A 3D printing
support was generated through a Boolean operation to incorporate the reaction channel into the
cooling shell.

helical flow patterns can be observed on each cut plane, which change the circumferential

position along the reactor. This changing position causes good mixing perpendicular to

the main stream direction along the reaction channel.

Another measure of mixing performance is the uniformity index. [104] It was calculated

by applying a tracer at inlet A as a passive scalar through tracking the concentration at

each cut plane along the reactor length. From the graph in Fig. 2.5 (top right) it can be

seen that the tracer uniformity index across different cut planes is increased and reaches

a maximum value in the middle of the cut plane section 3, indicating the tracer is fully
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Figure 2.4: Details of numerical mesh at the beginning of the calculated domain of inlet A (left
figure) and at the region of mixing elements (right figure).

premixed. With the tracer uniformity index, it was possible to conclude that there are

no major differences between the two simulation cases. The obtained simulation results

have shown that the designed mixer geometry will lead to very efficient mixing already at

a very early stage in the mixing elements section.

2.3.3 3D printing

3D printing of the reactors was done by Selective Laser Melting (SLM ) to manufacture

the stainless steel reactors shown in Fig. 2.6 and 2.7. As presented in a previous work, [93]

SLM printed reactors are well applicable for organic flow synthesis. Similar to other 3D

printing techniques, the CAD drawing needs to be sliced first to generate cross-sectional

layers (Fig. S2.1), which were printed layer by layer through fusion of a metal powder bed.

This sintering of the layers was done by an SLM system from EOS utilizing an ytterbium

fibre laser with 400 Watt maximum power input, scanning through a 316 L stainless steel

powder bed with a d50 of 35.9 µm. For the selected layer height of 40 µm, the laser melted

the current layer and the prevailing one to generate well-bonded, gas-tight, high density

builds.

After the printing process, the building platform was disassembled from the printer

and the unused metal powder was collected for re-use. Inner parts of the prints were

freed from the powder with compressed air, ultrasound treatment and dried again with

compressed air. Afterwards, stress relief annealing of the printed parts was carried out

in a vacuum oven. Next, the reactors were cut from the building platform by means of a

band saw, and their surface was refined by sandblasting. Cleaning openings were closed by

laser welding and the connection to standard equipment was enabled with 1/16′′ stainless

steel capillaries welded to the in- and outlets. Finally, the prints were blasted with micro

glass beads, and once again, brought into the ultrasonic bath followed by drying with

compressed air. Due to the design of the CSTR cascade, welding to close the cleaning

ports was not necessary, however, the 10–32 UNF printed threads were refined with a

thread cutter.
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Figure 2.5: Tracer uniformity index for two different cases of mass flow rates with inlet A used
as tracer (top). Velocity helicity contour plots on different cut planes along the AP02 reactor
geometry (bottom).
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Figure 2.6: 3D printed CSTR cascade (AP01) closed with standard HPLC fittings. The 3D
printed 10–32 UNF thread had to be refined after the printing.

Figure 2.7: 3D printed SaRR (AP02) for the oxidation of Grignard reagents with and without
cooling shell. After post processing, 1/16′′ capillaries were welded to the in- and outlets for
connection with standard HPLC equipment.
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2.3.4 Characterization of the 3D printed reactors

Due to the low Reynolds number in milli- and microreactors, laminar flow is predominant.

As a result, mixing in these reactors must rely solely on diffusive mixing between the fluid

elements, leading to long channels to achieve sufficient mixing. [105] However, enhanced

laminar mixing can be achieved through chaotic flows. [106] This means large intermaterial

contact areas are generated by stretching and folding of the fluid elements. The generation

of chaotic flows in microreactors can be achieved through two mixing principles: passive

and active. [107] Passive mixing elements are an integral part of the fluid channel and are

incorporated during the fabrication. Their efficiency depends on the prevailing process

conditions. By applying active mixing elements, the degree of mixing can be controlled by

user demands, however, the proper working of the mixing element needs to be monitored.

In this work, the degree of mixing was characterized experimentally by monitoring the

product distribution of the diazo coupling between 1-naphthol and diazotized sulphanilic

acid, [108] a system of competitive and consecutive reactions (Fig. S2.2). Two isomeric

monoazo dyes are formed via primary coupling – o-R and p-R. In a secondary coupling,

both monoazo dyes react again with diazotized sulphanilic acid to form the bisazo dye (S).

Because primary coupling is much faster compared to the secondary coupling, the yield

of bisazo product S (eqn 2.1) is related to the mixing performance, i.e. the less product

S is formed, the better the mixing. An initial solution of diazonium salt was prepared

by diazotization of 10 mmol L-1 sulphanilic acid with sodium nitrite and hydrochloric

acid. This solution was diluted to 1 mmol L-1 for the experiments. The second solution

contained 1.2 mmol L-1 1-naphthol dissolved in a buffer solution with 222.2 mmol L-1 of

sodium carbonate and sodium bicarbonate, respectively. Both solutions combined lead to

a pH of 9.9 and ionic strength of 444.4 mmol L-1 for the coupling reaction. The experiments

were carried out at 25 °C and equal volumetric flow rates. Samples were collected after

flushing the reactor for three residence times to reach steady state. Concentration of each

component was determined by light absorption measurement for several wavelengths and

multiparameter-linear-regression of the absorption spectra. This regression used molar

extinction coefficients for each substance based on literature [1] (Tab. S2.1). Due to the

overlapping spectra of the monoazo dyes only their sum can be determined correctly. To

check for experimental errors, the mass balance of each sample was calculated based on

reagent B, which was in depletion. Using this procedure, the experimental error was found

to be higher at lower flow rates.

YS =
2cS

cp−R + co−R + 2cS
(2.1)

The obtained mixing behaviour of the printed reactors in Fig. 2.8 indicates far better

performance of both reactors compared to a simple T-mixer. The especially high mixing

rates achieved at low flow rates with stirring in the CSTR cascade indicate its applicability

for measurements of relatively fast reactions. At high flow rates, a changing RPM has
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shown no effect on the mixing performance of the reactor (Fig. S2.3 and S2.3). The set

RPMs are not controlled within the cascade and only refer to set values of the laboratory

magnetic stirrer. Inertial forces at higher flow rate might influence the small stirring

spheroids RPM until their rotation is only induced by the flowing fluid.

Figure 2.8: Mixing performance evaluated at process conditions in the 3D printed reactors (AP02
= SaRR, AP01 = cascade) and compared to a standard HPLC T-junction.

In addition to the mixing evaluation, the Residence Time Distribution (RTD) of both

printed reactors was investigated. RTD experiments were performed with fibre optic

probes for the detection of a tracer solution within an inline UV /VIS flow cell. An

instantaneous step change from solvent (12 w% ethanol in water) to tracer solution (0.006

v% anisole in previously mentioned solvent mixture) was possible by using a manual 6-

way valve. The RTD was evaluated for equal Reynolds numbers as at process conditions

for both printed reactors (Fig. S2.5 and S2.6). The SaRR AP02 showed plug flow like

behaviour at approximately 1.8 ml min-1 indicated by a calculated Bodenstein number

close to 100. For the cascade AP01, a Bodenstein number close to 20 was obtained at

process conditions, indicating a CSTR like behaviour. Large deviations from plug flow

can be assumed at Bodenstein numbers below 100 leading to higher axial dispersion. [33]

2.3.5 Implementation of novel optical oxygen sensors in the set-up

To follow the chemical transformation, inline oxygen monitoring was implemented into

the reactors. The novel oxygen sensors are based on a phase fluorimetry readout sys-
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tem. [109] They are applicable for pressurized systems in the presence of organic solvents

and high oxygen concentrations by utilizing tailored fibre based optical sensors. Com-

pared to commonly employed sensor materials like sol–gels and polymerswith high oxy-

gen diffusivity, [109] the developed sensors use more robust materials. A NIR-emitting

Pt-tetraIJ4-fluorophenyl)tetrabenzoporphyrin (PtTPTBPF) [110] dye was immobilized in

polyphenylenesulfide (PPS ) and coated with a CYTOP® protection coating. By affixing

the sensor fibre into a standard HPLC fitting, it was ready to be implemented into the

reactors (Fig. S2.7 and S2.8).

The sensor data is read out with a commercial miniaturized USB phase fluorimeter

(FireStingO2) using a custom made Python based evaluation software. The calibration of

the sensor can be performed within the reaction environment by controlling the oxygen

concentration via syringe pumps and mass flow controller. Thorough investigations re-

vealed that the sensor operates according to a linear Stern–Volmer equation, [111] which

allows a two-point calibration of oxygen concentration (Fig. 2.9). This two-point calibra-

tion allows fast initializing of the sensors at process conditions within the reactor itself.

Figure 2.9: Evaluation of the oxygen calibration with the fibre sensor in THF at 0 °C and oxygen
concentrations up to 42 mmol L-1.

Fig. 2.10 (top) shows positions of the sensors in the reactor setup. Two sensors were

introduced before and after the reactor for reference measurements, whereas two sensors

were directly implemented into the CSTR cascade (first and last chamber). Sensor 1 is

used as a reference for determination of the actual oxygen concentration that is inserted

before addition of the reagent. The reference is also used to correct the data of pump

related fluctuations (Fig. S2.9).
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Figure 2.10: Flow setup with sensor arrangement in the reactor (top); relative oxygen content
in the reactor at varying reagent flow rate v2 (1 M 4-methoxyphenylmagnesium bromide). vO2:
1500 µl min-1 , v1: 1000 µl min-1 (bottom).
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The data show clearly: the concentration of starting material (4-

methoxyphenylmagnesium bromide) correlates with oxygen consumption and the

reaction rate depends on stirrer speed (Fig. 2.10, bottom). Whereas 0 RPM leads to a

significantly decreased conversion in compartment 1 of the cascade, the last section of the

measurement (minute 50–60) shows that at 900 RPM the reaction is already completely

finished at sensor 2 (no further oxygen decrease between sensor 2 and 3). Additionally,

the data obtained from the inline measurements with the oxygen sensors indicated a

rapid intrinsic chemical reaction, as no further oxygen consumption was observed after

an additional residence time coil.

2.3.6 Oxidation of Grignard reagents in the novel reactors

The aerobic oxidation of Grignard reagents was chosen as a model reaction to evaluate

the 3D printed reactors. This evaluation was supported by inline measurements of oxygen

concentrations with the novel optical sensors. The reaction outcome was compared for the

aerobic oxidation of 4-chlorophenylmagnesium bromide 1 (Fig. 2.11) utilizing the two 3D

printed reactors (AP01 and AP02) and a standard flow reactor made of PFA tubing (0.8

mm ID).

Cl

MgBr

Cl

1) 1/2 O2

2) H+
Cl

Cl

Br

Cl Cl

Cl

+ + +

OH

1 2

653 4

Figure 2.11: Aerobic oxidation of 4-chlorophenylmagnesium bromide 1 including the desired
product 2, quenched starting material 3 and the side products 4, 5 and 6.

Fig. 2.12 shows a flow chart for the reaction with the first feed to the reactor containing

1 equiv. of oxygen predissolved in 2-methyltetrahydrofuran (2-Me-THF ) and the second

feed consisting of a 1 M solution of substrate 1 in 2-Me-THF . For the reactions using

PFA coil and CSTR cascade, those two feeds were combined by a Y-mixer (Fig. S2.8).

To ensure the inline measurement of a stable oxygen concentration by the optical sensors,

absorption of oxygen (added by a mass-flow controller) in 2-Me-THF (degassed by purging

it with argon prior to the reaction) was done using a stainless steel coil. Before mixing

the oxygen solution with the precooled reagent, a reference oxygen sensor was added to all

three setups (Sa in Fig. 2.12). All sensors were calibrated prior to the experiments, and

are capable of measuring actual oxygen concentrations within the organic solvent. Oxygen
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concentration for reactions conducted in the SaRR AP02 could only be measured at its

outlet, whereby the CSTR cascade AP01 allowed for direct implementation of sensors at

different intermediate positions. A final oxygen sensor (Sb in Fig. 2.12) was included as a

second reference directly before the Back Pressure Regulator (BPR) in all setups. A BPR

was used to ensure a constant pressure of 7 bar in the system.

MFC

O
2

Gas addition - MFC

2-Me-THF

optical O2 sensor array

BPR

Pump 1

BPR

pre-mixing

sample loop

Pump 2

pre-
cooling

HCl quench
Cl

MgBr

reactor

2-Me-THF

1

Sa Sb

Figure 2.12: General scheme of the reaction set-up to carry out the aerobic oxidation of 1 in
three different reactors including the positioning of the optical oxygen sensors.

The reactions were carried out at 0 °C with flow rates of 1000 µl min-1 2-Me-THF , 1500

µl min-1 oxygen (at norm conditions) and 126 µl min-1 of the Grignard reagent 1 using a

stoichiometric ratio of 1:1 between oxygen and reagent. Complete absorption of oxygen in

the solvent at 7 bar was checked prior to mixing with the reagent with transparent tubes.

The exiting stream was immediately quenched at the reactor outlet by 0.5 M aqueous

HCl . Notably, small gas segments were observed at the outlet after the BPR, pointing to

the presence of unconsumed O2 in the resulting solution. Crude reaction mixtures were
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then analysed by GC -MS and GC -FID chromatography. The samples were prepared by

extraction of the quenched reaction mixture with CH2Cl2.

Along with the desired product, 4-chlorophenol 2, four different species could be iden-

tified by GC -MS analysis (Fig. 2.11): chlorobenzene 3, which resulted from the reaction

quench and three side products 4, 5, and 6 which were presumably formed from radical in-

termediates. Especially the dichloro-biphenyl product 6 implies the recombination of two

chlorophenyl radicals, which might have resulted from stoichiometric imbalances (high

local concentrations) due to lower mixing performance. The identities of the two major

products 2 and 3 were additionally confirmed by reference substances using GC -FID .

As illustrated by the product distribution in Fig. 2.13, considerable reduction of the

major side-product 6 could be observed in the printed reactors. This side-product content

started at 11.5% in the PFA coil experiment and was reduced to 5.5% in the CSTR cascade

AP01, and to 2.5% in the SaRR AP02. Increased selectivity can be ascribed mainly to a

better mixing efficiency which limits the rapid chemical transformation as shown in the

CSTR experiment (Fig. 2.10, bottom). The higher selectivity in reactor AP02 can be

explained by a more efficient design of the mixing point in contrast to the used Y-junction

as first contact point in the other set ups. Therefore, the cascade AP01 performed worse

as might be predicted by the mixing sensitive experiments in Fig. 2.8, where the reaction

was started directly in the cascade’s second vessel. Additionally, selectivity might also be

influenced by the employed reactor material as a better heat management in the reactors

was possible through higher thermal conductivity of stainless steel compared to regular

PFA.

Figure 2.13: Distribution between the desired product 2, quenched starting material 3 and the
side products 4, 5 and 6 according to GC -FID obtained from reactions at 0 °C in three different
reactors (AP01 = cascade, AP02 = SaRR).
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2.4 Conclusions

In this work, a combination of SLM 3D printing of stainless steel and the implemen-

tation of novel oxygen sensors for the inline measurement was shown to be a promising

combination for investigating the oxidation of Grignard reagents in flow. 3D printing is a

favourable tool for the creation of adaptable reactors and implementation of sensors. With

the parameter dependency, the CAD files used for the printing can be quickly adapted

to the desired process conditions and directly used for CFD simulations to predict the

flow behaviour and mixing quality. This developed reactor design concept can be used

later on for up-scaling approaches to reach higher throughputs. To monitor the processes

inside the reactor, sensor ports can be easily implemented into the 3D designs utilizing

standard HPLC equipment for the connection. The sensors developed within this work

are applicable for high oxygen concentration measurements in pressurised flow systems in

the presence of organic solvents. They can be initialized by two-point calibration within

the reactor in a short amount of time. By combining the possibilities of 3D printing with

the novel sensors, it was possible to 3D print a micro CSTR cascade as a tool for the

reaction investigation incorporating these novel sensors. A fast progress of the reaction

was confirmed in the cascade by varying the degree of mixing while monitoring the oxygen

consumption with the novel sensors. The obtained insights on the reaction time scale

served as basis for the design of a static mixing SaRR, which was adapted to the prede-

fined operation conditions. The experimental characterization of both 3D printed reactors

was done by mixing dependant reactions, RTD analysis and the aerobic oxidation of 4-

chlorophenylmagnesium bromide. Both printed reactors showed high mixing rates and

increased selectivity compared to the reaction in a conventional reaction setup consisting

of a PFA coil and a Y-junction as mixer.

Future work will focus on the influence of surface roughness on the mixing efficiency

as well as on a more detailed investigation of the influence of reactor geometry on the

reaction outcome.
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Appendices

2.A 3D Printing

Supporting Information Figure S2.1: Example of a sliced layer of the SaRR. For the 3D
printing of the reactors, a building layer thickness of 40 µm was chosen and resulted in a total
number of 1050 layers. The printing job was done by an SLM system from EOS utilizing an
Ytterbium fibre laser with 400 Watt maximum power input. This laser spot scanned through a
316L stainless steel powder bed with a d 50 of 35.9 µm according to the coloured sliced cross-section
areas.
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2.B Characterization of the 3D printed reactors
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Supporting Information Figure S2.2: Reaction scheme [1] - diazo coupling of 1-naphthol A
and diazotized sulphanilic acid B. The ortho monoazo dye o-R and para monoazo dye p-R can
further react to the bisazo dye S. Influence on the degree of mixing can be seen by the product
distribution of this reaction.
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Supporting Information Table S2.1: Molar extinction coefficients of the three dyes published
by Bourne et al. [1] at the standard conditions T=25 °C, pH 9.9 and I=444.4 mmol L-1. These
values were used in the multi-parameter-linear-regression to obtain concentrations of the dyes.
Determining separately the concentration of the monoazo dyes was not possible due to overlapping
spectra.

Wavelength [nm] Extinction coefficient [m² mol-1]
p-R o-R S

390 277.6 400.6 465.7
400 411.2 395.5 761.3
410 588.7 463.6 972.2
420 794.2 576.6 1246.9
430 1009.6 722.5 1544.1
440 1227.8 901.8 1830.4
450 1456.9 1110.6 2074.9
460 1717.1 1345.8 2245.5
470 2025.7 1611.5 2318.7
480 2382.1 1892.3 2311.7
490 2728.4 2140.4 2246.2
500 3009.6 2317.9 2157.5
510 3158.5 2381.6 2116.9
520 3140.3 2308 2175
530 2959.1 2108.3 2311.4
540 2618.4 1809.4 2467.4
550 2133.5 1431.3 2590.4
560 1583.6 1018.4 2647.4
570 1057.6 638.6 2618.8
580 609.6 343.8 2486.1
590 302.7 166.1 2259.7
600 130.2 74.8 1964.2
610 54.1 35.3 1618.4
620 23.2 15.7 1265.7
630 11.6 8.7 936.1
640 7.9 6.6 652.1
650 4.7 4.2 428.7
660 4.4 4.2 271.9
670 4.1 4.4 161.2
680 2.5 2.7 89.1
690 2.2 2.8 48.9
700 1.6 2.1 28.3

Mixing performance of the CSTR cascade with clockwise and counter clockwise stirrer

rotation will be shown in the following. The influence of stirrer RPM and channel flow

rate can be seen by the product distribution of the diazo coupling between 1-naphthol and

diazotized sulphanilic acid. The reaction was started in the cascade’s second vessel. Lower

yield of product S indicates better mixing. The used stirrer Reynolds numbers Re(stirrer)

is calculated with a stirrer diameter of 2.4 mm and the set RPM values of the laboratory

magnetic stirrer. Channel Reynolds number Re(channel) is based on the channel diameter

of 0.8 mm between the vessels. Experimental errors were checked by calculating a mass
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balance based on reagent B, which was in depletion. A higher yield of product S led in

general to higher experimental errors, whereby a maximum experimental error of 15.5%

was found at the lowest flow rate. The mean experimental error of all experiments was

close to 4%.

