L NAWI Graz TU

Natural Sciences Grazm

Josef Lechner, BSc.

Design and Experimental Evaluation of
3D printed Microreactors for Reactions
in Continuous Flow

MASTER’S THESIS
to achieve the university degree of
Diplom-Ingenieur

Master’s degree programme: Chemical and Pharmaceutical Engineering

submitted to

Graz University of Technology

Supervisor
Assoc.Prof. Dipl.-Ing. Dr.techn. Heidrun Gruber-Wolfler

Institute of Process and Particle Engineering

Graz, January 2019



AFFIDAVIT

I declare that I have authored this thesis independently, that I have not used other than the declared
sources/resources, and that I have explicitly indicated all material which has been quoted either
literally or by content from the sources used. The text document uploaded to TUGRAZonline is

identical to the present master‘s thesis.

29. January, 2019

Date Signature




Abstract

Continuous flow processes in pharmaceutical industry have gained a lot of interest by research,
authorities and industry in recent years. Especially microfluidic technology is a promising alternative
to the present discontinuous processes. 50 % of reactions in the pharmaceutical industry could
benefit from continuous processes, mainly by using microreaction systems (MRS) [1]. Detailed
reactor design requires information about the intrinsic reaction kinetics, without limitations due
to heat or mass transfer. In organic synthesis, undesired side reactions may be promoted by bad
mixing, decreasing yield and selectivity. Therefore, fast mixing devices are inescapable for successful

chemical reactions and a reliable determination of reaction kinetics.

This thesis focuses on the characterisation of the mixing performance of 3D printed microreactors
made of stainless steel and ceramics. Additive manufacturing was chosen as fabrication process,
to create highly complex micro structures. Stainless steel and ceramic devices were produced
by using selective laser melting (SLM) and lithography-based ceramic manufacturing (LCM) as
fabrication techniques, respectively. Passive mixing was realised with designs consisting of split-and-
recombine (SAR) elements or spherical mixing chambers. Active mixing with external forces was
achieved with a cascade consisting of ten connected continuous stirred-tank reactors (CSTR-cascade)
with internal magnetic stirrers.

The mixing performance was characterised by determining residence time distribution (RTD) and
a set of mixing sensitive reactions. A consecutive-competitive diazo coupling of 1-naphthol and
diazotised sulfanilic acid, published by Bourne et al. [2], was chosen as mixing sensitive reaction.
The reaction was analysed by measuring UV/VIS absorption and least square fitting. The influence
of different geometries, materials, fabrication techniques and rotational speed of the stirrers on
the mixing performance was investigated. The gained data was used to compare different reactor

elements concerning their mixing efficiency and to develop optimisation approaches.

The investigated designs are due to their good mixing performance suitable to be used for fast
reactions. In order to perform kinetic measurements in flow, using the 3D printed reactors, a set-up
for the determination of the reaction kinetics was designed. An aerobic oxidation of Grignard
reagents was chosen as model reaction, since it requires fast mixing. Testing the complex reaction

set-up resulted in new challenges for further development, based on this thesis.
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Kurzfassung

Bei kontinuierlichen Prozessen in der pharmazeutischen Industrie besteht ein wachsendes Interesse
von Forschung, Industrie und Behorden. Besonders die Mikroreaktionstechnik ist eine vielverspre-
chende Alternative zu den derzeit etablierten diskontinuierlichen Prozessen. 50 % der Reaktionen
in der pharmazeutischen Industrie konnten von kontinuierlichen Prozessen, grof3teils von Mikro-
reaktionssystemen (MRS), profitieren [1]. Die detaillierte Berechnung von Reaktoren benotigt
Informationen iiber die intrinsische Reaktionskinetik, ohne Limitierungen durch Warme- oder Stoff-
iibertragung. In der organischen Synthese kann schlechtes Mischen unerwiinschte Nebenreaktionen
begiinstigen. Deswegen sind schnell mischende Elemente fiir eine selektive chemische Reaktion und

eine zuverlidssige Bestimmung der Reaktionskinetik unumgénglich.

Diese Arbeit beschiftigt sich mit der Charakterisierung des Mischungsverhaltens von 3D gedruckten
Mikroreaktoren aus Edelstahl und Keramik. Additive Fertigung wurde als Herstellungsprozess von
komplexen Mikrostrukturen gewéhlt. Edelstahl und Keramik Elemente wurden mittels selektivem
Laserschmelzen (SLM) und Lithographie-basierter Keramik Fertigung (LCM) hergestellt. Als passive
Mischer wurden Designs mit split-and-recombine (SAR) Elementen oder mit kugelférmigen Misch-
kammern verwendet. Aktives Mischen wurde durch eine Riihrkesselkaskade mit zehn miteinander
verbundenen Riihrkesseln und internen Magnetriihrstdbchen realisiert.