Supporting Information Figure S2.3: Clockwise stirrer rotation led to a local minimum in
the S product yield, indicating a local mixing maximum. This maximum vanishes at higher flow
rates. A general trend at higher RPM leading to better mixing can be observed. The influence of
RPM on the mixing performance is reduced at higher flow rates.

Supporting Information Figure S2.4: In the counter clockwise operation the local minimum is
not present. The general performance of the counter clockwise operation is slightly worse compared
to the clockwise operation. Again, the influence of RPM on the mixing performance is reduced at
higher flow rates.
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Experiments to determine residence time distributions were carried out by an instan-

taneous step change from solvent (12 w% ethanol in water) to tracer solution (0.006 v%

anisole in previously mentioned solvent mixture) while detecting the response of the reac-

tors by an UV /VIS flow cell (10 mm optical path length).

Supporting Information Figure S2.5: Bodenstein Number for different flow rates in the SaRR
AP02. The steps were performed through one of the reactor feeds while the other one was blocked.
A step up means the instantaneous change from solvent to tracer solution and step down the change
from tracer solution to solvent. The Reynolds number was calculated with a channel diameter of
0.8 mm and prevailing flow conditions

Supporting Information Figure S2.6: Bodenstein Number for different flow and stirring
ratesin the CSTR cascade AP01. This experimental data was obtained for steps up experiment
from solvent to tracer solution fed to the first vessel. The Reynolds numbers were calculated with
a channel diameter of 0.8 mm for Re(channel), the set RPM value of the magnetic stirrer with a
stirrer diameter of 2.4 mm Re(stirrer) and prevailing flow conditions.
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2.C Implementation of novel optical oxygen sensors in the

set-up

Supporting Information Figure S2.7: Assembled sensors ready to be implemented into the
reactors. A two component epoxy resin was used to attach glass fibres in 1/16′′ stainless steel tubes
which were further glued into HPLC fittings. The sensors were ready to use within the reactor
after application of indicator and protection coating.

Supporting Information Figure S2.8: Oxygen sensors integrated in the CSTR cascade AP01.
The sensors were carefully screwed into the reactor compartments to prevent breaking of the glass
fibre and then connected to the phase fluorimeter readout system. PTFE tape was used to aid
proper sealing of the fittings within the pressurized system.
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Supporting Information Figure S2.9: Raw data measured by the oxygen sensors 1 to 4 in the
CSTR cascade. This data was collected every six seconds and flattened by calculating the mean
value of the last 20 samples. A time correction was done to account for time delays due to different
residence times between the sensors. After this correction, it was possible to calculate a relative
oxygen concentration as shown in the bottom of Fig. 2.10.

2.D Oxidation of Grignard reagents in the novel reactors

Solvents and chemicals were obtained from commercial suppliers and were used without

any further purification nless otherwise noted. GC -FID analysis was performed on a

ThermoFisher Focus GC with a flame ionization detector, using a TR-5MS column (30

m Ö 0.25 mm ID Ö 0.25 µm) and helium as carrier gas (1 mL min-1 constant flow).

The injector temperature was set to 280 °C. After 1 min at 50 °C, the temperature was

increased by 25 °C min-1 to 300 °C and kept constant at 300 °C for 4 min. The detector

gases for flame ionization were hydrogen and synthetic air (5.0 quality). GC -MS spectra

were recorded using a ThermoFisher Focus GC coupled with a DSQ II (EI, 70 eV). A

TR-5MS column (30 m Ö 0.25 mm Ö 0.25 µm) was used, with helium as carrier gas (1

mL min-1 constant flow). The injector temperature was set to 280 °C. After 1 min at 50

°C, the temperature was increased by 25 °C min-1 to 300 °C and kept at 300 °C for 3 min.
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CHAPTER 3

A modular 3D printed isothermal heat flow calorimeter for reaction

calorimetry in continuous flow
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3.1 Abstract

Utilization of highly reactive compounds in novel flow syntheses requires new tools for

process development. This work presents such a tool in the form of a modular calorimeter

designed for direct heat flux measurements in continuous flow applications. The calorime-

ter consists mainly of 3D printed parts, which can be adapted and reassembled easily to

meet user-defined applications. By utilizing Selective Laser Melting (SLM ) of stainless

steel and Digital Light Processing (DLP) of a UV -curable resin, a device is produced

to meet the requirements of handling highly reactive organic compounds. Calorimeter

segments are temperature-regulated independently of each other by a microcontroller, al-

lowing isothermal operation conditions. Direct heat flux measurements are possible in

the device through Seebeck elements which are calibrated internally at prevailing process

conditions with the aid of heating foils. Functionality of the designed calorimeter is shown

by good agreement of conducted heat flux measurements with literature.

3.2 Introduction

New synthetic pathways are enabled in flow chemistry by utilizing highly reactive com-

pounds in milli and micro fluidic devices. [77, 16] During development of these syntheses,

thermodynamic, fluid dynamic, and kinetic investigations are rarely included, but are

obligatory for a safe and efficient industrial application. Development is mainly carried

out in milli and micro fluidic devices, whereby isothermal conditions are often assumed

due to high surface-to-volume ratios and the resulting high heat transfer rates. [22] Based

on this assumption, possible hot spot formation is not checked and misinterpretation of re-

action data can occur. [26] By trying to achieve higher productivities of the used milli and

micro devices by scale-out, underestimation of the length scale change can affect reactor

performance and therefore the reaction outcome. [23] In this context, scale-out is defined

as a slight change of a length scale to increase productivity, while preserving characteristics

of the reactor, such as flow regime or surface phenomena. In addition, reaction and mix-

ture data for these new syntheses are most of the time not easily available since a variety

of different substances can be formed at slightly different reaction conditions. However,

these data are required for safety evaluations as well as for an efficient process. [79]

Reaction calorimetrical investigations with their different modes of operation [56] play

a crucial role to provide fundamental data like enthalpy of reaction, activation energy, heat

capacity of a reaction mixture as well as reaction rate. A key parameter for reactor design

and safety evaluation is the reaction enthalpy. Standard equipment for reaction enthalpy

measurements like batch calorimeters, e.g. the RC1 from Mettler Toledo, [112] can only be

used to a certain extent for novel reactions under extreme reaction conditions as seen today

in flow chemistry. While there exist batch calorimeters with relatively small volumes, [113,

114, 115] their mode of operation is different compared to flow chemical setups, i.e. they

cannot provide the conditions required to gather meaningful thermodynamic and kinetic
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data for continuous flow applications in harsh reaction environments.

Modifying batch calorimeters to meet flow applications is possible through standard

HPLC equipment, [63] nevertheless, this approach has some drawbacks. It does not pro-

vide optimal connectivity of parts to the calorimeter, leads very often to poor mixing

performance caused by standard laboratory tubing and connectors, and requires existing

software to be adaptable. Another possibility to use existing technology for heat flux

measurements is infrared thermography. [65] Disadvantages of this method are a required

optical access to the ongoing reaction as well as an expensive camera providing necessary

resolution of the small channels.

Flow calorimeters recently developed use thermoelectric principles to directly detect

heat fluxes through the Seebeck effect. [66, 67, 64, 68, 69, 116] Their general setup consists

of a chip-like reactor separated from a heat sink by Seebeck elements which generate volt-

age signals proportional to the transferred heat flux. These elements can be manufactured

directly on the reactor chip [66, 67] or bigger and cheaper commercially available Seebeck

elements can be used. [69] By miniaturization of Seebeck elements, spatially resolved mea-

surements are shown and additional information about reaction time scales are obtained

by some designs. [68, 69] Calibration of the Seebeck elements can be done externally or

internally by integrated heating in the assembled device, which accounts for heat losses of

the system. [68, 116]

All of the mentioned designs lack the possibility to react locally to changing temper-

ature caused by a reaction in the corresponding section of the reactor. Heat fluxes from

each section are transferred through a Seebeck element uniformly to one heat sink, with

its temperature being regulated by a thermostat set to the desired reaction temperature.

Sufficient heat transfer from heat sink to reactor cannot always be ensured in such a setup

due to the poor heat transfer characteristics of the utilized Seebeck elements. As a re-

sult, isothermal conditions cannot be achieved if highly reactive compounds are used and

formation of local hot spots within the reactor is likely. To overcome the poor thermal

conductivity of Seebeck elements, it is desired to control locally the temperature within a

reactor by specifically applying increased heat fluxes.

The designed calorimeter described within this work is guided by the abovementioned

devices but utilizing the advantages of 3D printing as well as already existing knowledge

of reactor design [93, 8] and microcontroller-based regulation. We present here a novel

isothermal heat flow calorimeter which can withstand harsh reaction conditions commonly

found in flow chemistry by a combination of two different additive manufacturing tech-

niques and cheap, commercially- available electronics. In addition to its modular and ex-

tendable design, the calorimeter’s segments are regulated independently from each other

and allow to react locally to ongoing reactions. Applicability of the flow calorimeter is

shown by studying thermodynamic properties such as reaction enthalpy, heat capacity and

molar excess enthalpy, and thus providing necessary data for reactor scale-out as well as

safety aspects.
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3.3 Experimental

3.3.1 Design of the flow calorimeter

The presented calorimeter features modular and extendable segments with exchangeable

elements, as shown in Fig. 3.1 and S3.3. Its elements were designed to utilize advantages

of additive manufacturing by accommodating readily available commercial laboratory and

electrical components while focusing on reducing standard manufacturing processes. This

design for additive manufacturing enables the production of highly complex geometries in

a short time with minimal waste.

Figure 3.1: Exploded view of the designed calorimeter. Its modular segments were manufactured
using additive manufacturing while considering commercial components already during the design
phase. Each segment is independently temperature-controlled through the aid of a microcontroller
and can be calibrated at prevailing process conditions with integrated heating foils.

Two additive manufacturing techniques were used to manufacture the device, Selec-

tive Laser Melting (SLM ) and Digital Light Processing (DLP). Reactor plate and cooling

blocks were manufactured by SLM of stainless steel to provide high chemical and mechan-

ical stability as well as excellent heat transfer rates, allowing the usage of highly reactive

compounds and organic solvents at elevated pressures. The casing of the calorimeter was

manufactured by DLP of a cheap UV -curable resin. This material in combination with an

internal support structure showed good thermal insulation against the environment while

providing necessary strength to fixate the whole device. Both manufacturing techniques
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allow reactor elements to be produced, which can be easily modified to meet a desired

configuration of the device in terms of number of reaction segments with different size and

mixing geometries.

The calorimeter measures direct heat fluxes using the thermoelectric Seebeck effect

with the aid of Seebeck elements contacting the reactor plate. A Seebeck element consists

of a series of thermocouples, which themselves are consisting of two dissimilar electrical

conductors connected at one end. By applying different temperatures at each end of a

thermocouple, it generates an electrical voltage proportional to the temperature difference.

By arranging thermocouples in series across two surface areas as within Seebeck elements,

it is possible to measure the transferred heat by means of an electrical voltage. Conversely,

when a voltage is applied to such a device, a hot and cold side is formed, which allows it to

transfer heat. This configuration is described by the Peltier effect and the same electronic

components are referred to as Peltier elements within this work.

The generated voltages from the Seebeck elements are measured by a self-made elec-

trical circuit utilizing a microcontroller which is programmed with the Arduino integrated

development environment (IDE). To obtain the actual heat flux, a calibration with in-

tegrated heating foils has to be made. With these heaters, an exothermic reaction can

be simulated and by applying a defined power input, a calibration at prevailing process

conditions can be obtained. This calibration already accounts for heat losses of the device

operated at a defined temperature. Influences of the heating foils during an actual calori-

metric measurement were not investigated and neglected as they are assumed to be very

small. Furthermore, ideal heat input of the heating foils was assumed within this work.

In contrast to other designs, [68, 69] this device features a microcontroller-based tem-

perature control of each calorimeter segment. This allows to ensure an operation of each

segment independently as close as possible to the desired isothermal set point. The reactor

segment’s temperature is measured and transmitted to a microcontroller which adjusts the

heat flux of a Peltier element through a PID based control strategy, see Fig. 3.2.

3.3.2 Reactor control strategy

Isothermal temperatures are ensured in the designed calorimeter through a PID control

of each reactor segment separately. Here the advantages of additive manufacturing allow

accommodation of standard commercial electronic parts, which are used in this temper-

ature regulation. The standard regulation circuit to achieve this constant temperature

is shown in Fig. 3.2. This circuit is continuously repeated and started by measuring the

temperature of each reactor segment via thermocouples (TJ36-CPSS-116G-4, omega.de)

attached in the middle of each reactor segment. The small voltage signal produced by

a thermocouple is recognized by an amplifier (MAX31856, adafruit.com) which directly

converts this voltage to a readable temperature within the same chip and transfers it to

the microcontroller (Arduino Mega 2560). The continuously looping control strategy of

the microcontroller is implemented through the Arduino IDE and compares the desired
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Figure 3.2: Control strategy for the calorimeter. The temperature of each reactor segment is
adjusted separately by means of a microcontroller-based temperature control. Peltier elements
provide the necessary heat flux to regulate the reactor segments.

temperature set point for each reactor segment to the measured values. The calculated

controller errors are passed through a standard PID control procedure and lead to specific

set values of the current time step. These set values are correlated to electrical voltages

between 0 to 5 V through an on board pulse width modulation (PWM) of the microcon-

troller which gradually opens the gates of metal oxide semiconductor field-effect transistors

(MOSFET; IRFZ44N, reichelt.at) to supply a defined amount of current to each cooling

Peltier element (QC-127-1.4-6.0MS, quick-cool-shop.de). This defined electrical current

to the Peltier element generates a heat sink depending on the operation of each reactor

segment. To ensure a steady cooling performance, the hot sides of the Peltier elements

are cooled by the custom-designed and SLM printed cooling blocks. The cold side of the

Peltier elements contacts Seebeck elements of identical construction, which recognise the

heat fluxes from the respective reactor segments. Before repeating the control circuit, the

measured data is written to a COM port of the microcontroller and is directly processed

via an attached PC. Evaluation of the steady state data can be carried out by calculating

mean values over a user-defined interval via spreadsheet calculations.

The control strategy presented above only allows the investigation of exothermic mea-

surements. Endothermic measurements can be recognized by the Seebeck elements, since

the thermoelectric voltage can change signs. However, the electrical contacts of the Peltier

elements would have to be switched to enable a temperature control. This would result

in switched cold and hot sides to provide the necessary heating of endothermic events. In
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addition, no internal calibration for endothermic events is possible with the implemented

heating foils.

3.3.3 PID characteristics

PID parameters influence the time needed to reach a certain set point and account for

varying heat fluxes in the system. First estimation of PID parameters was done by experi-

mental step response evaluations, based on a known and sudden electrical heat flux applied

to the reactor segments through the integrated heating foils, Fig. 3.3. A later fine tuning

of parameters led to PID values of P = 20, I = 0.52 and D = 0 for cooling at 25 °C. The

differential parameter was set to zero since it was not necessary to account its depressing

effect for sudden high valued changes in the recorded signals. The parameters depend also

on the time needed for each control loop performed on the microcontroller. With these

parameters a steady state was reached after approximately 2.5 minutes starting from the

sudden change.

Figure 3.3: Temperature and measured thermoelectric voltage of the Seebeck element during the
temperature control of reactor segment r1 with a suddenly applied electrical heating pulse of 6.6
W. Different times to reach a desired stable temperature can be seen by varying the regulation
parameters.

3.3.4 Manufacturing – 3D printing

Elements of the calorimeter that require high thermal conductivity, good chemical stability,

and mechanical strength were manufactured by SLM of stainless steel. One of these

elements was the reactor plate with the integrated reaction channel and connector ports.

The other parts printed with SLM were the cooling blocks. These elements were 3D
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printed according to modified CAD models with software-generated support structures to

provide the necessary stability and layer-wise connection during the printing procedure.

Especially the thin connection points between reactor segments had to be modified to

withstand deformation caused by thermal stresses during the manufacturing. Additional

material was added to account for such deformations as well as to provide sufficient space

for surface modification to allow later an exact contact between the printed parts and

electronic components.

The reactor plate was designed with a precooling section and two reaction sections

utilizing a split and recombine structure, Fig. 3.2. The internal diameter was set to 0.8

mm, which gives a combined reaction volume of 220 µL for both reaction segments. Due

to the modular design, these reaction sections can be duplicated and changed depending

on the desired task to reach a defined residence time as well as mixing properties. Reactor

sections were separated from each other to reduce heat conduction between them. The

additional material mentioned above was removed by laser cutting to separate the sections.

Connections of the reactor plate to peripheral tubing can be made with standard flat

bottom HPLC fittings. Maximum operation pressure of the reactor is therefore limited

only by the specifications of the used fittings, in this case 100 bar.

The designed cooling block for heat removal of the Peltier elements needed an internal

support structure before printing (see Fig. S3.1). Besides being necessary for fabrication,

this structure increases the internal contact area for the heat transfer of the coolant to

the metal. If needed, a connector port for temperature measurements close to the Peltier

contact area can be implemented as well. This temperature measurement is indicated in

Fig. 3.1, but was not used within this work.

Additive manufacturing was then carried out by an SLM system from EOS which

utilizes an ytterbium fibre laser with 400 Watt maximum power input, scanning through

each of the 40 µm high sliced layers. A 316L stainless steel powder bed with a mean

particle size of 35.9 µm was used for the calorimeter elements. Post-processing of the

stainless steel parts included several cleaning procedures with compressed air, treatments

within an ultrasonic bath to free entrapped particles, sandblasting of the outer surfaces,

CNC milling and laser cutting to achieve the planned geometries. Accurate contact of

the reactor plate and cooling block to the Seebeck and Peltier elements was ensured by

the CNC milled surfaces, which have the same roughness properties as standard milled

stainless steel parts. Besides removing of excess particles, no further surface treatment of

the internal channels was carried out.

Casing elements of the calorimeter were designed to be easily 3D printable without

any additional support structure, see Fig. S3.2. All elements feature prism like internal

structures, which connect each layer, give the parts necessary mechanical strength, reduce

the amount of material needed during production and provide necessary thermal insulation

against the environment. All casing elements were designed to be printed by DLP of a

UV -curable resin. The elements were produced with the Photon from Anycubic and a

standard black resin from the same manufacturer. Based on preliminary knowledge of the
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printer, a layer height of 50 µm with a normal exposure time of 14 seconds was chosen to

produce the casing elements. Due to the small printing area of the device, several printing

jobs had to be carried out but the whole production time did not exceed two days. By

using this approach of 3D printed casing, future adaption and extension of the calorimeter

can be easily carried out. Post-processing of these parts included only the removal of the

parts from the build platform and cleaning with ethanol. The parts could be used directly

after printing but a final curing in sunlight until the next day was envisioned.

3.3.5 Reactor setup and external equipment

The experimental setup shown in Fig. 3.4 was used within this work. For continuous

measurements, the designed calorimeter needed additional equipment to solve the overall

heat balance. To close the heat balance, it was necessary to add additional temperature

sensors in both inlet streams. Here, standard T-junctions (PEEK , bore 0.020 in, thread

10–32) were modified by drilling a 1.6 mm hole in the middle connector to bring the sensor

tips within the flowing liquid stream. Due to fluctuations of room temperature, a heat

exchanger was added to bring both inlets to a steady temperature. For this heat exchanger,

stainless steel coils (1/16′′ OD , 0.03′′ ID , 1 m) were used and heated within a water

bath on top of the heating plate of a laboratory magnetic stirrer (IKA® RCT standard).

Fluids were pumped into the reactor with HPLC pumps (Knauer Azura P4.1S) utilizing

Back Pressure Regulator (BPR) to achieve a smoother operation of these pumps and a

certain backpressure over the reactor. For the mixing characterization, the HPLC pumps

were exchanged with syringe pumps (Lambda VIT-FIT) due to the pulsing nature of the

HPLC pumps used, which influences the mixing performance. Within these experiments,

no BPRs were used. A con- stant operation of the calorimeter segments was envisioned by

a continuous coolant supply from a thermostat (Lauda Alpha Ra12) to the cooling blocks.

Figure 3.4: Experimental setup used for all measurements. An additional pre-cooling was added
directly before the reactor to achieve almost constant input temperatures. A quench pump is
indicated in the setup for later applications, but in this work the quench port was plugged with
an HPLC plug.
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3.3.6 Heat balance of the system

A heat balance of the reactor plate is needed in addition to the direct heat flux measure-

ments for the calculation of the produced reaction heat. A general heat balance is depicted

in eqn 3.1.

dQ

dt
= −Q̇conv − Q̇tr + Q̇rx (3.1)

The reactive heat flux Q̇rx shown in eqn 3.2 is depending on the total volumetric flow

rate V̇ , initial and limiting concentration c0, molar reaction enthalpy ∆hR and chemical

conversion X regarding the rate limiting substance.

Q̇rx = V̇ c0∆hRX (3.2)

Convective heat fluxes Q̇conv of inlet and outlet streams are shown in eqn 3.3, 3.4

and 3.5 with temperature Ti , density ρi, molecular mass MMi, and molar specific heat

capacity cP,i of a respective substance or mixture at fluid port A,B or out. In these equa-

tions, Tset was used as reference temperature and a sign convention was used throughout

this work which depicts heat carried out of the system with negative values.

Q̇out = V̇out
ρout

MMout
cP,out(Tset − Tout) (3.3)

Q̇in,A = V̇A
ρA

MMA
cP,A(Tset − Tin,A) (3.4)

Q̇in,B = V̇B
ρB

MMB
cP,B(Tset − Tin,B) (3.5)

Heat fluxes directly measurable through the Seebeck elements, placed at the reactor

segments pre, r1 and r2, are added together to the transmitted heat flux Q̇tr as shown in

eqn 3.6.

Q̇tr = Q̇tr,pre + Q̇tr,r1 + Q̇tr,r2 (3.6)

Each heat flux from the reactor segments is a function of a measured voltage signal

USE,i. In this work, a fit in the form of a second order polynomial was used for eqn 3.7.

Q̇tr,i = fcalibr(USE,i) (3.7)

No heat losses were added within the calculation due to the internal calibration with

heating foils in the device. It was assumed that this calibration already accounts for heat

losses to the environment at a specific operation point.

In a steady state operation, the temporal change of energy equals zero in eqn 3.1 and

the reaction enthalpy can be calculated as shown in eqn 3.8 whereby convective heat fluxes
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of inlet streams need to be subtracted and the heat fluxes of the outlet have to be added.

∆hR =
Q̇tr − Q̇in,A − Q̇in,B + Q̇out

V̇ c0X
(3.8)

3.3.7 Reaction to characterize mixing efficiency

A key parameter to perform homogeneous flow syntheses is mixing performance. Depend-

ing on the intrinsic reaction rate of a synthesis, different products and side products can

be obtained if mixing of two miscible streams is the rate limiting factor. Therefore, mixing

performance of the designed reactor plate was evaluated experimentally. This can be done

with mixing-sensitive reactions, e.g. a system with consecutive and competitive reactions

as described in literature. [1, 34] Despite being well documented, the Villermaux–Dushman

system [34] is adapted in various works to customize the redox reaction to the mixing time

of the reactor, which complicates a comparison of different reactors. [117, 118] Also, the

reaction can be altered by light, heat, and dissolved oxygen. [119]

Because of these limitations, the diazo coupling published by Bourne et al. [1] was

chosen for mixing evaluations of the designed reactor plate, see Fig. S3.4. In a first step,

diazo coupling of 1-naphthol (A) and diazotised sulfanilic acid (B) takes place and gives

the monoazo isomers p-R and o-R. Poor mixing promotes the secondary coupling of p-R

and o-R with B giving the bisazo dye S. Better mixing is indicated by less formation of

the secondary coupling product S.

A+B
k1p→ p-R (3.9)

A+B
k1o→ o-R (3.10)

p-R+B
k2o→ S (3.11)

o-R+B
k2p→ S (3.12)

Reaction rates of this coupling are well defined at standard conditions of 25 °C, in a

sodium carbonate/bicarbonate buffer (444.4 mM), at a pH of 9.9. [108] Final solutions for

the characterization included 1.2 mM of A in an 888.8 mM sodium carbonate/bicarbonate

buffer and 1 mM diazotized sulfanilic acid in an aqueous solution.

Solutions were pumped with equal flow rates through the reactor plate at total flow

rates of 0.2, 0.5, 1, 2, 4, 6, 8 and 10 ml min-1. Samples were collected after approximately

three residence times and stored in a dark container. Before analysis, samples needed to

be diluted (1:8) with the 444.4 mM buffer to account for the long path length of 10 mm of

the available UV /VIS flow cell (Flow Cell-Z-10, Avantes). Spectral data was produced by

passing the light from a UV light source (AvaLight-DS-DUV) through the flow cell and
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to a detector (AvaSpec-ULS2048) with an integration time of 1.05 ms, averaging of 100

samples and saving the obtained data from an interval of 390 to 700 nm in 10 nm steps.

Concentrations were calculated by a multi-parameter-linear-regression of the absorption

spectra as described in a previous work. [8]

3.3.8 Calorimeter calibration

Direct calibration of the assembled calorimeter is possible through the incorporated heat-

ing foils. This calibration method can account for heat losses to the environment already

during calibration. To increase the measurement accuracy of the device, a calibration for

each temperature set point should be made.

For the calibration of each reactor segment, a known and steady electrical heat flux

was supplied to the respective segment simultaneously. This heat flux was delivered by

integrated heating foils (TSC0400040gR7.91, pelonistechnologies.com) for each reactor

segment separately and recognized by the respective Seebeck element opposite the reactor

plate as a thermoelectric voltage USE,i. Heating foils were connected in parallel to a power

supply (Manson NRP-3630) which provided a known electrical power input. Each foil’s

electrical resistance had to be measured to calculate the true applied electrical heat flux

for the respective foil. Because of the inaccurate voltage and current display of the power

supply, an exact voltage and current measurement was installed with digital multimeters

for exact power input characterization. Changes in the electrical resistance of all elements

(Fig. S3.5) were seen by varying temperatures with a changing overall resistance of the

system. This changing resistance was accounted in the calibration experiments. Calibra-

tion data was obtained at steady state conditions with 31 points between zero and 7 W

applied to each reactor segment for an operation temperature of 25 °C.

3.3.9 Functionality test of the calorimeter setup

A functionality test of the whole setup was carried out by adding warm deionized water

into the calorimeter with the goal to cool it down to 25 °C and measure the transferred

heat. In addition to the heat transfer evaluation, it was also planned to see how the

calorimeter reacts to unstable inlet conditions. To achieve such an unstable behaviour,

the precooling water bath was heated to approximately 40 °C and set to 36 °C in the

beginning of the experiment when the pumps were started. The slow cooling of the water

bath generated varying inlet temperatures. Together with changing pump rates of 0.5, 1,

2, 3, 4 and 5 ml min-1 for the respective pumps, unstable inlet conditions were simulated.

All experiments were carried out twice except for the flow rate of 5 ml min-1.

3.3.10 Reaction to generate heat fluxes

To verify performance of the reaction calorimeter, exothermic neutralization of sodium

hydroxide (NaOH) with acetic acid (AcOH) was used. The reaction equation of this
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neutralization is depicted in eqn 3.13.

CH3COOH +NaOH → H2O + CH3COONa (3.13)

This neutralization was chosen since it is very well characterized and a standard re-

action used in calorimetry. Another advantage is that the reaction products are not

depending on mixing while the reaction is quasi instantaneous and leads to full conver-

sion. The starting solutions were prepared by dissolving solid NaOH (sodium hydroxide

≥99%, Carl Roth) in deionized water and dilution of AcOH (acetic acid puriss. p.a., ACS

reagent, Sigma Aldrich) with deionized water, both to 1, 2, 3 and 4 mol L-1. For the actual

neutralization reactions, the solutions were fed in an equimolar ratio into the calorimeter

inlets with 1, 2, 4, 6 and 8 ml min-1. Each operation point was evaluated twice at steady

state by calculating mean values over a significant number of samples (more than 100).

The correct operation was checked for each measurement point by measuring pH value of

the outlet stream after reaching a steady state.

3.3.11 Excess molar enthalpy measurements

Excess molar enthalpy HE is an essential thermodynamic property for the design of chem-

ical processes, which address the non-linearity of solutions. It can be used to determine

the vapour–liquid equilibria by utilizing the Gibbs–Helmholtz equation. [120, 121]

To demonstrate an additional application of the designed calorimeter, measurements of

excess molar enthalpy of methanol (CHROMASOLV� ≥99.9%, Honeywell) and deionized

water at 25 °C were carried out. Within the experiments a constant total flow rate of 4

ml min-1 was used while different flow rates of the respective pumps were set to obtain

mixture data throughout the binary system.

3.3.12 Additional heat capacity measurements

The segment-wise control of each reaction sections makes it possible to set different tem-

peratures and therefore gives another possibility to calculate heat capacities of the pumped

liquids if the mass flux is known. For this kind of experiment, the precooling plate was

set to 25 °C and both reaction segments were set to 23 °C. A different mode of operation

like this requires a new calibration to recognize the heat necessary to decrease the flowing

fluids temperature by the calorimeter. To prove this measurement principle, water was

pumped through the calorimeter equally with both pumps at total flow rates of 2, 4, 6, 8,

10, 12 and 14 ml min-1. Operating points between 2 and 10 ml min-1 were repeated twice.
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3.4 Results and discussion

3.4.1 Reactor plate performance evaluation

Applicability of the designed reactor plate for fast reactions was evaluated prior to heat

flux measurements. For this evaluation mixing performance of the reactor plate was in-

vestigated with a mixing sensitive reaction system proposed by Bourne et al. [1] Product

formation and therefore decreasing yield of the bisazo dye S indicates a high mixing perfor-

mance. As shown in Fig. 3.5, relatively low yields were obtained at total flow rates above

4 ml min-1 for the designed reactor plate. Therefore, the current calorimeter/reactor de-

sign should be operated at total flow rates above 4 ml min-1 to achieve sufficient mixing

performance if the reaction is known to be fast and limited by mixing. Late mixing within

the designed calorimeter would influence the product formation of a fast and mixing sen-

sitive reaction but does not influence the heat flux detection. A reaction without mixing

sensitivity would proceed to produce heat downstream until the fluid is well mixed and

the reaction is completed.

Figure 3.5: Evaluation of the reactor plate’s mixing performance. Lower yield of the bisazo
dye S at higher flow rates indicates increasing mixing performance. The evaluated reactor plate
performed well compared to commercial mixers evaluated within literature. [35] It is compared to
a standard T-mixer (Upchurch Scientific), an X-mixer (Little Things Factory GmbH, type X) and
the Slit interdigital micromixer SIMM-V2-ss (Institut für Mikrotechnik Mainz GmbH).

A comparison of reactor performance with literature is possible with the Bourne re-



3.4. Results and discussion 85

action since it was carried out at the proposed standard conditions. [108] Compared to

commercial equipment, [35] the designed reactor plate performed very well. It is com-

pared in Fig. 3.5 with a standard T-mixer (Upchurch Scientific), a X-mixer (Little Things

Factory GmbH, type X) and the Slit interdigital micromixer SIMM-V2-ss (Institut für

Mikrotechnik Mainz GmbH). This comparison is of course still dependent on the cho-

sen pumps; however, both evaluations utilized high-accuracy syringe pumps and similar

pumping performance can be assumed.

3.4.2 Calibration with integrated heating foils

Calibration of the calorimeter was carried out with the integrated heating foils for each

element. As described above, each reactor segment was calibrated simultaneously by

applying a known power input to the respective heating foil. With this direct calibration

method, heat losses to the environment were assumed to be accounted for the obtained

calibration.

The calibration at 25 °C for each reactor segment is shown in Fig. 3.6. As reported in

literature, [69] a correlation of heat flux and thermoelectric voltage USE,i of the respective

Seebeck element was found in the form of a polynomial of second order. This polynomial

matches to the theoretical Joule heating by electrical power input P expressed with elec-

trical potential U, when assuming an ideal resistor R, and expressing electrical current

with Ohm’s law as shown in eqn 3.14.

Figure 3.6: Calibration of the reactor segments with known heat fluxes produced by means of
electrical energy. This calibration already accounts for the true resistance of each heating foil as
well as the change of resistance with applied current.

P = U2 1

R
(3.14)

Electrical resistance R of the individual element is dependent on temperature and
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manufacturing for each element. Therefore, a calibration for each new set point needs

to be made if any other operation temperature is needed. A correlation of set point

temperature and heat flux calibration was not done within this work.

3.4.3 Functionality test with warm water

After obtaining a calibration for the calorimeter, a general functionality test was done.

This experiment was meant to investigate the effects of unstable and varying inlet tem-

perature on the calorimeter performance and to estimate the influence of temperature

changes occurring within later operations. Therefore, warm water with changing temper-

ature and different flow rates was pumped into the calorimeter to see how its regulation

accounts for these changes. Additionally, with this experiment the outcome of changing

inlet conditions on the calculated heat balance was evaluated.

Experimental data of this experiment can be seen in Fig. S3.6 and S3.7. Within this

experiment, the necessary heat flux to cool down both feeds was calculated and compared

to the heat capacity of water 75.34 J mol-1 K-1. [122] A heat capacity of 73.36 J mol-1 K-1

with a variation of ±2.62 J mol-1 K-1 was obtained from the measurements. Increasing

accuracy of the measurement was seen at higher flow rates above 2 ml min-1 total flow rate.

At these high flow rates, temperature measurements of in- and outlets can be expected to

better represent the true fluid temperature in and out of the device because of heat losses

between the sensors and the device. Excluding flow rates below 2 ml min-1 leads to a value

of 75.74 J mol-1 K-1 with a variation of ±1.18 J mol-1 K-1 for the remaining experiments.

An accurate function of the device even at changing process conditions could be shown

with a deviation of 0.53% of the mean value from the literature value.

3.4.4 Proof of concept AcOH–NaOH neutralization

The neutralization of AcOH with NaOH was chosen to evaluate the calorimeter’s applica-

bility for a fast chemical synthesis. The obtained data are depicted in Fig. 3.7 for different

mole fluxes of AcOH at changing total flow rates.

From the obtained experimental data, (see Fig. S3.8-S3.10 for a comparison between

experiments and Fig. S3.11-S3.18 for time resolved data of the respective measurement) it

can be seen that at lower flow rates the reaction finished in the first reactor segment and

only remaining heat gets transferred through convection to the second segment. Above

flow rates of 6 ml min-1 a certain increase of detectable heat flux can be seen on the

second segment. Most probably the reaction was shifted downstream at increasing flow

rates. The pulsating nature of the HPLC pumps at higher flow rates is likely to be

the main factor influencing this behaviour. Probably higher and lower concentrated plugs

travel through the calorimeter and may experience back mixing to a uniform concentration

field after a certain amount of mixing elements. Nevertheless, a constant operation for

each measurement point was obtained after approximately 3 minutes.
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Figure 3.7: Neutralization of AcOH with NaOH with a comparison to the theoretical heat of
neutralization for 1 mol of water. [123] The grey area represents the directly measured heat flux
with indication of the energy balance shown by an extending frame.

Measured heat fluxes with contribution of the heat balance were compared to the

expected neutralization enthalpy of -57.4 kJ mol-1 for the neutralization of AcOH with

NaOH. [123] Within all evaluations, heat capacity of pure water was used for the calcu-

lations. All measurements obtained a reaction heat of -52.95 kJ mol-1 with a variation of

±6.68 kJ mol-1. As in the previous experiment, low total flow rates of 1 and 2 ml min-1

gave dramatically bigger errors compared to higher flow rates. Without these low flow

rates, a reaction heat of -57.00 kJ mol-1 with a variation of ±1.08 kJ mol-1 can be obtained

from the measurements. The higher error occurring at lower flow rates was assumed to

be caused by ineffective temperature measurements of the inlet stream due to heat losses.

In this case, the heat balance was most probably not closed correctly.

3.4.5 Mixing heat of methanol and water

Molar excess enthalpy of methanol and water as a function of the mole fraction of water was

chosen as an additional evaluation case. A total flow rate of 4 ml min-1 was constantly kept

throughout the experiments as lower flow rates showed significantly reduced performances

in previous experiments. Experimental data of this measurement can be found in Fig. S3.19

and S3.20.

In Fig. 3.8, the obtained measurements at 25 °C were compared to the literature values

presented by Piñeiro et al. [114] A slight offset to the reported values from literature can

be detected but the general shape of the curve was perfectly mimicked by the obtained

measurement data. Apart from the qualitative comparison of the two curves, no further

evaluations were carried out with the data at current state.
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Figure 3.8: Measured molar excess enthalpy H E at 298.15 K for water (1) + methanol (2). With
a slight offset, the obtained data nicely resembles measurements from literature. [114]

3.4.6 Additional heat capacity measurements

Heat capacity of water was measured in a different mode of operation by performing a

temperature change of 2 °C between the calorimeter segments. This new configuration

required a new calibration (see Fig. S3.21).

From all measurements a heat capacity of 80.45 J mol-1 K-1 with a variation of ±7.51

J mol-1 K-1 was obtained. In contrast to the other measurements, discarding low flow

rates did not shift the obtained value closer to the literature value of 75.34 J mol-1 K-1

(ref. [122]) but the variance of measurement did improve. Without low flow rates, a heat

capacity of 84.01 J mol-1 K-1 with a variation of ±2.70 J mol-1 K-1 was measured.

As seen from the experimental data during measurements (see Fig. S3.22 and S3.23),

this temperature jump did not produce a high change in recognizable heat flux due to

the low temperature difference. Increasing measurement error can be attributed to the

small detectable heat flux where reduced measurement efficiency can be expected. This

problem could be solved by applying greater temperature jumps between the segments.

But accurate heat capacity measurements are generally shown with an experimental setup

as reported before within the functionality test with warm water.
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3.5 Conclusions

A modular reaction calorimeter is presented for direct and isothermal heat flux measure-

ments intended to be used for highly reactive organic compounds as commonly found in

flow chemistry. Its design is based on a combination of commercially available electron-

ics and additive manufacturing. With this combination, elements can be adapted and

reassembled easily to fit specific applications. To ensure isothermal operation, calorime-

ter segments are temperature-regulated independently from each other by means of a

microcontroller-based Peltier cooling. Internally-calibrated Seebeck elements measure the

transferred heat flux of each calorimeter segment.

The designed calorimeter was validated with a series of experiments which produce a

well-known heat flux. Through these experiments, the calorimeter design was proven to

be applicable to measure reaction heats of fast reactions, important material properties

like specific heat capacities, and system-specific properties as molar excess enthalpies.

Improvements of mixing performance for lower flow rates should still be considered for

future models of the reactor plate. Adaptations of the existing calorimeter can be easily

made due to its modular design. The reactor plate used can be exchanged to meet the

requirements of different flow syntheses for higher or lower flow rates to provide additional

mixing performance if required. In addition, additional connector ports can be added to

the design if mixing of multiple streams is desired.

Future work will focus on extending the reactor plate to increase internal volume of

the device as well as the addition of smaller Seebeck elements for a more locally resolved

measurement. Further improvements of the setup will be made by coupling a controllable

heat exchanger to both inlets for a precise preconditioning of the streams. Additionally,

it is planned to investigate hazardous chemical syntheses with the current device as well

as with advanced versions of it.
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Appendices

Supporting Information Figure S3.1: CAD image of a cooling block with its internal sup-
port structure. This support provides necessary connection between layers during fabrication and
increases the internal contact area for heat transfer of the coolant to the metal.