Das Mischungsverhalten wurde durch die Bestimmung der Verweilzeitverteilung (RTD) und mit
mischungssensitiven Reaktionen charakterisiert. Eine seriell-kompetitive Reaktion von 1-Naphthol
mit diazotierter Sulfanilsdure, publiziert von Bourne et al. [2], wurde zur Charakterisierung gewéhlt.
Die Analyse wurde durch Messung der UV/VIS Absorption und einer Regression der kleinsten
Fehlerquadrate durchgefiihrt. Der Einfluss von Geometrie, Material, Herstellungsverfahren und
Drehzahl der Riiherer auf die Mischleistung wurde untersucht. Anhand der erhaltene Informationen

wurden die Elemente hinsichtlich ihrer Mischleistung verglichen und Optimierungen entwickelt.

Die zuvor untersuchten Reaktoren eignen sich, aufgrund ihrer guten Mischleistung, zur Verwen-
dung fiir schnelle Reaktionen. Ein Versuchsaufbau zur Bestimmung der Reaktionskinetik mit den
3D gedruckten Reaktoren wurde erstellt. Als Modellreaktion wurde eine aerobe Oxidation von
Grignard Reagenzien zu den entsprechenden Phenolen gewdhlt, da fiir diese Reaktion ein schnelles
Mischen der Komponenten unumgénglich ist. Erste Tests des komplexen Aufbaus fiihrten zu neuen

Herausforderungen fiir auf diese Arbeit aufbauende Weiterentwicklungen.
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1 Introduction

Pharmaceutical and fine chemical industry usually produce in discontinuous (batch) processes, at
multiple production sites as illustrated in Figure 1.1. Batch processes in general are less efficient
than continuous ones, but their flexibility and versatility promote the wide use in pharmaceutical
industry [1, 3]. The active pharmaceutical ingredient (API) for example, is synthesised usually in
Asia and then transported to Europe or USA for the final drug formulation. This procedure causes
long production times, inconstant product quality and supply chain disruptions [4, 5]. Production
times of more than 200 days from raw material to the final product lead to a loss of $50 billion
a year for the pharmaceutical industry, due to inefficient processes [6]. The U.S. Food and Drug
Administration (FDA) has reported more than 200 drug shortages related to batchwise manufacturing
over the period 2011-2014 [4, 7]. A promising alternative are continuous processes which received
a lot of attention by academic research and industry within the last few years [5, 8]. They are
already state of the art in petrochemical industry and food processing. More than ten years ago,
the FDA started an initiative encouraging and assisting the pharamaceutical industry to implement
continuous manufacturing. In June 2018, the International Council of Harmonisation began to
develop work plans and guidlines for continuous manufacturing [9-11]. This confirms the urge of
authorities to promote continuous manufacturing in pharmaceutical industry.

Pharmaceutical engineering is highly complex due to a multi-step API synthesis and purification
in the primary manufacturing, followed by several unit operations within the secondary manufactur-
ing [8]. Although this leads to a challenging development of fully continuous processes, a compact

system which continuously produces drugs from the starting material to the final tablet has been
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Figure 1.1: lllustration of a pharmaceutical production chain with multiple, disconnected batch processes
for primary (left) and secondary (right) manufacturing [6].
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reported by Adamo et al. in 2015 [4].

Continuous processes run with constant product quality all the time, as long as the parameters
of the input material are constant. A steady quality control is done with process analytical tech-
nology (PAT), performing time resolved measurements. If the input parameters are changing, the
process parameters can be adjusted, allowing a better understanding and control of the process.
Advantages of continuous processes are a higher process safety, the ability to work with hazardous
or unstable substances and highly exothermic reactions. This opens a field of reactions which
was unreliable in traditional batch chemistry. Detailed analyses by Roberge et al. [1] showed that
50 % of the reactions in pharmaceutical industry would benefit if they were carried out in flow. In
contrast, batch processes suffer from varying product quality, shut down times and heating and
cooling phases [3, 8, 12]. A highly promising field in continuous manufacturing are microreactor
systems (MRS). Due to their high surface-to-volume ratio, MRS enhance heat and mass transfer
which results in a higher process safety. The used small amounts enable the handling of haz-
ardous, explosive or unstable substances and extreme process conditions, which can result in higher
selectivity, faster reactions and cost reduction [8, 12-15].

Contrary low flow rates of MRS cause the absence of turbulences, resulting in a diffusion dependent
mixing process. Yield and selectivity of chemical reactions are influenced by the flow conditions,
if the reaction kinetics are in the time scale of the mixing process. The mixing performance is
improved by two approaches, active and passive mixing. While passive mixing is only influenced by
the geometry of the mixing structure, active mixing applies external forces to enhance the mixing
efficiency [15-20]. To characterise the mixing performance, numerical methods like computational
fluid dynamics (CFD) and experimental methods like particle tracking and mixing sensitive reactions
are used [14, 21-25]. The low reactor volumes only allow the production of small amounts. This
can be compensated by parallelisation of optimised elements, called numbering-up.

The design of MRS was limited to chips made of glass or polymers, with a two dimensional
pattern of flow channels. Recent development in additive manufacturing i.e. 3D printing opened
completely new possibilities concerning materials and geometry of the devices. By building the
structure layer-by-layer, nearly every arbitrary geometry is possible. The use of stainless steel or

ceramics increases the resistances against chemicals, temperature and pressure [26-29].