Supporting Information Figure S3.2: CAD image of casing elements, base plate, and feet. All
parts were manufactured with a UV -curable resin printed by a DLP printer without additional
printing support. Prism like internal structure was added to increase mechanical strength and
provide a layer wise connection.
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Supporting Information Figure S3.3: Picture of the experimental setup used for the neutral-
ization experiments. The designed calorimeter can be seen in the right corner of the fume hood.
In front of it is the control circuit connected to a PC.
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Supporting Information Figure S3.4: Mechanism of the Bourne reaction, as described by J.
R. Bourne, O. M. Kut, J. Lenzner and H. Maire, Ind. Eng. Chem. Res., 1990, 29, 1761–1765.

In the next figures, the following temperatures are shown: Set temperature of the reg-

ulation, T set; Temperature of the pre-cooling segment, T pre; Temperature of the reactor

segment r1, T r1; Temperature of the reactor segment r2, T r2; Temperature measured at

inlet A (used for AcOH during neutralizations), T A; Temperature measured at inlet B

(used for NaOH during neutralizations), T B; Outlet temperature, T out. Arrows in the

figures indicate total flow rates unless stated otherwise.
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Supporting Information Figure S3.5: Change of heating foil resistance during calibration.
This change was accounted within the calibration.

Supporting Information Figure S3.6: Warm water experiment. Shown are the measured
temperatures at different positions and at different flow rates (given in ml/min) of the fed water.
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Supporting Information Figure S3.7: Warm water experiment. Shown are the measured
voltages at different positions and at different flow rates (given in ml/min) of the fed water.

Supporting Information Figure S3.8: Neutralization of acetic acid with sodium hydroxide.
Heat flux measured at the precooling element.
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Supporting Information Figure S3.9: Neutralization of acetic acid with sodium hydroxide.
Heat flux measured at the reactor element r1.

Supporting Information Figure S3.10: Neutralization of acetic acid with sodium hydroxide.
Heat flux measured at the reactor element r2.
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Supporting Information Figure S3.11: Neutralization of 1 M acetic acid with 1 M sodium
hydroxide. Temperatures measured at different total flow rates.

Supporting Information Figure S3.12: Neutralization of 1 M acetic acid with 1 M sodium
hydroxide. Voltages measured at different total flow rates.
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Supporting Information Figure S3.13: Neutralization of 2 M acetic acid with 2 M sodium
hydroxide. Temperatures measured at different total flow rates.

Supporting Information Figure S3.14: Neutralization of 2 M acetic acid with 2 M sodium
hydroxide. Voltages measured at different total flow rates.
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Supporting Information Figure S3.15: Neutralization of 3 M acetic acid with 3 M sodium
hydroxide. Temperatures measured at different total flow rates.

Supporting Information Figure S3.16: Neutralization of 3 M acetic acid with 3 M sodium
hydroxide. Voltages measured at different total flow rates.
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Supporting Information Figure S3.17: Neutralization of 4 M acetic acid with 4 M sodium
hydroxide. Temperatures measured at different total flow rates.

Supporting Information Figure S3.18: Neutralization of 4 M acetic acid with 4 M sodium
hydroxide. Voltages measured at different total flow rates.
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Supporting Information Figure S3.19: Mixing heat of MeOH and water. Temperatures
during measurement. Total flow rate was 4 mlmin for all operation points and the shown arrows
indicate water flow rate.

Supporting Information Figure S3.20: Mixing heat of MeOH and water. Voltages during
measurement. Total flow rate was 4 mlmin for all operation points and the shown arrows indicate
water flow rate.
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Supporting Information Figure S3.21: New calibration for the heat capacity measurement.
This calibration was needed since cooling of the reactor segments to 23 °C also reduced the tem-
perature in the precooling element. Therefore, the thermostat was set to a higher value to provide
enough heat for the precooling element to be held at 25 °C.

Supporting Information Figure S3.22: Heat capacity measurement of water. Temperatures
measured at different total flow rates.
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Supporting Information Figure S3.23: Heat capacity measurement of water. Voltages mea-
sured at different total flow rates.
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[8] Manuel C. Maier, René Lebl, Philipp Sulzer, Josef Lechner, Torsten Mayr,

Matej Zadravec, Eyke Slama, Stefan Pfanner, Christoph Schmölzer, Peter
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4.1 Abstract

Advances in flow chemistry to produce Active Pharmaceutical Ingredients (APIs) re-

quire performing reactions in tailor-made equipment as complexity of the planned setups

increases. To react quickly and with low costs to these demanding reactions, additive

manufacturing, also known as 3D printing, is a preferred way for the production of cus-

tomized reactors. This work presents three examples of 3D printed reactors and their

application for the synthesis of API precursors in continuous flow. The first case deals

with an aerobic oxidation of Grignard reagents to the corresponding phenols by molecular

oxygen. Here, a design concept was utilized; various stainless steel reactors were tested,

and their performances were evaluated in continuous flow. Next, another stainless steel

reactor was applied for achieving fast mixing in a cascade, leading to a valsartan precursor.

The third and final case employed a Continuous Stirred Tank Reactor (CSTR) made of a

UV -curable resin. It was used for the first step of a multiphase enzymatic decarboxylation

followed by a Heck cross-coupling reaction, leading to resveratrol derivatives.

4.2 Introduction

A fast reaction to market demand of Active Pharmaceutical Ingredients (APIs) plays a

vital role for today’s health care as well as the success of a pharmaceutical company. As

the production of pharmaceutical products is currently carried out in batch operations at

different sites, lead times of up to 12 months need to be considered. [5] As a consequence,

knowledge of future demands needs to be estimated to ensure an intact market supply.

To overcome this limitation, an increasing interest and motivation led pharmaceutical

companies and regulatory bodies to investigate continuous production alternatives. [2,

124, 11]

Due to the high complexity of multistep API syntheses in the pharmaceutical industry,

plants and reactors need to be flexible in their design as well as cost-effective and quickly

producible. Here, 3D printed reactionware can be seen as a solution to provide such

functionalities. [7] While 3D printing can improve current designs of industrial plants,

the fundamental production of APIs needs to be changed to a continuous mode. True

continuous production of APIs can be achieved by flow chemistry as demonstrated in

various publications. [125, 126, 78, 77] Here again, the approach to produce tailor-made

reactionware by 3D printing shows a promising way within flow chemistry. [87, 85, 86, 36]

Depending on the applied chemistry, different reactor materials and manufacturing

techniques can be chosen. An inexpensive while still chemically stable option is Fused De-
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position Modeling (FDM ) or Fused Filament Fabrication (FFF ) of polypropylene (PP)

and polyether ether ketone (PEEK ). [127, 128] A difficulty of this manufacturing tech-

nique is the extrusion-like application of the layers, which could lead to leakage problems

if not bound well to the surrounding layers. Stereo Lithography (SLA) manufacturing

instead chemically binds previous layers; however, the utilized UV -resins are brittle, and

some age over time upon exposure to light. [129] However, they allow by far the highest

geometrical resolution of all additive manufacturing techniques. A more expensive but

also the most promising 3D printing method for thermally demanding reactions is Selec-

tive Laser Melting (SLM ) of various metals. Several examples of the application of SLM

printed stainless steel reactors in flow chemistry have been reported in the literature. [93,

88]

In this work, we present three examples of tailor-made reactors for flow chemical ap-

plications produced via 3D printing. First, the aerobic oxidation of a Grignard reagent

to the corresponding phenol is shown, focusing on the reaction selectivity affected by the

use of stainless steel reactors exhibiting different mixing performances. Also, the impor-

tance of process stability in terms of a stable oxygen supply is demonstrated. This part

is an extension of our previous work. [8] The second example illustrates the use of a 3D

printed reactor for reactions requiring fast mixing in a cascade for the production of a

valsartan precursor in three steps, as reported earlier. [130] Again, a stainless steel reac-

tor was successfully used for N-acylation and hydrolysis to achieve the required mixing

performance. In the third example, the flexibility of 3D printing is shown by a novel

and custom-designed CSTR, made of a UV -curable resin, for the synthesis of resveratrol

derivatives developed previously in our group. [131] This reaction cascade comprises an

enzymatic decarboxylation of phenolic acids by immobilized phenolic acid decarboxylase

from Bacillus subtilis(BsPAD) in alginate beads followed by a heterogeneously catalyzed

Heck cross-coupling reaction.

4.3 Case 1: Grignard Oxidation

4.3.1 General and Reactors

The first example of synthesis in our in-house engineered 3D printed reactors is the aerobic

oxidation of Grignard reagents to their corresponding phenols in continuous flow. This

application was chosen as a model reaction to demonstrate the benefits of 3D printing for

organic syntheses under harsh conditions. Phenols are compounds of great importance

in the pharmaceutical industry, and the usage of molecular oxygen was proposed as a

possible green and sustainable path for the production of such compounds. [94] Oxygen is

a very interesting reactant due to its low cost and low environmental impact. [78] However,

oxidation reactions are dangerous to carry out with common lab equipment due to the

explosion hazard derived from using molecular oxygen in the presence of organic mixtures.

Efficient heat transfer is a requirement to avoid the formation of hotspots that could
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cause the ignition of the flammable solution. [132] Moreover, Grignard reagents are very

reactive toward oxygen, and therefore, efficient mixing is required to avoid formation of

side products. Microreactors can be an option to safely carry out such types of reactions

because they provide an improved heat and mass transfer due to the reduced internal

volume and higher surface-to-volume ratio.

Different stainless steel microreactors were designed and demonstrated to show the

importance of efficient mixing for aerobic oxidations of Grignard reagents. A CSTR cas-

cade (CSTR = continuous stirred tank reactor, see Fig. 4.1) was designed based on the

obtained knowledge from previous work. [8]

Figure 4.1: CAD image of the CSTR cascade. It features 10 reaction vessels surrounded by a
cooling shell. The vessels have an internal diameter of 3 mm connected by 0.6 mm channels. Each
vessel can be equipped with magnetic stirring spheroids of 2.4 mm width and 2.7 mm length.

The CSTR cascade features 10 vessels with Inner Diameters (IDs) of 3 mm, which

are connected via a channel with an ID of 0.6 mm. Each vessel can be equipped with

microstirrers to actively control the degree of mixing. This is especially important for

process development of mixing sensitive reactions, whose product formation depends on

the time needed for mixing. Sensor connections to the vessels can be made with flat

bottom connectors, which are also used for HPLC applications. With the obtained data

using this CSTR cascade and inline sensors, it is possible to estimate reaction time scales

by monitoring decreasing concentrations or temperature profiles between the vessels, as

shown earlier. [8]

In addition to this cascade employing active stirring, reactors using passive mixing prin-

ciples (see Fig. 4.2) were designed using a structure element database developed within this

work. This database includes fully scalable reactor sections through parameter-depending

Computer Aided Design (CAD) files, as reported before. [8] Suitable reactor elements
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for the chemical task can be selected and inserted by a click-and-drop procedure within

Autodesk Inventor. This allows also non-CAD experts to design reactors, as all elements

have a defined interface and share the same origin. After selection, they can be scaled ar-

bitrarily by varying only three parameters within a design spreadsheet linked to Autodesk

Inventor. These parameters include d, Le, and n, corresponding to the internal diameter,

the cubical element length scale, and the number of elements, respectively. They can be

calculated and updated in the spreadsheet for a particular design according to several de-

sign principles reported in the literature. [23, 26, 22] Due to the possibility to scale these

reactors via parameters, we refer to them as parameter reactors. The two designs shown

in Fig. 4.2 were generated with the described approach and used for experiments reported

within this section. Each reactor was named as AP followed by the number of the design.

(Numbers 3 and 4 were used in this work; designs 1 and 2 were presented in a previous

work. [8]) AP stands for Anton Paar GmbH, a cooperation partner within the CCFLOW

project, [133] who was responsible for printing the reactors. For both reactors 3 and 4,

the first point of contact of the two inlet flows is a Y-junction. The difference between

the two designs lies in the size and arrangement of the internal channels, which result in

different mixing effects. In the AP03 reactor, the channels are arranged according to a

helicoidal structure with alternating change of the direction of curvature to induce chaotic

flow structures. In the AP04 reactor, after the Y-junction, the main channel splits into

three channels. Then, each of them separates again into two more channels, after which

they converge again in a main channel. The mixing principle is based on splitting the flow

into smaller lamellae to increase the area of contact between the incoming streams.

The presented reactors were manufactured by SLM as described in the Sec. 4.B.1.

3D printing support needs to be generated for the parameter reactors to make them

3D-printable, whereby the CSTR cascade can be printed without any internal support.

Internal support can be generated by many different software tools readily available within

commercial slicer software. For the stainless steel reactors, the internal support was gen-

erated by Materialise’s Magics software. This support connects the outer walls of the

channels to the cooling shell. It is made by generating a lattice structure inside the cool-

ing shell followed by a Boolean subtraction of a full body reaction channel. The remaining

cut was inserted into the final design. Support structures are unchanged in the printed

reactors because they also increase internal surface area and lead to increased heat transfer

rates.

After printing and postprocessing, the reactors were evaluated for the oxidation

of the Grignard reagents in continuous flow. The chosen Grignard reagent was

4-chlorophenylmagnesium bromide, which gives 4-chlorophenol as the main and desired

oxidation product, see Fig. 4.3. The reaction was carried out in 2-methyltetrahydrofuran

(2-Me-THF ), as this solvent was determined in previous experiments to be the optimum

choice. Although there is a risk of peroxide formation, its generation is slow at room

temperature. [134] Due to short residence times within the setup, this risk was considered

minimal. However, it was important to ensure that the solvent was properly degassed
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Figure 4.2: CAD images of reactors AP03 and AP04. These reactors use passive mixing principles
and are assembled from the developed structure element database. Different designs were produced
with internal diameters of 0.6, 0.7, and 0.8 mm.

before each run because oxygen contamination could cause the degradation of the

Grignard reagent prior to the reaction. Therefore, fresh solvent was always used, which

was thoroughly degassed with argon for at least 30 min before each experiment.

Figure 4.3: Grignard Oxidation Reaction Studied in this Work

In this work, oxygen sensors developed by our collaboration partners within the

CCFLOW project [133] were implemented in the final setup to monitor the oxygen

concentration in the system. [135] The used optical sensors comprise a fiber-based

Near-Infrared (NIR) emitting Pt-tetra-(4-fluorophen-yl)-tetrabenzoporphyrine dye

immobilized in polyphenylene sulfide and with a CYTOP protection coating and a phase

fluorimetry readout system. For a complete description of the sensors’ characteristics,

see the Sec. 4.C.3.6.

Before testing the reaction in continuous flow, some preliminary experiments had to be

carried out. First, the reaction was performed in a batch vessel to obtain benchmark data

to compare with the results of flow experiments. The reagent concentration was 0.1 M,

and oxygen was supplied via a balloon connected to the vessel, similarly to the setup used

by He et al., [94] and the reaction was carried out at 0 °C. The reaction was completed
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within 1 h, achieving a yield of 15%, which is in accordance with the results reported in the

literature. [94] Second, a stable oxygen supply needs to be provided to obtain comparable

results between the reactors. This will be described when the used setup is explained.

4.3.2 Setup

The setup used for the evaluation of the microreactor performance is shown in Fig. 4.4.

This setup was developed in resemblance to what was proposed in a previous work; [8]

however, some improvements were made to increase the stability of the system. The first

feed to the reactor is supplied via a high-pressure syringe pump (Lambda VIT-FIT HP)

that pushes degassed 2-Me-THF into the system. The solvent was loaded into a 20 mL

stainless steel syringe via a 6-way valve connected to a sealed solvent bottle. This reduced

the possibility of oxygen contamination of the solvent prior to the experiment. Also,

syringe pumps were chosen, as they provide a constant flow rate with little pulsation,

which is common for HPLC pumps and undesirable for our purposes. A Mass Flow

Controllers (MFC ) was used to precisely control the oxygen flow into the system. A

Pressure Indicator (PI ) was mounted on the gas line to check the pressure increase in

the startup phase and to track the pressure in the system once steady state was reached.

Real time pressure data were collected by connecting an Arduino board to the PI , that

was programmed to convert the analogue signal into a digital one. Pressure data were

sent to the laptop’s terminal, to which the board was connected via USB. A check valve

was also inserted in the gas line, which was opened when the pressure on the line was

the same as in the process (around 7 bar) to avoid backflow to the MFC . The liquid and

gas lines were brought into contact with a T-mixer, where one phase is sheared into the

other to produce a slug or bubbly flow. This biphasic stream enters an absorption unit

to completely dissolve the oxygen in the solvent and obtain a stable oxygen supply before

reaching the oxygen sensors at the reactor inlet. For the absorption step, both a 4 m long

polytetrafluoroethylene (PTFE ) coil (OD 1.58 mm, ID 0.8 mm, internal volume 1.75 mL)

and a stainless steel HPLC column (ID 8 mm, height 40 mm) filled with glass beads (Carl

Roth GmbH, diameter 0.75-1 mm) were tested as absorption units.

As depicted in Fig. 4.5, the three setups (a-c) were compared at -15 °C. Setup a was

already described in a previous work. [8] It features a continuous syringe pump (Asia

Syrris) to continuously pump the degassed solvent into the system and an MFC to control

the incoming oxygen flow rate. Oxygen and solvent flow rates were both set to 1 mL

min-1 (NmL min-1) in this case. As an absorption unit, the aforementioned coil was

used. As visible from the graph below the flowchart, the oxygen supply in this case was

very discontinuous and subject to fluctuations. Some improvements were made to reduce

these fluctuations: in setup b, a PI and a check valve were added to the system to have

a controlled startup phase and to connect the liquid with the gas line only when the

pressures of both lines were equal. A single syringe pump (Lambda VIT-FIT HP) was

used and filled with degassed solvent via a 6-way valve to reduce oxygen contamination.
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Figure 4.4: Flow Chart for the Experimental Setup Used to Perform the Grignard Reagent
Oxidation in Continuous Flow with the Implementation of 3D Printed Microreactors

For case b, a higher flow rate of oxygen was used (4 NmL min-1) as well as a higher flow

rate of solvent (2 mL min-1). The oxygen profile was again fluctuating around a certain

state, but this time with random and broader oxygen peaks. This behavior was attributed

to varying back pressure of the system. Changing back pressure influences the MFC and

causes alternating oxygen supply at the T-junction while the set gas flow rate of the MFC

was still met. To obtain a constant back pressure, it was decided to increase back mixing

by switching to an HPLC column filled with glass beads, as seen in setup c. For setup c, a

solvent and oxygen flow rate of 1.1 mL min-1 and 1.5 N mL min-1 were used as these flow

rates were also used later on in the Grignard reaction experiments. Again, as in all cases,

there were fluctuations in oxygen concentration. This can be explained by the presence of

gas bubbles that act like springs, causing the oxygen flow rate to vary. The presence of

more or less oxygen in the system causes density differences that have to pass parts of the

setup during a time corresponding to the residence time, causing oxygen supply variations.

Nevertheless, it was possible to obtain a stable oxygen concentration in the case of the

HPLC column due to the higher surface-to-volume ratio that improves the gas-liquid

mixing compared to the simple coil. Moreover, the column has a higher volume than the

coil, so changes in oxygen supply are dampened due to higher backmixing. Due to these

advantages, the column was chosen as absorber in the final setup. The absorption tests

were of great importance because they demonstrated that in the presence of a biphasic slug

flow the process is not stable enough to supply a constant amount of oxygen. Therefore,

it is important to have an efficient absorption unit to reach stable operating conditions.

Because in all of the setups the absorption units were sufficient to completely dissolve the
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oxygen in the solvent, it was not deemed reasonable for our purposes to perform slug flow

experiments in our setup.

Figure 4.5: Different setups tested during the absorption experiments to compare the oxygen
supply provided by different pumps and absorption units.

Before each run, an efficient startup procedure was followed to rapidly reach steady

state and perform the experiment successfully. A detailed step-by-step description is

reported in the Sec 4.C.2.1. Together with the startup procedure, the conducted oxygen

stability tests were crucial to identify flow rates of both the solvent and oxygen that could

give a good compromise between experiment time and oxygen solubility. The chosen flow

rates for the reaction experiments were 1 mL min-1 for the solvent and 1.5 N mL min-1

for O2, which correspond to a molar ratio of 1:3.97 4-chlorophenylmagnesium bromide:O2.

Preliminary tests at all experimental temperatures showed that, by using this molar ratio

at the system pressure of 7 bar and setup c, all oxygen was absorbed in the solvent, and

no slug flow could be detected at the column outlet. The overall experiment time was

around 20 min, limited by the size of the syringes of the pump.

After choosing setup c as an optimal absorption step for the following investigations, a

single liquid phase of oxygen-enriched 2-Me-THF entered the microfluidic device through

one inlet. Then, it was mixed with a 1 M reagent solution in 2-Me-THF , which was pushed

into the system through a sample coil connected to a 6-way valve. The flow rate was set by

a syringe pump filled with pure solvent, which was also connected to the 6-way valve. The

flow rate was set to 0.1 mL min-1 to dilute the reagent solution to the process concentration

of 0.091 M within the reactor. Utilizing this sample coil setup showed improved startup

times while conserving Grignard reagents. The whole reactor and absorption unit were

placed in a thermostatic bath filled with an ethanol/water mixture (50 v% ethanol) to
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maintain the temperature at the desired level (either 0, -5, or -10 °C, depending on the

experiment). Oxygen sensors were positioned before and after the reaction unit as well as

within the reactor itself in the case of the CSTR cascade, whose vessels can host inline

sensors. After the reactor, a Back Pressure Regulator (BPR) was used to keep the system

pressure at 7 bar. Finally, another syringe pump was used to continuously quench the

reaction mixture with 0.1 M HCl in a 1.5 molar ratio. Samples at different times were

taken and measured with GC -FID . Conversion and yield were calculated in comparison to

a reference sample, which was directly withdrawn from the reagent bottle and subsequently

quenched.

The tested reactors were AP04 with diameter of 0.8 mm and AP03 with diameter

of 0.8 and 0.7 mm, respectively. All of the reactions were carried out at three different

temperatures (-10, -5, and 0 °C). The results were compared in terms of yield obtained via

GC measurements and are shown in Fig. 4.6. Also, one reaction at 0 °C was carried out in

the Split-and-Recombine Reactor (SaRR) depicted in Fig. 4.7 to determine how the new

setup performs using the same reactor and conditions tested and published previously. [8]

The SaRR served as starting point for the design approach featuring the structure element

database. It consists of a tangentially shifted T-mixer and split-and-recombine reaction

elements. The internal diameter is 0.8 mm, which gives the mixing elements an internal

volume of 0.565 mL. In the case of the CSTR cascade, some oxygen sensors could be

implemented within the reactor vessels, and experiments were carried out at 0 and -5 °C

and at different stirring speeds (0 and 1000 RPM ). The results are compared in Figure 4.6

in terms of GC yield, calculated considering the zero sample from the reagent solution,

and the final sample taken at the steady state of the reaction. The results obtained can

be interpreted as follows, by considering the influence of different process parameters on

the outcome of the reaction.

4.3.3 Results and Discussion

Temperature. This is the parameter that generally has the strongest influence on the

reaction. It can be noticed that for the parameter reactors the yield increased when

lowering the temperature. This can be explained as follows: while the intrinsic reaction

rate decreased with decreasing temperature, the mixing time was the same because the

same flow rates were used at the different temperatures. The better mixing leads to

fewer side reactions and thus to higher yields of the desired product. This trend was

not seen in the case of the CSTR cascade, where the yield did not change much with

varying temperature. Here, it could be either an experimental deviation or, more likely,

salt formation influenced the stirring rate within the vessels.

Different Mixing Principles. Concerning the performance of the three parameter

reactors, the yield considerably increased when switching from the AP04 to the AP03

reactor, as expected from the results of the characterization process (reported in the

Sec. 4.C.1). The yield of the desired product was around 28% for AP04 versus 42% in the
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Figure 4.6: Comparison of different reactor types and the effect of temperature on the yield of
the desired product in aerobic Grignard oxidation. Yields were determined by GC analyses.

Figure 4.7: CAD model of the SaRR as published previously. [8] Reproduced with permission
from ref [8], published by The Royal Society of Chemistry. Copyright 2019 Royal Society of
Chemistry.
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AP03. Due to the helicoidal channel structure, the flow is much more chaotic in the AP03

reactor, causing better mixing of the incoming streams. In the AP04 instead, the mixing

is realized by continuously splitting the channels while keeping the same internal diameter

for both split streams, so the achieved folding of the streams is much lower. The AP03

device also proved to perform slightly better than the SaRR at 0 °C for the same reasons

as stated above. The CSTR cascade was even more efficient with a yield of about 53%,

as expected from the results of the micromixing experiments (see Sec. 4.C.1.1). Reactor

characterization (shown in the Sec. 4.C.1.2) showed that the cascade does not behave like

a series of ideal CSTRs as the volume of connecting tubes is not negligible compared to the

CSTR vessels’ volume. Thus, the reactor behaves more like an alternating series of CSTRs

and tubular reactors. Also, in the case of the CSTR cascade, the stream is subjected to

a split-and-recombine mixing action: first, the incoming stream flows through a small

capillary; then, the section increases when it enters a vessel, and finally, it is squeezed

again into a small channel. Considering the size of the inner diameter of the channel

connecting each vessel, which is 0.6 mm and smaller than those of the other reactors

tested, the fluid velocity is higher in a smaller capillary; therefore, the flow in the system

is more chaotic, and better mixing is achieved. However, when looking at the effect of

stirring, little difference in yield was observed when using a stirring speed of 0 or 1000

RPM . As already stated above, it remains unclear if the stirring rate was affected by the

salt formation, but the splitting and recombining of the flowing fluid still remained. Also,

the mixing point within the second vessel seems to be improved compared to the other

designs as the capillary feeding the Grignard reagent into the second vessel is sheared by a

perpendicular stream with oxygen-enriched 2-Me-THF from vessel one. Considering that

the reagent flow rate is very low, the reaction might already take place directly after the

tubing that connects the 6-way valve with the second CSTR vessel. This means that the

reaction might already be over when the reagent reaches the stirrer (which is supported by

the sensor data, see Sec. 4.C.2.2). As a result, the reaction is so fast that the earliest point

of contact between the two incoming streams has the highest influence on the yield of

the reaction. However, not enough data was collected to confirm the effect of the stirring

speed on the reaction with certainty.

Internal Diameter. To assess the effect of the internal diameter on the reaction,

the two AP03 with internal diameters of 0.8 and 0.7 mm were used. As expected, the

reactor with smaller ID proved to perform better in terms of yield: 50% versus 42%.

Mixing is enhanced because the flow velocity is higher in smaller channels. Therefore,

there are higher inertial forces promoting convective mixing and secondary flow struc-

tures. Miniaturization of the channel diameter is limited due to solid formation during

the reaction. Complex geometries, produced via 3D printing, improve reactor perfor-

mance via secondary flow structures, and are able to handle such solids while providing

the needed mixing characteristics.

Different Setups. The yields obtained in the SaRR performed with setup a shown in

Fig. 4.5, and the yields obtained with the parameter reactors as well as the SaRR utilizing



4.4. Case 2: Valsartan 121

setup c in Fig. 4.5 were comparable to the one of the earlier work (around 40-45%) at 0

°C. [8] However, when comparing the results from the CSTR cascade, the yield was higher

(more than 50%). The major difference between the conducted experiments was that in

the previous work the reaction was started in a commercial Y-junction before entering

the first CSTR vessel. Here again, the importance of the first mixing point is shown. A

general assertion that the system benefits from a more stable oxygen supply by switching

the reaction setup was not directly seen as cumulative samples were drawn from the reactor

outlet over time in both setups. However, it appears reasonable that a more stable supply

leads to less product fluctuations. Side products were detected to be <10% of the overall

GC area. Although no detailed investigation on this topic was carried out in this work, so

far no explicit relation between byproduct formation and reactor type could be determined.

Nevertheless, it could be shown in accordance with a previous work [8] that all 3D printed

reactors lead to less byproduct formation than a simple PFA coil. Moreover, all of the

continuous reactors tested gave a much higher yield of the desired product compared to

the initial batch setup. While such a comparison with a low pressure batch is not fair,

considerably safety efforts would be needed to conduct high pressure batch experiments.

Finally, it can be concluded that the production of phenols benefits from implementation

of microfluidic devices compared to conventional batch processing and controlled mixing

performance with regard to the temperature dependent reactivity.

4.4 Case 2: Valsartan

As reported by the World Health Organization (WHO), about one-third of deaths world-

wide are caused by cardiovascular diseases. In this respect, elevated blood pressure is one

of the early symptoms before developing more severe complaints involving the heart and

blood vessels. [136] Therefore, antihypertensive drugs are among the best-selling prod-

ucts on the pharmaceutical market. [137] One potent active pharmaceutical ingredient

contained in several medication options for the treatment of hypertension is the nonpep-

tide angiotensin II receptor blocker valsartan. [138] Its original synthesis route was first

patented by Ciba-Geigy in 1991, [139] and since then, a vast amount of research groups

(exemplarily refs [140, 141, 142, 143, 144, 145, 146, 147, 148, 149]) aimed to improve

the low-yielding process. [150] However, the use of continuous flow technology for that

purpose has been reported in only a few cases. [151, 152] Hence, our group targeted the

development of a multistep continuous setup for the synthesis of a late-stage valsartan

precursor in continuous flow. [130] The envisioned synthetic route comprises N-acylation,

Suzuki-Miyaura cross-coupling, as well as basic ester hydrolysis. Whereas the key step

of the cascade, Pd-catalyzed C-C bond formation, was achieved in a packed-bed reactor

filled with a heterogeneous Pd-Ce-Sn oxide, [153] N-acylation and ester hydrolysis were

performed in coil reactors. To obtain high conversions for these transformations using

a definite reactor volume, we needed to accomplish fast and efficient mixing of reagent

streams. This could be successfully achieved by the utilization of a 3D printed Split-and-
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Recombine Reactor (SaRR), shown in Fig. 4.7, which was designed and developed in our

group. [8] Although originally intended for the oxidation of Grignard reagents in continu-

ous flow, its design featuring a network of separating and combining channels made it a

perfect choice for application as a static mixer. The superior mixing performance of the

SaRR compared to a standard T- mixer has been reported previously, [8] and thus, we

decided to implement two SaRRs for mixing purposes (residence times of the individual

steps in the SaRRs were not optimized) into our final integrated continuous setup for

the synthesis of the targeted valsartan precursor. The synthesis of a valsartan precursor

in continuous flow was performed as a feasibility study. The single steps of the cascade

were optimized in batch (to conserve material) and tested in flow individually before we

assembled the different reactor parts to a combined setup. The first step of the reaction

cascade, N-acylation, was accomplished in a coil reactor combined with an upstream SaRR

unit (v = 0.10 mL min-1, τ ∼ 19.3 min). Then, the reaction mixture was quenched with

a stream of aqueous K2CO3 (v = 0.10 mL min-1) and pumped through a fixed-bed of

heterogeneous Pd-catalyst Ce0.20Sn0.79Pd0.01O2-δ for Suzuki-Miyaura cross-coupling (v =

0.20 mL min-1, τ ∼ 22.3 min). Finally, aqueous NaOH solution was added to the process

stream (v = 0.10 mL min-1) to achieve hydrolysis of the methyl ester (τ ∼ 17.1 min). In

this way, we successfully synthesized targeted valsartan precursor with up to 96% yield

(73% enantiomeric excess) over all three steps (v = 0.30 mL min-1, total τ ∼ 60 min,

Fig. 4.8).

Figure 4.8: Three-Step Continuous Setup for the Synthesis of a Valsartan Precursor. SaRR=
split-and-recombine reactor, v1 = 0.05 mL min-1, v2 = 0.10 mL min-1

4.5 Case 3: Resveratrol Derivatives

Resveratrol is a prominent representative of the stilbene family, which is known for its con-

jugated double bond system of two benzene rings connected by a C=C double bond. This

structure gives the molecule antioxidant, anti-inflammatory, antiaging, and antidiabetic

characteristics. [154, 155] Stilbenes are also promising candidates for cancer preventive

drugs. [156] A one-pot synthetic route from bio-based resources to stilbenes in a two-

step chemo-enzymatic tandem reaction was developed by Gómez Baraibar. [157] Despite
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the advantages of the one-pot synthesis, such as reduced process time and elimination

of intermediate purification, there is room for improvement. Transferring the batch to

a continuous operation mode, the elimination of organic solvents and expansion of the

substrate scope of the process from symmetric to asymmetric products make this novel

route more sustainable, as well as economically and ecologically favorable. A promising

approach for a continuous flow route toward stilbenes was recently published by Peng et

al. [158] For our target process, we envisioned an integrated two-step flow process, which

allows long-term utilization of the expensive catalysts. Further, volatile organic solvents

should be eliminated, and resources should originate from renewable feedstock as much

as possible. Enzymatic decarboxylation of para-coumaric acid via BsPAD results in the

highly reactive styrol intermediate, which is prone to polymerization. The allyl group of

the intermediate serves as substrate for the following Heck reaction with an aryl halide,

iodobenzene in our case (Fig. 4.9). A major challenge of the target process was the sol-

ubility of para-coumaric acid in the first reaction step. Additionally, the compatibility of

the solvent of the enzymatic and the chemical step is an obstacle. [159, 160] The hurdle

of substrate solubility was tackled by switching from neat buffer to a mixture of Deep

Eutectic Solvent (DES ) and buffer (1:1 v/v). DES was prepared from choline chloride

(ChCl) and glycerol in a ratio of 1:2 (mol/mol). PAD proved its activity in the chosen

solvent in a previous study. [161] In that study, substrate concentrations up to 300 mM

could be achieved and successfully converted to the desired product with excellent yield.

We recently reported a two-step chemo-enzymatic tandem synthesis of stilbenes in a series

of packed-bed reactors. Due to the substrate’s solubility limit of 20 mM, the enzymatic

decarboxylation was the bottleneck of this process. [131]To overcome the limitation of

substrate solubility, a multiphase process with suspended starting material was desirable.

Herein, we present an advanced concept utilizing a 3D printed continuous stirred tank

reactor (CSTR; Fig. 4.10). Mild process conditions of enzymatic reactions allow the use

of inexpensive reactor material. The CSTR and its sealing flange were printed by Digital

Light Processing (DLP) of a UV -curable resin. They were printed simultaneously with

the Photon from Anycubic, utilizing a green standard resin from Wanhao. Each slice was

cured with an exposure time of 10 s and a layer height of 50 µm. A cleaning step with

ethanol was done after removal of the parts from the build platform. The parts could be

used directly after removal of support structures, but a final curing in sunlight until the

next day was envisioned. The reactor was designed for the purpose of the reaction. A

heating shell enabled an operation at the right temperature (30 °C), whereby heat transfer

was not characterized as the operation temperature was generally mild and the feeding

flow rate low; thus, we assumed a good performance. Baffles improved the mixing pattern,

and an integrated sieve in the sealing flange kept the immobilized enzyme in the reactor.

Design iterations were made for the whole CSTR and its baffles to obtain a good agitating

performance. This was evaluated by the naked eye as the polymer was semitransparent.

The starting suspension (45 mM para-coumaric acid in buffer-DES mixture) was fed

into the CSTR at a flow rate of 0.05 mL min-1 at the bottom fluid port. The desired
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Figure 4.9: Two-Step Chemo-Enzymatic Setup for the Continuous Synthesis of 4-
Hydroxystilbene. Step 1: enzymatic decarboxylation of para-coumaric acid in the 3D printed
CSTR. Step 2: Pd-catalyzed Heck cross-coupling reaction.

Figure 4.10: CSTR designed for the enzymatic decarboxylation of para-coumaric acid by phenolic
acid decarboxylase. Top: Flange with integrated sieve. Bottom: CSTR with integrated baffles.
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soluble product, 4-vinylphenol, ejects at the top of the reactor, while alginate beads enclose

the enzyme (160 mg freeze-dried cell-free extract from E. coli, immobilized in 2% (w/v)

calcium alginate beads, details in Sec. 4.E.1) as well as the suspended substrate remain

in the reaction. The second connector located at the top of the CSTR was not used and

plugged in this experiment. It was kept in the design for possible later applications of the

CSTR. Before entering the second reaction step, the solution was collected in a reservoir,

where it was mixed with additional substrates required for the Heck coupling (49.5 mM

iodobenzene, 82 mM K2CO3, in ethanol:water:DES 6.75:2.25:1 v/v/v). The reservoir

also helped remove CO2 from the reaction solution released during decarboxylation. The

second step was carried out in a packed-bed reactor (details in the Sec. 4.E.3) filled with

a heterogeneous Pd catalyst (Ce0.20Sn0.79Pd0.01O2-δ). [153] The product stream of 0.1

mL min-1 was collected and analyzed by means of HPLC . For the first step, excellent

selectivity (>99%) and a conversion of 70% were detected. The overall yield for (E )-4-

hydroxystilbene was found to be 15%. Side reactions such as homocoupling of iodobenzene,

polymerization of the intermediate, and the formation of the side product of para-hydroxy-

1,1-diphenylethylene led to reduced selectivity of the Heck reaction. This behavior for the

Pd-catalyzed coupling reaction was also observed in batch mode and previous continuous

experiments. The space-time yield of the two-step setup was calculated to be 703 mg

L-1 h-1. In comparison to our earlier results from a process comprising two packed-bed

reactors, this is an improvement of 35% in terms of space-time yield. This outcome

compensates the longer startup phase of the CSTR of 4 h. Overall, the application of the

3D printed CSTR and the alternative solvent (DES ) allowed us to increase the substrate

concentration by a factor of 22 (solubility of para-coumaric acid in water: 2 mM).

Case Microreactor Length ID Additive Volume Ref
type scale d (mm) manufacturing (µl)

Le (mm) technique

1 AP03 (n=8)
4 0.8

SLM
256.51

This work
4 0.7 202.4

1 AP04 (n=6)
3.5 0.8

SLM
221.86

This work
3.5 0.7 177.6

1 CSTR cascade 0.6 SLM 349.9 This work
1/2 SaRR 3.5 0.8 SLM 565 [8]
3 CSTR 20 DLP 8329.2 This work

Table 4.1: Summary of the characteristics of the microfluidic devices presented in this work.
Parameter reactors AP0X are shown with their design parameters: number of elements n, cubical
element length scale Le, and internal diameter d.

4.6 Conclusions

Within this article, we demonstrate the high potential of 3D printing technology for the

cost- and time-efficient production of custom-built reactors, applicable for the synthesis of
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relevant biologically active molecules in continuous flow. Depending on the requirements

of the reactions, two different additive manufacturing techniques were used. Additive

manufacturing from stainless steel via SLM was used for harsh reaction conditions, while

a UV -curable resin, processed via DLP , was used for milder reaction conditions. An

overview of the produced reactors with their specific properties is given in Tab. 4.1. The

application of several of the produced reactors are shown by three examples.

The first example shows the continuous aerobic oxidation of a Grignard reagent to

the corresponding phenol using different 3D printed reactor types. After performance

evaluation of the reactors by mixing-sensitive reactions and comparison of residence time

distributions, influence of different mixing efficiencies and temperatures are shown to affect

the formation of the desired phenol. In addition, a focus was held on the stable supply of

oxygen into the system by monitoring with optical in-line sensors.

In the second example, two previously reported 3D printed split-and-recombine re-

actors were employed in a three-step cascade for the synthesis of a valsartan precursor

in continuous flow. While originally designed for the oxidation of the Grignard reagents

mentioned above, they were well-suited for the N -acylation and hydrolysis reactions due

to their efficient mixing properties.

The final example deals with an enzymatic decarboxylation reaction in a multipurpose

continuous stirred tank reactor, which led to the formation of resveratrol derivatives after

a Pd-catalyzed Heck cross-coupling. Utilization of the developed CSTR allowed, in com-

bination with an alternative solvent (DES ), an increase in substrate concentration by a

factor of 22 and therefore an equal increase in productivity.

Overall, we show that by the successful combination of reaction engineering and addi-

tive manufacturing, flow chemistry in the tailor-made 3D printed reactors enabled efficient

synthesis of API precursors in continuous flow.
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Appendices

4.A General Information

Chemicals and solvents were purchased from commercial suppliers and used as received

unless stated otherwise. Analytical thin layer chromatography was performed on pre-

coated aluminum plates (Merck, silica gel 60, F254) and spots were visualized with UV

light (254 nm) and potassium permanganate stain. Column chromatography purifications

were carried out using MN silica gel 60 (70-230 mesh). For monitoring of the reaction

progress and determination of enantiomeric excess, an Agilent 1100 series HPLC system

as well as a Perkin Elmer Clarus 500 GC system were utilized. HPLC -MS measurements

were performed on a Waters Acquity H-Class system equipped with a Waters Acquity

SQD detector. NMR-measurements were recorded using a Bruker Avance III 300 MHz

spectrometer (1 H: 300 MHz, 13C: 75 MHz).

4.B 3D printing procedures for reactor manufacturing

All the reactors described and implemented in this work were designed using Autodesk®’s

CAD software Inventor Professional 2019. Parameter reactors were created from a struc-

ture element database by a procedure depicted in Fig. S4.1. Reactor elements can be

selected and deleted in the standard interface of Inventor (1). Next, a new elements can

be selected and new parameters can be set in a Microsoft Excel spread sheet (2), which

is connected to the CAD program. The new element simply needs to be opened from the

database (3) and placed at its origin (4). Autodesk Inventor will indicate that this new

component can be updated and by doing so, the new element should fit to the others (5).

4.B.1 SLM printing process

Reactors made of stainless steel (Fig. S4.2) were fabricated via SLM at our project partner

Anton Paar GmbH, with a procedure presented in previous works [93, 8] and reported in

the following. The 3D CAD model was dissected by the Materialise’s Magics software in

multiple layers and then printed layer-by-layer by the fusion of a metal powder bed. The

sintering of the layers was done by a SLM system from EOS utilizing an Ytterbium fiber

laser with 400 Watt maximum power input, scanning through a 316L stainless steel powder

bed with an average particle size (d50) of 35.9 µm. For the selected layer height of 40 µm,

the laser melted the current layer and the prevailing one to generate well-bonded, gas-tight,

high density builds. The printing process takes place inside an enclosed chamber filled with

nitrogen to avoid oxidation and degradation of the material. After the printing process,

the building platform was disassembled from the printer and the unused metal powder

was collected for re-use. The inner parts of the freshly printed devices were freed from

the powder with compressed air, ultrasound treatment and dried again with compressed
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Supporting Information Figure S4.1: Workflow of changing a reactor element from the struc-
ture element database.

air. The powder was collected at the cleaning openings of the devices. Afterwards, stress

relief annealing of the printed parts was carried out in a vacuum oven. Next, the reactors

were cut from the building platform by means of a band saw, and their surface was refined

by sandblasting. The cleaning openings were closed by laser welding and the connection

to standard equipment was enabled with 1/16” stainless steel capillaries welded to the in-

and outlets (only for the parameter reactors). Finally, the prints’ surfaces were blasted

with micro glass beads and once again, put into the ultrasonic bath followed by drying

with compressed air. [8]

4.B.2 DLP printing process

The Continuous Stirred Tank Reactor (CSTR) and its sealing flange were printed by

Digital Light Processing (DLP). Both parts were produced simultaneously within the

Photon from Anycubic. A green UV -curable resin from Wanhao was used for 3D printing.

The slicing software provided by Anycubic generated the manufacturing sequence for each

slice of the CAD models, which were cured with an exposure time of 10 seconds and

set to a layer height of 50 µm. A support structure was added via the slicing software

by using its standard settings and a support density of 50%. The printed parts with

partly removed support structures are depicted in Fig. S4.3. Post-processing included a
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Supporting Information Figure S4.2: Pictures of the SLM printed CSTR cascade with in-
serted HPLC flat bottom connectors (left) and various parameter reactors AP03 and AP04 with
different length scales and internal diameters (right).

cleaning step with ethanol after removal of the parts from the build platform and refining

the pre-printed threads with a 1/4-28” thread cutter. The parts were fully functional

after removal of support structures, but a final curing in sunlight until the next day was

envisioned. Flange and reactor were sealed by rubber bands, as available in most kitchens,

and closed by M5 screws, washers and nuts. This low-cost approach allowed to produce a

reactor for under 10 ¿.

Supporting Information Figure S4.3: Picture of the CSTR and flange after 3D printing. 3D
printing support can still be seen connecting the CSTR features to the building surface. The flange
on the right hand side shows the integrated sieve to keep the alginate beads within the CSTR.
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4.C Aerobic oxidation of Grignard reagents in continuous

flow

The contents in this section are part of the Master Thesis with the title “Design of 3D-

printed Microreactors for Continuous Flow Synthesis”, submitted to Graz University of

Technology by Alessia Valotta in September 2019. Parts of the thesis (graphs, equipment)

are reproduced here with the authorization of the author.

4.C.1 Reactor characterization of CSTR cascade and parameter reactors

The chosen Grignard oxidation is very fast and requires fast mixing in order to increase the

yield of the phenol product and reduce the extent of side reactions. Microfluidic devices

are a powerful tool for carrying out this type of reactions: due to the increased surface-to-

volume ratio, the effective area for heat and mass transfer is increased. [16] The devices

presented in this work were designed based on different mixing principles. Therefore, in

order to compare the reactors, it was necessary to evaluate their mixing efficiency. This

was necessary not only to classify the reactors according to their performance, but also

later on to interpret the results of the Grignard reactions in flow.

The reactor characterization was carried out on two levels. First, the mixing efficiency

on the scale of molecular diffusion was investigated by performing mixing sensitive reaction

experiments. As the name suggests, the selectivity of these reactions is highly dependent

on the mixing time and diffusion path in the device. [35, 162] Many mixing sensitive

reactions have been characterized and various protocols are available in literature. [35,

162, 163, 117, 34, 102] Second, mixing on the macro-scale of convection was studied by

means of the residence time distribution. This is a well-established method that gives

measure of how the flow pattern of the fluid inside of a reactor deviates from the ideal

plug-flow or CSTR model. [33]

4.C.1.1 Mixing sensitive reactions

In this work, the consecutive competitive diazo coupling of 1-naphthol with diazotised

sulfanilic acid, characterized by Bourne et al. [1], was chosen to study the micro-mixing

efficiency of the designed microreactors. The proposed reaction mechanism is presented

in Fig. S4.4. 1-Naphthol (reagent A) reacts with diazotised sulfanilic acid (reagent B)

in excess to give two monoazo R-products, where the functional group is either in ortho

(o-R) or para (p-R) position. The reaction is highly dependent on the mixing efficiency

of the reactor. When two entering streams are mixed poorly, there are regions in the

reactor with a high concentration of B and the monoazo products, but little or no reagent

A is present. Therefore, B reacts with either o-R or p-R to give the secondary undesired

S-product, following the mechanism shown in Fig. S4.4. The amount of S-product formed

is quantified by its yield YS . If YS is low, mixing is fast and the reaction is not mass



4.C. Aerobic oxidation of Grignard reagents in continuous flow 131

transfer limited. This means that the reactor’s mixing performance is sufficient to ensure

high selectivity even for fast chemical reactions.
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Supporting Information Figure S4.4: Mechanism of the Bourne reaction, as described by
Bourne et al. [1] Reprinted (adapted) with permission from (Bourne, J. R. et al., Kinetics of the
Diazo Coupling between 1-Naphthol and Diazotized Sulfanilic Acid. Ind. Eng. Chem. Res. 1990,
29 (9), 1761–1765.). Copyright (1990) American Chemical Society.

Considering the stoichiometry of the reaction, YS is calculated as:

YS =
2cS

cp−R + co−R + 2cS
(4.1)

The experimental setup is depicted in Fig. S4.5. Mixing reactions were performed with
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a 1.2 mM 1-naphthol solution in a carbonate/bicarbonate buffer (pH 9.9, ionic strength

888.8 mM) (reagent A) and a 1 mM solution of diazotised sulfanilic acid (reagent B). Two

syringe pumps were used to inject equal volumetric flow rates of both reagents into the

microfluidic device. The microfluidic devices were connected to the pump with PTFE

capillaries (1/16” OD , 0.03” ID) and standard HPLC fittings. At the outlet of the mi-

crofluidic devices, 2 mL of the product solution were collected for each operation point.

To be sure that the system had reached steady state after the desired flow rate was set

and the pumps were turned on, the reactor was flushed for at least three residence times

before taking a sample. Each sample was stored in the dark until analysis, since both

the reagents and the products are light sensitive. The samples were analyzed within 3

hours from the withdrawal in order to avoid the results being falsified because of product

decomposition.

Supporting Information Figure S4.5: Setup used for studying mixing sensitive reactions.

The concentration in each sample was measured by means of UV /VIS spectroscopy,

by flushing the sample through an Avantes flow cell with 10 mm path length. However, it

was necessary to dilute the product solution with 5 mL buffer (pH 9.9, ionic strength 444.4

mM) to achieve a concentration in the measurable range of the flow cell, being approx-

imately 0.04 mM. This step was also necessary to ensure that the measured absorbance

was between 0.1 and 1, in order to apply the Lambert-Beer law. [164] The measured ab-

sorption was exported at wavelengths between 390 nm and 700 nm with intervals of 10 nm

into ASCII files. The concentration of each dye was determined by measuring the total

absorption of the samples. The total absorption is given by the Lambert-Beer law:

A = εScSl + εoRcoRl + εpRcpRl (4.2)

where ε is the molar extinction coefficient of a dye at a specific wavelength (given in m2

mol-1), s is the dye concentration (given in mol L-1) and l is the optical path length (given

in m). With the extinction coefficients of each component retrieved from Bourne et al. [1],

it was possible to calculate each concentration using standard-multi-parameter-regression

with least square fitting method. This was done by feeding the UV spectrum from each
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sample to a MATLAB code that evaluated the data and calculated YS.

The results obtained are reported in Fig. S4.6. Concerning the parameter reactors,

three different reactors were tested: AP04 with inner diameters of 0.8 and 0.7 mm and

AP03 with an inner diameter of 0.8 mm, to test both the effect of different passive mixing

principles and decreasing channel diameter. The total flow rates used were 0.2 / 0.5 / 1

/ 2 / 4 and 6 mL min-1. In order to be able to compare the results obtained for different

reactor geometries, the flow rates were converted to Reynolds numbers associated with

the hydraulic diameter of each reactor. Looking at the results, the first thing to notice is

that for very low flow rates there is no difference among the reactors, as the flow rate is

too low and diffusive mixing is dominates over convective mixing. Also, since the reaction

is fast, the first contact point is the most relevant one. All of the reactors have the

same type of Y-mixer as first contact point, thus no significant difference in yield was

observed. However, when slightly increasing the total flow rate from 0.2 to 0.5 mL min-1,

it was noticeable that for the device with smaller internal diameter the mixing efficiency

increases. In fact, the smaller the diameter, the higher the superficial velocity of the

fluid and therefore the higher the Reynolds number, causing chaotic flow structures in the

reactor. Also, switching from AP04 to the AP03 reactor results in an improved mixing

efficiency. The AP03 reactor has a complex helicoidal structure with an alternate switch in

curvatureof the channels. This arrangement increases the chaotic advection and promotes

the formation of secondary flow structures inside the reactor. In the AP04 reactor instead,

the stream is split into multiple channels of same diameters and then recombined, thus

the flow velocity is lower than in the AP03.

Concerning the CSTR cascade, in each experiment the first vessel was connected with

the 1-naphthol reservoir and the coupling reaction started in the second vessel, where

the diazotised sulfanilic acid was added. The mixing sensitive reaction experiments were

performed at four different stirring rates (0 / 500 / 1000 and 1500 RPM ) and seven

different total flow rates (0.1 / 0.25 / 0.5 / 1 / 2 / 3 and 4 mL min-1). The greatest effect

of stirring on the mixing efficiency was noticed at lower flow rates. Here YS decreases when

increasing the stirring speed, meaning that the higher the stirring speed, the better the

mixing. However, for higher flow rates this is not the case anymore. No significant change

in yield was registered for Re > 150. Comparing these results with those obtained for

the parameter reactors, the CSTR cascade always showed higher mixing efficiency, even

without stirring. This can be explained by the fact that the inner diameter of the channel

connecting each vessel is 0.6 mm, smaller than for the other reactors tested. A smaller

diameter is responsible for a more chaotic flow in the system and therefore better mixing.

Also, the stream is subject to a split-and-recombine mixing action. First, it travels in a

small capillary, then the section increases when it enters a vessel and then it is squeezed

again into a small channel.
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4.C.1.2 Residence time distributions (RTD)

RTD experiments allow to get an insight into the flow pattern inside the reactor, since

this deviates from the ideal models used in reaction engineering due to axial dispersion

and backmixing effects. To quantify the extent of these effects, a non-dimensional value

is defined, called the Bodenstein number (referred to as Bo for simplicity). This number

represents the ratio of convective mass transfer over axial dispersion:

Bo =
uLchar
Dax

(4.3)

where u is the flow velocity, Lchar is the characteristic length of the device and Dax

is the axial dispersion coefficient. The higher Bo (above 100), the more the reactor is

approaching an ideal PFR behavior. On the other hand, the lower Bo (below 100), the

higher the backmixing and the more the reactor has a CSTR behavior. Different models

and correlations are available for calculating Bo and have been reported in literature. [33]

The RTD experiments were carried out using the step input principle, as reported in

literature. [33] The experimental setup is presented in Fig. S4.7. Two syringe pumps were

used, one filled with pure solvent and one containing a tracer. The solvent used was a

mixture of ethanol (12 wt%) in water and the tracer was a solution of 0.008 v% anisole

in the aforementioned solvent. Both lines were connected to a 6-way-valve, which was

connected to one of the reactor’s inlets. At the outlet of the reactor, the Avantes in-line

flow cell with 10 mm path length detected the absorption of anisole between 268-274 nm,

a wavelength range where only anisole is measurable. Also, a baseline correction was

recorded in the wavelength range of 500-506 nm, where anisole is not detectable. Before

each experiment, a dark and light reference sample was taken when the 6-way-valve was

set to load and only solvent flowed through the system. The experiment was carried out

by generating a step signal when the 6-way-valve was switched to the inject position, so

there was a switch from no tracer to constant tracer concentration. After the absorbance

Supporting Information Figure S4.6: Results of the Bourne reaction for parameter reactors
(left) and for the CSTR cascade (right).
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value for the tracer reached a stable value, a step down signal was recorded by switching

the valve back to load, so to only solvent and no tracer. The data was recorded by

using the Time series function in the Avantes spectrometer software and then exported

for evaluation in an Excel file after each run. For each experiment, the Bodenstein number

was calculated, according to the open-open model calculations described in literature. [33]

Supporting Information Figure S4.7: Experimental setup for the RTD experiments.

The parameter reactors were AP03 with channel diameters of 0.8 and 0.7 mm, respec-

tively, and AP04 with a channel diameter of 0.8 mm. Results for the RTD experiments

are shown in Fig. S4.8. Seven different flow rates (0.1 / 0.25 / 0.5 / 1 / 2 / 3 and 4 mL

min-1) were tested. In the setup, every parameter reactor was connected with one inlet,

while the other one was blocked. From the analysis of the results for each reactor, no

significant increase in Bodenstein number was recorded with the change of the flow rate.

The average in Bo was 40.95 for the AP03 reactor with diameter 0.7 mm, 30.23 for the

AP03 with diameter 0.8 mm and 9.33 for the AP04 reactor. Overall, it could be noticed

that the highest values of averaged Bo were obtained for the AP03 d07 reactor. This result

was expected because of two factors that improve the mixing efficiency. First, the internal

diameter is smaller than the one of the other parameter reactors investigated. As a result,

the superficial velocity of the fluid in the channels is higher, therefore the flow is more

chaotic and the backmixing effect is lower. Moreover, the AP03 reactor has a helicoidal

channel arrangement that causes the flow to bend with high curvature. This promotes

the formation of secondary flow structures and increases the chaotic advection effect. The

axial dispersion increases when switching to the same reactor with bigger diameter, but

its effect is even higher when comparing these results with those obtained with the AP04

reactor. In the AP04 structure, the flow is split into numerous channels, so it is slowed

down, therefore less turbulent and subjected to high backmixing. The results, in fact,

show that the AP04 reactor tends to an ideal CSTR behavior.

For the CSTR cascade only the RTD of the cascade with 0.6 mm internal diameter

was determined. Seven different flow rates (0.1 / 0.25 / 0.5 / 1 / 2 / 3 and 4 mL min-1)



136
3D Printed Reactors for Synthesis of Active Pharmaceutical

Ingredients in Continuous Flow

and three stirring speeds (0, 500 and 1500 RPM ) were tested. The 6-port injection valve

was connected to the first vessel of the CSTR cascade through a flat HPLC fitting and a

PTFE capillary. Looking at the results in Fig. S4.8 (graph to the right), it is noticeable

that the Bodenstein number is around 25 for all experiments, indicating the expected

CSTR behavior and therefore high backmixing and dispersion in the reactor. In contrast

to the results of the Bourne experiments, no significant change in the Bodenstein number

was noticed when increasing the stirring rate. This means that the backmixing is so high

that it is not influenced by the active mixing principle used in this device.

Supporting Information Figure S4.8: Results of RTD experiments for parameter reactors
(left) and for the CSTR cascade (right).

4.C.2 Grignard oxidation experiments

The detailed reaction mechanism for the oxidation of Grignard reagents to their corre-

sponding phenols has been reported in literature, e.g., by He et al. [94] The reaction

comprises three steps. First, there is an oxidation stage, where free radicals are formed

due to a chain sequence that involves an electron transfer between molecular oxygen and

the arylmagnesium Grignard species. The radical intermediates further interact to give an

organoperoxide intermediate, which reacts in the metathesis stage with another arylmag-

nesium molecule to give an organoperoxide magnesium salt. The corresponding phenol is

obtained in the last step by acidification of the metathesis product. In the experimental

setup the last step is achieved by quenching the product stream with 0.5 M HCl .

4.C.2.1 Start-up procedure

Before each continuous flow experiment, a precise start-up procedure was followed in order

to rapidly reach steady state. First, both syringe pumps were purged with argon, before

being filled with degassed solvent. Then, a bottle containing the solvent was connected

to the 6-way-valve via a tube going directly into the bottle through a sealed septum. By

keeping the valve in the load position, the pump was directly connected to the bottle and

using the withdraw function of the pump, the syringe was filled with degassed solvent with
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minimum chance of undesirable oxygen contamination. Afterwards, the pumps were set

to the desired flow rate and the entire system was flushed with the solvent to remove the

oxygen and slowly equilibrate the liquid line to 7 bar. The pumps were then filled again

using the same procedure. In the meantime, the oxygen line was turned on while keeping

the check valve closed. The flow rate on the line was set to a higher value than in the

process (around 10 mL min-1) in order to cause a rapid increase of the pressure on the

oxygen line. When the PI indicated a pressure slightly above 7 (around 7.2 bar), the flow

rate was set to the desired value and the check valve was opened. Once the pressure in

the oxygen line and the system reached equilibrium, a stable slug flow left the T-mixer.

This procedure was crucial to prevent backflow of the solvent into the MFC and avoid

possible damage to its electronical parts. After the stable slug flow reached the absorption

column, the recording of the data from the oxygen sensors started. Once the signal of the

oxygen recorded by the reference sensor placed before the reactor was constant, the second

6-way-valve was opened and the reagent solution was pumped from the sample coil into

the reactor. The whole start up procedure lasted around 5 min, giving around 15 min left

to perform the experiment, which was enough considering that the reaction is very fast.

4.C.2.2 Sensor data obtained for the CSTR cascade

The CSTR cascade presented in this work was designed to host in-line sensors directly in

its vessels, by connecting the sensor tips with standard HPLC fittings. Oxygen sensors

designed within the CC FLOW project [135] were used in the continuous flow setup to

keep track of the oxygen supply to the CSTR cascade and the oxygen consumption within

the reactor itself. Seven sensors were used: one was placed at the outlet of the HPLC

column and six were placed inside the reactor vessels. The signal measured by the first

sensor was taken as a reference value to know the total amount of incoming oxygen and to

calculate the percentage of consumed oxygen over time, as shown in Fig. S4.9. For each

experiment, after the system had reached steady state, the reagent was pumped into the

reactor and the reaction started. However, the small internal channels got clogged during

some runs, therefore no significant data could be retrieved from the oxygen sensors, since

steady state was never reached. The only exception was the experiment at 0 °C, whose

results are reported in Fig. S4.9. From this graph, it is possible to see that the signal for

all sensors is constant during the absorption step, stabilizing around the reference value.

Then, after 6 minutes, since the oxygen signal was stable enough, the reagent was pumped

into the system. At this point the oxygen concentration dropped for all of the sensors with

little delay among each of them, indicating that the reaction was already over in the first

vessel and no further oxygen consumption was recorded later on. This proved that the

reaction is extremely fast. Considering that each vessel has a volume of 85.27 µL, for a

flow rate of about 1.1 mL min-1 the resulting residence time for each vessel is 4.65 seconds.

From the sensors’ results it can be assumed that the reaction time is lower than this value.

Therefore, it is so fast that it is not possible to determine kinetic parameters with this
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setup. Another important factor that can be deduced from the plot in Fig. S4.9 is that

the sensors have different sensitivity. For example, sensor 4 was not sensitive enough to

track the fluctuations in oxygen concentration visible from the other sensor’s readouts.

This could be caused by sensor 4 reaching the end of its operating time.

Supporting Information Figure S4.9: Oxygen concentration recorded by the optical oxygens
sensors placed before, after and inside the vessels of the CSTR cascade reactor. The concentration
is calculated as percentage of O2 consumed compared to the value given by the reference sensor,
placed before the reactor inlet.

4.C.3 Analytics & Equipment

4.C.3.1 6-Port injection valve

For injection of RTD-tracer and the injection of Grignard reagent during the oxidation

experiments, a 6-port medium pressure injection valve V-450 from IDEX Health & Science

LLC was used.

4.C.3.2 Back pressure regulator

A Zaiput BPR-10 was used in the flow experiments to ensure a constant downstream

pressure (higher than ambient). Such device can handle multiphasic systems and can be

set up to 20 bar. It can operate until 130 °C and can handle flow rates ranging from 0.05

mL min-1 to 20 mL min-1. The BPR was connected to the process line via flat bottom

HPLC fittings.

4.C.3.3 Gas chromatography

Gas chromatography (GC ) was used to follow the reaction progress in Grignard oxidations.

For each sample, 300 µL of reaction mixture were diluted with 700 µL of 2-Me-THF . GC
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analysis was performed with a Perkin Elmer Clarus 500 system equipped with an Optima-

5 MS capillary column (Machery-Nagel, 30.0 m x 320 µm ID , 0.25 µm) with a Flame

Ionization Detector (FID) with 45 mL min-1 H2 and 450 mL min-1 synthetic air. N2 was

used as carrier gas. 1 µL aliquots were injected. The initial temperature was 50 °C, held

for 1 min. Afterwards the oven was heated with a rate 25 °C min-1 to 300 °C and held for

4 min.

No NMR spectra of the products were recorded, as the purpose of the experiments

was to compare the GC yields of 4-chlorophenol obtained with the different microfluidic

devices. The chromatogram obtained for the product samples taken after the reaction

(recorded with the GC method described above) was crosschecked with the chromatogram

of the pure compound, in order to identify the peak for the desired product.

4.C.3.4 Laboratory magnetic stirrer

To set rotational speeds for experiments with the CSTR cascade, an IKA RCT standard

laboratory magnetic stirrer was used. The RPM are digitally displayed and can be set

between 0 RPM and 1400 RPM in steps of 10 RPM .

4.C.3.5 Mass flow controller

The oxygen stream for the oxidation experiments was controlled with a Mass Flow Con-

trollers (MFC ) from Vögtlin instruments, type GSC-A9SA-DD21, with a range from 0

mL min-1 to 25 mL min-1.

4.C.3.6 Oxygen sensors

In order to measure the rate of oxygen consumption over time in the flow experiments,

in-line optical oxygen sensors were used. These were produced within the CC FLOW

project and are based on a phase fluorimetry readout system. [135] They are applica-

ble for pressurized systems in the presence of organic solvents and high oxygen concen-

trations by utilizing tailored fiber based optical sensors. [8] A NIR-emitting Pt-tetra(4-

fluorophenyl)tetrabenzoporphyrin (PtTPTBPF) dye was immobilized in polyphenylene-

sulfide (PPS ) and coated with a CYTOP® protection coating onto a glass fiber. [8] They

were connected to the system via flat bottom HPLC fittings. The signals were recorded

by a miniaturized USB phase fluorimeter (FirestingO2) and processed by a Python-based

software. Since these sensors behave according to the linear Stern-Volmer equation [109,

135], a quick 2-point calibration of oxygen concentration (at 0 and maximum oxygen

concentration) was carried out before each run.

4.C.3.7 Pressure logging system

The pressure on the oxygen line during the continuous Grignard oxidation experiments

was measured by a digital Pressure Indicator (PI ) of type Druck DPI 104 produced by GE.
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The pressure measured by the indicator was converted internally to an analogous voltage

signal in the range of 0-5 V, which is directly proportional to the pressure measured in

the system. The PI was connected to an Arduino Mega 2560, which was programmed to

read the analogue voltage signal from the PI , convert it to a pressure value and write it

to a serial COM port. The received data was saved on a PC via a terminal logger.

4.C.3.8 Pumps

Two Lambda VIT-FIT syringe pumps equipped with 20 mL Chemyx stainless steel sy-

ringes were used for RTD , mixing sensitive reactions and continuous flow experiments.

The syringes were equipped with special gaskets made of FFKM to withstand 2-Me-THF .

4.C.3.9 Thermostat

The LAUDA Alpha RA 12 was used as a thermostat for the Grignard reactions. Its

operation range is from -25 °C to 100 °C and it has a heating power of 1.5 kW. It is

equipped with a bath (volume of 14.5 L) that was filled with a 50:50 solution of water and

ethanol in order to reach lower temperatures without causing freezing of the cooling bath.

4.C.3.10 UV-Vis spectrophotometer

An Avantes AvaLight-DS-DUV, equipped with a deuterium lamp, was used as light source

for UV /VIS measurements and an Avantes AvaSpec-ULS2048 was used as detector. They

were connected with two optical fibers FC-UV400-1-FIA-SR and a Flow Cell-Z-10 from

Avantes with 10 mm optical path length.

4.D Multistep synthesis of a valsartan precursor in contin-

uous flow

The contents are adapted from the Supporting Information of the article “Multistep syn-

thesis of a valsartan precursor in continuous flow” [Hiebler K, Soritz S, Gavric K, Birrer

S, Maier MC, Grabner B, Gruber-Woelfler H (2020) J Flow Chem 10:283-294] with the

authorization of the authors.

4.D.1 Integrated synthesis of a valsartan precursor in continuous flow

Solution A [containing boronic acid ester (110 mM, 1.1 mol eq.), 2-iodobenzonitrile (100

mM), DIPEA (220 mM, 2.2 mol eq.), anisole (240 mM) as internal standard] and solution

B [containing valeryl chloride (220 mM, 2.2 mol eq.)] were prepared in dioxane and

degassed via ultrasonic treatment. After equilibration of the reactor system, the two

reagent solutions (v= 0.05 mL min-1 each) were introduced in a combined SaRR/coil

reactor unit (SaRR + PEEK coil L x OD x ID 3.0 m x 1/16 in. x 0.030 in., v= 0.10 mL
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min-1, V total = 1.93 mL, τ= 19.3 min) at 80 °C for N-acylation using high-pressure syringe

pumps (VIT-FIT HP, Lambda Instruments). Then, the process stream was quenched with

an aqueous K2CO3 solution (185 mM, 3.7 mol eq., v= 0.10 mL min-1) by means of an

HPLC pump (P4.1S, Knauer) using a T-mixing element. Next, the reaction solution was

pumped through the Plug & Play reactor [165] equipped with a preparative HPLC column

(L x I.D. 120 x 8 mm) filled with Pd-catalyst Ce0.20Sn0.79Pd0.01O2-δ (4.3 g, for synthesis

see Sec. 4.E.1.3) at 80 °C for Suzuki-Miyaura cross-coupling (v= 0.20 mL min-1, τ= 22.3

min). Finally, a sodium hydroxide solution (750 mM, 15 mol eq., dioxane:H2O= 2:3, v=

0.10 mL min-1) was added to the stream using a syringe pump (LA-120, Landgraf) and

the resulting mixture was introduced again into a SaRR/coil reactor unit at 80 °C for

methyl ester hydrolysis (SaRR + PEEK coil L x OD x ID . 10.0 m x 1/16 in. x 0.030

in., V total = 5.13 mL, τ= 17.1 min). The outlet flow was collected (residence time of

the total system τ ∼ 1 h) and after certain time points, an aliquot (50 µL) was quenched

with MeOH:H3 PO4 =55:45 (400 µL) and analyzed by HPLC . A graphic representation of

yield over time obtained in the multistep continuous process for formation of the valsartan

precursor is apparent from Fig. S4.10.

The target compound was extracted from collected outlet flow with ethyl acetate

and purified via column chromatography on silica gel (petrol ether:ethyl acetate:acetic

acid=69.5:70:0.5, Rf = 0.33).

HPLC/MS-ES (m/z ) found 393, calculated for [M+H]+ 393.50

Supporting Information Figure S4.10: Conversion of 2-iodobenzonitrile and yield of targeted
valsartan precursor obtained using the multistep continuous setup.
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4.D.2 Analytics

4.D.2.1 HPLC analysis

For monitoring of the reaction progress, reaction samples were analyzed using an Agilent

1100 series HPLC system equipped with an online degasser, quaternary pump, autosam-

pler, thermostated column compartment and UV -visible diode array detector. As mobile

phases, MeOH (solvent A) and aq. phosphoric acid (H2O:H3PO4 =300:1 v/v; solvent B)

were used. Compounds were separated using a ThermoFischer Scientific Accucore TM

C18 reversed phase column (50 x 4.6 mm; 2.6 µm) at 25 °C with a flow rate of 1 mL

min-1 and detected by UV -absorption over the run time of 15 min. Used elution method

is summarized in Tab. S4.1.

Supporting Information Table S4.1: HPLC method (% A = % MeOH, % B = % H2O:H3PO4

=300:1 v/v) for monitoring of the reaction progress.

Time % A % B Sample diluent Flow
[min] (v/v) (v/v)

[
mlmin-1

]
0 55 45
10 80 20 MeOH:H2O= 55:45 1
12 55 45

For determination of the enantiomeric excess of the target compound, an Agilent 1100

Series HPLC system equipped with a temperature-controlled oven and a UV detector

was employed. As mobile phase, n-hexane:2-propanol=85:15 (v/v) containing 0.1 v%

trifluoroacetic acid (TFA) as modifier was used. Compounds were separated using a

Daicel Chiralpak® AD-H column (250 x 4.6 mm) with a flow rate of 0.1 mL min-1 kept

at 30 °C over a time period of 25 min and detected by UV -absorption (λ=230 nm).

Supporting Information Figure S4.11: Chiral separation of (R)- and (S)-valsartan precursor
by HPLC (λ= 230 nm).
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Supporting Information Figure S4.12: Determination of enantiomeric excess of valsartan
precursor synthesized in the multistep flow process (λ= 230 nm).

4.D.2.2 NMR

1H- and 13C-NMR data (mix of rotamers) are in accordance with literature. [166]
1H-NMR Valsartan precursor (300 MHz, CDCl3): δH [ppm]= 9.35-8.25 (brs,

1H), 7.72-7.15 (m, 8H), 4.78 (d, J =17.0 Hz, 1H), 4.41 (d, J =17.0 Hz, 1H), 3.99 (d, J =

10.8 Hz, 0.2H), 3.75 (d, J = 10.5 Hz, 0.8H), 2.70-2.17 (m, 3H), 1.72-1.50 (m, 2H), 1.41-1.19

(m, 2H), 0.68-1.03 (m, 9H).
13C-NMR Valsartan precursor (75 MHz, CDCl3): δC [ppm]= 177.4, 174.8,

172.0, 144.8, 138.1, 136.3, 133.9, 133.7, 133.1, 133.0, 130.2, 130.1, 129.6, 128.6, 128.3,

127.9, 127.5, 127.2, 118.7, 111.3, 71.8, 66.2, 54.3, 46.1, 34.2, 33.6, 27.9, 27.4, 27.3, 22.7,

22.5, 20.0, 19.9, 19.6, 19.0, 14.0, 13.9.
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Supporting Information Figure S4.13: 1H-NMR of the valsartan precursor in CDCl3.

Supporting Information Figure S4.14: 13C-NMR of the valsartan precursor in CDCl3.
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4.E Chemo-enzymatic tandem reaction for the synthesis of

resveratrol derivatives in continuous flow

Parts of this section are adapted from the Supporting Information of the article “A chemo-

enzymatic tandem reaction in a mixture of deep eutectic solvent and water in continuous

flow” [Grabner B, Schweiger A. K, Gavric K, Kourist R, Gruber-Woelfler H (2020) React.

Chem. Eng. 5, 263-269] and the Master Thesis with the title “Development of a Con-

tinuous Chemo-Enzymatic Two-Step Synthesis for Resveratrol Derivatives”, submitted to

Graz University of Technology by Kristian Gavric in January 2020. Parts of these works

are reproduced here with the authorization of the authors.

4.E.1 Catalyst preparation

4.E.1.1 Expression of BsPAD, preparation of cell free extract and freeze-

drying

The recombinant pET28a expression plasmid, containing the padC gene (Gene ID: 398579

encoding for PAD from Bacillus subtilis) was constructed as described elsewhere. [157]

Both recombinant plasmids pET28a BsPAD WT were provided by the authors of [157].

Chemo-competent E. coli BL21 (DE3) cells were transformed with the expression plasmids

and single colonies were used to inoculate overnight cultures (5 mL LB-Kan, 40 µg µL-1

kanamycin), which were incubated at 37 °C and 130 RPM . The complete overnight culture

was used to inoculate 200 mL TB-Kan medium in 1 L baffled flasks. Cultures were

incubated at 37 °C and 130 RPM , until OD600 reached 0.5-0.7 and protein expression was

induced by addition of IPTG to a final concentration of 0.1 mM. After incubation at 20

°C and 120 RPM for 20-24 h, the cells were harvested by centrifugation (15 min, 4500

RPM , 4 °C) and the cell pellet was washed once with 50 mM KPi buffer (pH 6). Cells

were either stored at -20 °C or directly used for the preparation of cell-free extract. Cell

pellets were resuspended in 50 mM KPi buffer (pH 6) to a concentration of 100 mgCWW

mL-1 and lysed by sonication (Branson sonifier 250; 5 min, Duty cycle 5, Output control

50 %). The cell-free extract obtained after centrifugation (20 min, 11000 RPM , 4 °C) was

sterilized by filtration, shock-frozen in liquid nitrogen and directly used for freeze-drying

(AdVantage Pro Lyophilizer, SP Scientific). The lyophilized cell-free extract was stored

at -20 °C until further use.

4.E.1.2 Enzyme immobilization

Cell-free extract (CFE) was dissolved in 2 % (w/v) sodium alginate solution in 50 mM

potassium phosphate buffer (pH 6.0) in a concentration of 38.8 mg mL-1. The mixture was

then added dropwise to a 2 % (w/v) BaCl2-solution in purified water using a syringe and

a needle (0.8 mm ID) in order to form uniform beads of approximately 2-3 mm diameter.

The beads were gently stirred in BaCl2-solution for 1 h to solidify and turned from almost
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clear to opaque. The beads were washed with 0.9 % (w/v) NaCl-solution and dried in

ambient conditions for 30 min in order to solidify the surface of the beads and make them

more resistant to shear forces.

4.E.1.3 Synthesis of the Pd-catalyst

The catalyst synthesis was adopted from the procedure described by Lichtenegger et

al. parenciteLichtenegger2017 All the starting materials ((NH4)2Ce(NO3)6 (2.124 g),

SnC2O4 (3.162 g), PdCl2 (0.034 g) and glycine (3.345 g) were weighed out in a mortar

and mixed with a pestle. The mixture was then dispersed in 3 mL of water in a 600 mL

beaker. The dispersion was treated with ultrasound until a homogeneous solution was

obtained. The redox mixture was heated to 350 °C in a furnace, where a self-propagating

combustion reaction took place. The product, a light yellow-brown porous solid, was

ground and again heated in the furnace to 350 °C for another 5 h. The obtained

yellow-brown powder was used as catalyst without further treatment.

4.E.2 Preparation of deep eutectic solvent

For the preparation of the Deep Eutectic Solvent (DES ), the components choline chloride

(ChCl) and glycerol were weighed out in a ratio of 1:2 (mol/mol) and mixed together.

The mixture was heated to 80 °C and stirred for 1 h. After cooling down, the prepared

clear viscous liquid could be used as reaction solvent.

4.E.3 Continuous synthesis of resveratrol derivatives in continuous flow

Two stock solutions were prepared. Stock A served as feed for the enzymatic decarboxy-

lation consisting of DES :potassium phosphate buffer (50 mM, pH 6.0) in a ratio of 1:1

(v/v) and para-coumaric acid (45 mM) Stock B was the feed for the Heck coupling and

was mixed with the outlet of the decarboxylation before entering the Pd-packed column.

Stock B contained 49.5 mM iodobenzene and 82 mM K2O3 dissolved in DES :ethanol:water

in a ratio of 1:6.75:2.25. The used capillaries, fittings and syringe adapters were standard

HPLC equipment (1/16 inch OD . x 0.03 inch ID , PEEK ). A 5 mL vial was used to mix

the product stream of the first reactor with the substrate feed for the second reactor. The

reactors were heated to 30 °C for the decarboxylation (160 mg PAD immobilized in algi-

nate bead of a total volume of 4 mL were flushed with solvent with 50 µL min-1 overnight

to remove loosely bound enzyme and non-linked alginate) and 85 °C for the Heck reaction

(6 g of catalyst powder in a stainless steel column 120 mm x 8 mm ID). After flushing the

system with solvent for 1 h, the feed was switched to the stock solutions (stock A: peri-

staltic pump ISMATEC REGLO Digital Ms-4/8 ISM 834C, flow rate: 50 µL min-1; stock

B: Lambda VIT-FIT, Syringe pump equipped with 20 mL stainless steel syringe, Lambda

Instruments, flow rate: 50 µL min-1; feed for second step: HPLC pump P4.1S Knauer

AZURA® Compact, flow rate: 0.1 mL min-1). The pressure for the packed-bed reactor
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was kept at 5 bar (IDEX BPR Cartridge 75 psi Gold Coat). Samples were collected at

the outlet in 15 min intervals. From the product stream 50 µL were diluted with 500 µL

of HLPC solvent (methanol: HPLC buffer 7:3, HPLC buffer = water:H3PO4 300:1).

4.E.4 Analytics

4.E.4.1 HPLC analysis

The samples were analyzed by reversed phase high performance liquid chromatography

(RP-HPLC ) using an Agilent Instrument 1100 Series equipped with a ThermoFischer

Scientific AccucoreTM C18 reversed phase column (50 x 4.6 mm ID ; 2.6 µm). 2.0 µL

of the sample was injected. Eluent: 0-1 min 60 % H2O:H3PO4 300:1, 40 % methanol;

1-12 min gradient to 10 % H2O:H3PO4 300:1, 90 % methanol; 12-14 min gradient to 60

% H2O:H3PO4 300:1, 40 % methanol. Sample analysis lasted 16 min. Flow rate: 1 mL

min-1. Column temperature: 25 °C. For detection of the analytes, a UV detector was

used. Retention times: para-coumaric acid 1.1 min (282.4 nm), 4-vinylphenol 3.4 min

(237.4 nm), iodobenzene 8.7 min (237.4 nm), para-hydroxy-1,1-diphenylethylene 8.9 min

(237.4 nm), 4-hydroxystilbene 9.1 min (282.4 nm).

4.E.4.2 NMR

1H-NMR data of para-hydroxystilbene are in accordance with literature. [167]
1H-NMR para-hydroxystilbene (300 MHz, CDCl3): δH [ppm]= 7.50 – 7-48 (d,

2H, Ar-H), 7.43 - 7.40 (d, 2H, Ar-H), 7.37 - 7.32 (t, 2H, Ar-H), 7.26 - 7.22 (t, 1H, Ar-H),

7.09 - 6.94 (dd, 2H, H-C=C-H), 6.85 – 6.82 (d, 2H, Ar-H), 4.77 (s, 1H, O-H).
1H-NMR para-hydroxy-1,1-diphenylethylene (300 MHz, CDCl3): δH [ppm]=

7.31 – 7.28 (m, 5H, Ar-H), 7.25 - 7.20 (d, 2H, Ar-H), 6.81 - 6.78 (d, 2H, Ar-H), 5.39 (s,

1H, C=C-H), 5.35 (s, 1H, C=C-H), 4.74 (s, 1H, O-H).
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Supporting Information Figure S4.15: 1H-NMR of para-hydroxystilbene in CDCl3.

Supporting Information Figure S4.16: 1H-NMR of para-hydroxy-1,1-diphenylethylene in
CDCl3.
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[8] Manuel C. Maier, René Lebl, Philipp Sulzer, Josef Lechner, Torsten Mayr,

Matej Zadravec, Eyke Slama, Stefan Pfanner, Christoph Schmölzer, Peter
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“Application-Oriented Analysis of Mixing Performance in Microreactors”. In: Or-

ganic Process Research & Development 16.9 (Sept. 2012), pp. 1513–1522. issn:

1083-6160. doi: 10.1021/op300107z. url: http://pubs.acs.org/doi/10.1021/

op300107z.

https://doi.org/10.1039/C8RE00278A
http://xlink.rsc.org/?DOI=C8RE00278A
https://doi.org/10.1007/s12247-015-9215-8
http://link.springer.com/10.1007/s12247-015-9215-8
https://doi.org/10.1021/acs.chemrev.7b00183
https://doi.org/10.1021/acs.chemrev.7b00183
http://pubs.acs.org/doi/10.1021/acs.chemrev.7b00183
http://pubs.acs.org/doi/10.1021/acs.chemrev.7b00183
https://doi.org/10.1002/3527603042
https://doi.org/10.1002/ceat.200800065
https://doi.org/10.1021/acs.oprd.5b00205
https://pubs.acs.org/doi/10.1021/acs.oprd.5b00205
https://pubs.acs.org/doi/10.1021/acs.oprd.5b00205
https://doi.org/10.1016/0009-2509(96)00270-9
https://doi.org/10.1016/0009-2509(96)00270-9
https://linkinghub.elsevier.com/retrieve/pii/0009250996002709
https://linkinghub.elsevier.com/retrieve/pii/0009250996002709
https://doi.org/10.1021/op300107z
http://pubs.acs.org/doi/10.1021/op300107z
http://pubs.acs.org/doi/10.1021/op300107z


BIBLIOGRAPHY 151

[36] Nirveek Bhattacharjee, Arturo Urrios, Shawn Kang, and Albert Folch. “The

upcoming 3D-printing revolution in microfluidics”. In: Lab on a Chip 16.10 (2016),

pp. 1720–1742. issn: 1473-0197. doi: 10.1039/C6LC00163G. arXiv: 15334406. url:

http://xlink.rsc.org/?DOI=C6LC00163G%20http://www.ncbi.nlm.nih.gov/

pubmed/27101171%20http://www.pubmedcentral.nih.gov/articlerender.

fcgi?artid=PMC4862901.

[77] M. Movsisyan, E. I. P. Delbeke, J. K. E. T. Berton, C. Battilocchio, S. V. Ley,

and C. V. Stevens. “Taming hazardous chemistry by continuous flow technology”.

In: Chemical Society Reviews 45.18 (2016), pp. 4892–4928. issn: 0306-0012. doi:

10.1039/C5CS00902B. url: http://xlink.rsc.org/?DOI=C5CS00902B.

[78] Bernhard Gutmann, David Cantillo, and C. Oliver Kappe. “Continuous-flow

technology—a tool for the safe manufacturing of active pharmaceutical ingredi-

ents.” In: Angewandte Chemie (International ed. in English) 54.23 (June 2015),

pp. 6688–6728. issn: 1521-3773. doi: 10 . 1002 / anie . 201409318. url: http :

//doi.wiley.com/10.1002/anie.201409318%20http://www.ncbi.nlm.

nih.gov/pubmed/25989203.

[85] Cesar Parra-Cabrera, Clement Achille, Simon Kuhn, and Rob Ameloot.

“3D printing in chemical engineering and catalytic technology: structured catalysts,

mixers and reactors.” In: Chemical Society reviews 47.1 (Jan. 2018), pp. 209–230.

issn: 1460-4744. doi: 10.1039/c7cs00631d. url: http://xlink.rsc.org/?DOI=

C7CS00631D%20http://www.ncbi.nlm.nih.gov/pubmed/29131228.

[86] Philip J. Kitson, Stefan Glatzel, Wei Chen, Chang-Gen Lin, Yu-Fei Song,

and Leroy Cronin. “3D printing of versatile reactionware for chemical synthesis”.

In: Nature Protocols 11.5 (May 2016), pp. 920–936. issn: 1754-2189. doi: 10.1038/

nprot.2016.041. url: http://www.nature.com/articles/nprot.2016.041%

20http://www.ncbi.nlm.nih.gov/pubmed/27077333.

[87] Andrew J. Capel, Rowan P. Rimington, Mark P. Lewis, and Steven D. R.

Christie. “3D printing for chemical, pharmaceutical and biological applications”.

In: Nature Reviews Chemistry (Nov. 2018), pp. 2397–3358. issn: 2397-3358. doi:

10.1038/s41570- 018- 0058- y. url: http://www.nature.com/articles/

s41570-018-0058-y.

[88] Raf Reintjens, David J. Ager, and Andr?? H M Andr?? H M André H.M. De
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CHAPTER 5

Conclusion and Outlook

The presented work is part of the C2P approach described in Sec. 1.5 and carried out

within the CCFlow project. Its aim is to design and implement additive manufactured

reactors for a given chemical task. The interdisciplinary C2P work flow aims to provide a

chemical plant within a few months compared to the currently needed one to two years.

By using continuous flow technology and additive manufacturing, this work contributed

to the development of the C2P work flow.

Starting point for the C2P work flow was the aerobic oxidation of 4-

chlorophenylmagnesium bromide in continuous flow, shown in Chap. 2. Additive

manufacturing of 3D printed stainless steel reactors showed to be a promising way to

produce custom-made reactors with the possibility to add in-line oxygen sensors. The

shown sensors can be easily implemented using standard HPLC equipment and allowed

to track the reaction progress in a CSTR cascade at various operation conditions. The

gained insight into the reaction was used to design a static mixing SaRR, adapted to

the needed process conditions. With this reactor, the basis of a parameter dependent

structure element database was made. It aimed to provide reactor elements which can

be adapted by a user in a simple click-and-drop like manner. The micro- and macro

mixing characterized elements from the design database can be assembled virtually as

CAD files and scaled by only three design parameters. One of the advantages of additive

manufacturing is that the virtual reactor file is already available and its performance

can be investigated by CFD simulations at process conditions. The following additive

manufacturing of the reactor is saving resources during manufacturing since only

energy and the material for the geometry generation are consumed. The printing

and post-processing of additive manufactured parts only requires days until the first

prototype reactor is manufactured, and thus perfectly fits to the C2P approach. After
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an investigation at reaction conditions of the first prototype, adaptions can be made to it

if desired.

Design tools developed within this work provide the needed chemical investigation prior

to the first prototype. The concept of a CSTR cascade with integrated process analytics

showed to be a promising tool to investigate novel flow reactions. Such a cascade allows

to manipulate flow conditions by actively influencing mixing properties. The implemented

analytic sensors give further information about chemical conversion and may allow in

future works a feedback control strategy for operation. Such an approach allows not only

to optimize a reaction but fully screen the chemical space and obtain reaction models over

a broad operation range.

This is similarly applicable to the developed flow calorimeter shown in Chap. 3. As an

assisting tool during the process design, it allows reactions at harsh conditions currently

not accessible by batch calorimetry and the possibility to screen a continuous steady state

operation. Its design is based on the combination of commercially available electronics and

additive manufacturing. Its independent temperature control of each reactor segment al-

lows a controlled and isothermal operation. The measurement principle is based on a direct

heat flux measurement utilizing internally calibrated Seebeck elements. The calorimeter

design was validated with several experiments which produce a well-known heat flux and

shown to be applicable for organic synthesis. Future work with the calorimeter should fo-

cus on reactions at elevated pressures and temperatures. Especially a focus should be held

on improving the design with respect to heat losses to the environment. A temperature

controlled casing could improve the measurement accuracy at high or low temperatures.

The work presented in Chap. 4 shows further development of the parameter depending

design approach of 3D printed reactors. Different manufactured reactors were experimen-

tally evaluated by mixing-sensitive reactions and a comparison of their residence time

distributions was made. The results showed influences of different mixing efficiencies of a

respective reactor geometry and temperatures on the formation of a desired phenol during

an aerobic oxidation of 4-chlorophenylmagnesium bromide. An additional focus was held

on process stability of the supplied oxygen content to the reactor by in-line monitoring with

the previously developed optical sensors. The usage of an adsorption column positively

influenced the process stability. Furthermore, this chapter showed two other applications

of 3D printed reactors. The previously designed SaRR was re-used for the N -acylation

and hydrolysis in a three-step cascade for the synthesis of a valsartan precursor. Here its

good mixing performance was a good addition to the process. The next example deals

with an enzymatic decarboxylation in a multipurpose CSTR, which led to the formation

of reservatrol derivates after a Pd-catalyzed Heck cross-coupling. This reactor was made

from a low cost UV -curable resin and showed to be applicable at the used mild reaction

conditions. With this reactor and an alternative DES solvent, it was possible to increase

substrate concentration by a factor of 22, leading to an equal increase in productivity.

The possibility to select materials depending on the desired chemical task, while using

the same design files, makes 3D printing a valuable tool for the production of reactors.
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Further studies with different printing techniques and their unique features and limitations

should be focused on. Especially the usage of multi-compound materials in a reactor is

a promising way to obtain integrated functional parts such as valves or the possibility to

have reactors adapting their geometry to a chemical reaction during operation.

A reactor for a desired plant can be manufactured on-demand by the above presented

work flow and simply requires an adequate 3D printer, design files, printing parameters

and given post-processing steps. Creating an application database, for a desired chemical

task, with designed reactor files and the corresponding process conditions for operation,

could improve significantly the on-demand API production. Future work should focus on

providing a modular concept for peripheral equipment and process control strategies. A

reactor system for API production with such modular interconnections and the possibility

to provide exchangeable reactors can be highly valuable for the on-demand production.





APPENDIX A

List of Acronyms

BsPAD phenolic acid decarboxylase from Bacillus subtilis

2-Me-THF 2-methyltetrahydrofuran

2D Two-dimensional

3D Three-dimensional

ABS acrylonitrile butadiene styrene

API Active Pharmaceutical Ingredient

APIs Active Pharmaceutical Ingredients

BPR Back Pressure Regulator

BPRs Back Pressure Regulators

C2P Chemistry to Plant

CAD Computer Aided Design

CFD Computational Fluid Dynamics

ChCl choline chloride

COC cyclic olefin copolymer

CSTR Continuous Stirred Tank Reactor

CSTRs Continuous Stirred Tank Reactors

DES Deep Eutectic Solvent

DLP Digital Light Processing

DMP 2,2-dimethoxypropane

FDM Fused Deposition Modeling

FFF Fused Filament Fabrication

FID Flame Ionization Detector

GC Gas chromatography

HCl hydrochloric acid
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HPLC High Pressure Liquid Chromatography

ID Inner Diameter

IDs Inner Diameters

LCD Liquid Crystal Display

MFC Mass Flow Controllers

MRS Micro- and Milli Reactor Systems

MS Mass Spectrometry

MW Molecular Weight

NIR Near-Infrared

NMR Nuclear Magnetic Resonance

NPW Novel Process Window

OD Outer Diameter

PAD phenolic acid decarboxylase

PAT Process Analytical Technology

PC polycarbonate

PDMS poly-dimethylsiloxane

PEEK polyether ether ketone

PFA perfluoroalkoxy alkane

PI Pressure Indicator

PID proportional–integral–derivative

PLA polylactic acid

PP polypropylene

PPS polyphenylenesulfide

PTFE polytetrafluoroethylene

RPM Revolutions Per Minute

RPMs Revolutions Per Minutes

RTD Residence Time Distribution

SaRR Split-and-Recombine Reactor

SaRRs Split-and-Recombine Reactors

SLA Stereo Lithography

SLM Selective Laser Melting

SLS Selective Laser Sintering

STL Standard Triangle Language

TFA trifluoroacetic acid

THF tetrahydrofuran

UV Ultraviolet

VIS visible

WHO World Health Organization
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“Application-Oriented Analysis of Mixing Performance in Microreactors”. In: Or-

ganic Process Research & Development 16.9 (Sept. 2012), pp. 1513–1522. issn:

1083-6160. doi: 10.1021/op300107z. url: http://pubs.acs.org/doi/10.1021/

op300107z.

[36] Nirveek Bhattacharjee, Arturo Urrios, Shawn Kang, and Albert Folch. “The

upcoming 3D-printing revolution in microfluidics”. In: Lab on a Chip 16.10 (2016),

pp. 1720–1742. issn: 1473-0197. doi: 10.1039/C6LC00163G. arXiv: 15334406. url:

http://xlink.rsc.org/?DOI=C6LC00163G%20http://www.ncbi.nlm.nih.gov/

pubmed/27101171%20http://www.pubmedcentral.nih.gov/articlerender.

fcgi?artid=PMC4862901.

[37] Anthony K. Au, Wilson Huynh, Lisa F. Horowitz, and Albert Folch. “3D-

Printed Microfluidics”. In: Angewandte Chemie International Edition 55.12 (Mar.

2016), pp. 3862–3881. issn: 14337851. doi: 10.1002/anie.201504382. url: http:

//doi.wiley.com/10.1002/anie.201504382%20http://www.ncbi.nlm.nih.

gov/pubmed/26854878%20https://onlinelibrary.wiley.com/doi/10.1002/

anie.201504382.

[38] Andrew J. Capel, Andrew Wright, Matthew J. Harding, George W. Weaver,

Yuqi Li, Russell A. Harris, Steve Edmondson, Ruth D. Goodridge, and

Steven D.R. R Christie. “3D printed fluidics with embedded analytic functionality

for automated reaction optimisation”. In: Beilstein Journal of Organic Chemistry

https://doi.org/10.1115/1.4004089
https://asmedigitalcollection.asme.org/fluidsengineering/article/doi/10.1115/1.4004089/450502/Manifold-Design-for-MicroChannel-Cooling-With
https://asmedigitalcollection.asme.org/fluidsengineering/article/doi/10.1115/1.4004089/450502/Manifold-Design-for-MicroChannel-Cooling-With
https://asmedigitalcollection.asme.org/fluidsengineering/article/doi/10.1115/1.4004089/450502/Manifold-Design-for-MicroChannel-Cooling-With
https://doi.org/10.1016/S0017-9310(02)00013-3
https://doi.org/10.1016/0009-2509(96)00270-9
https://doi.org/10.1016/0009-2509(96)00270-9
https://linkinghub.elsevier.com/retrieve/pii/0009250996002709
https://linkinghub.elsevier.com/retrieve/pii/0009250996002709
https://doi.org/10.1021/op300107z
http://pubs.acs.org/doi/10.1021/op300107z
http://pubs.acs.org/doi/10.1021/op300107z
https://doi.org/10.1039/C6LC00163G
https://arxiv.org/abs/15334406
http://xlink.rsc.org/?DOI=C6LC00163G%20http://www.ncbi.nlm.nih.gov/pubmed/27101171%20http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC4862901
http://xlink.rsc.org/?DOI=C6LC00163G%20http://www.ncbi.nlm.nih.gov/pubmed/27101171%20http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC4862901
http://xlink.rsc.org/?DOI=C6LC00163G%20http://www.ncbi.nlm.nih.gov/pubmed/27101171%20http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC4862901
https://doi.org/10.1002/anie.201504382
http://doi.wiley.com/10.1002/anie.201504382%20http://www.ncbi.nlm.nih.gov/pubmed/26854878%20https://onlinelibrary.wiley.com/doi/10.1002/anie.201504382
http://doi.wiley.com/10.1002/anie.201504382%20http://www.ncbi.nlm.nih.gov/pubmed/26854878%20https://onlinelibrary.wiley.com/doi/10.1002/anie.201504382
http://doi.wiley.com/10.1002/anie.201504382%20http://www.ncbi.nlm.nih.gov/pubmed/26854878%20https://onlinelibrary.wiley.com/doi/10.1002/anie.201504382
http://doi.wiley.com/10.1002/anie.201504382%20http://www.ncbi.nlm.nih.gov/pubmed/26854878%20https://onlinelibrary.wiley.com/doi/10.1002/anie.201504382


170

13 (Jan. 2017), pp. 111–119. issn: 18605397. doi: 10.3762/bjoc.13.14. url:

http://www.beilstein-journals.org/bjoc/content/13/1/14.

[39] Sergio Rossi, Alessandra Puglisi, and Maurizio Benaglia. “Additive Manufac-

turing Technologies: 3D Printing in Organic Synthesis”. In: ChemCatChem 10.7

(Apr. 2018), pp. 1512–1525. issn: 18673880. doi: 10.1002/cctc.201701619. url:

https://onlinelibrary.wiley.com/doi/10.1002/cctc.201701619%20https:

//chemistry-europe.onlinelibrary.wiley.com/doi/abs/10.1002/cctc.

201701619%20http://doi.wiley.com/10.1002/cctc.201701619.

[40] Jan Holmström, Jouni Partanen, Jukka Tuomi, and Manfred Walter. “Rapid

manufacturing in the spare parts supply chain: Alternative approaches to capacity

deployment”. In: Journal of Manufacturing Technology Management 21.6 (2010),

pp. 687–697. issn: 1741038X. doi: 10.1108/17410381011063996.

[41] Ian Gibson, David W Rosen, and Brent Stucker. “Design for Additive Man-

ufacturing”. In: Additive Manufacturing Technologies. Boston, MA: Springer US,

2010, pp. 299–332. isbn: 978-1-4419-1120-9. doi: 10.1007/978-1-4419-1120-

9_11. url: https://doi.org/10.1007/978- 1- 4419- 1120- 9_11%20http:

//link.springer.com/10.1007/978-1-4419-1120-9_11.
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