Aim of this thesis is to experimentally characterise 3D printed microfluidic devices made of
stainless steel and ceramics, for the usage as more efficient reactor elements in MRS. This character-
isation includes evaluation of element mixing capacities by mixing sensitive reactions published by
Bourne et al. [2], and residence time distributions (RTD). The influence on the mixing performance
and RTD is examined by utilising different reactor materials and their manufacturing method. Based
on the obtained information, reactor elements were compared to each other and possible geometry
optimisations were made. The characterised reactors can then be used to determine reaction kinetics

in flow to later provide necessary data for a detailed reactor design.




2 Theoretical Background

2.1 Continuous Processes

Unit operations can be divided into discontinuous and continuous processes which are illustrated in
Figure 2.1. In batch manufacturing all materials are charged before and discharged after processing.
In semi-batch some material is added during the process but everything is discharged at the end
of processing. In continuous manufacturing charging and discharging is done simultaneously
throughout duration of the process [30, 31].

These definitions can be applied to all unit operations either thermal, mechanical or chemical. In
petrochemical industry or food processing, continuous manufacturing is already well established.
Pharmaceutical companies still produce mostly in batch because of complex multi-step processes
and the easy tracebility of the final product. Within the last years a promising trend from batch
to continuous manufacturing of drugs evolved [3, 8, 9]. Advantages of the batch reactor are the
flexibility in operation and low instrumentation costs. Different reactions can be performed by
using the same equipment. Disadvantages are the high labor and handling costs, shutdown times
and a varying product quality over several batches. Hence batch is well suited to produce small
amounts of many different products by using only one piece of equipment [32]. Product analysis is
usually done offline between different unit operations, which takes additional time until the result
is available. If the intermediate does not meet quality requirements it may be discarded.

In continuous manufacturing the product of one unit operation is directly sent to the next
unit operation for further processing. Critical parameters of each process need to fulfill defined
quality characteristics. Extending the processing time of single unit operations, to achieve a higher
quality, is not prossible as it would cause disruptions for the downstream unit operations. As
compensation buffers between single processes are used. Continuous manufacturing compared to
batch manufacturing needs a higher level of process design to achieve a desired quality [3]. Critical
quality attributes are defined, measured and monitored to ensure a product quality within defined
limits. Advantages are a better process and quality control by using real time inline measurements
leading to a consistent product quality. Scale up is done with dimensionless numbers referred to
geometrical, mechanical, thermal and chemical similarity. Many parameters (e.g. heat and mass
transfer) are influenced by the reactor size resulting in a challenging scale up. Continuous processes
need less manual handling during production which increases the process safety. This reduces costs

compared to batch processes [3, 30, 32].
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Figure 2.1: A simple depiction of batch (top) and continuous (bottom) manufacturing. Adapted from [3].

For reasons mentioned above, authorities and organisations are encouraging companies to switch
to continuous manufacturing. It is not yet the state of the art but there is a trend to implement
more continuous unit operations in the pharmaceutical industry. Literature studies show that minia-
turisation of reactions offers many advantages for organic synthesis, especially for pharmaceutical

applications microreactors appear suitable [1, 8-11, 13-16, 30].

Continuous Organic Synthesis - Challenges

An efficient organic synthesis is a key factor of pharmaceutical or fine chemical production. Goals
are fast, selective and cost efficient production of substances with high purity. API synthesis is a
highly complex multi-step process consisting of chemical reactions, quenching and purification.
This complexity in combination with low production volumes and instability of products favours
flexible batch reactors [8, 33]. However, the mentioned advantages of continuous processes lead to
a growing number of scientists who investigate continuous organic synthesis.

Roberge et al. [1] prposed that 50 % of reactions in the pharamceutical industry would benefit
from continuous processes, especially when carried out in micro scale. Focusing on small scale
continuous technology using MRS, special challenges concerning process- and equipment design
occur. Firstly to mention is the material and fabrication technique of MRS. So far, most microreactors
are chips made of polydimethylsiloxane (PDMS) manufactured by soft lithography. This technique
is limited to 2D geometries. The low compatibility with organic solvents is the main limitation of

PDMS. The application of high temperatures and pressures is hindered due to the low mechanical
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strength [26, 34].

Another challenge is referred to mass transfer MRS. Reactions at micro scale suffer from diffusion
dependent mixing, because the low flow rates imply low Reynolds numbers, which indicate the
absence of turbulences. The resulting laminar flow profile makes mixing mostly dependent on
molecular diffusion which is a rather slow process [14, 17].

Heterogeneous reactions, like gas-liquid reactions, benefit from the enhanced mass transfer in
micro scale due to the higher surface-to-volume ratio [35, 36].

To run a continuous process with predefined quality requirements, a time resolved analysis
of the critical quality parameters is necessary. PAT is defined as a tool to design, analyse and
control manufacturing through time resolved measurements. This includes physical, chemical and
biological methods as well as data acquisition and analysis. Although the analysis of a whole process
is challenging, it opens the opportunity for better understanding and control of manufacturing

processes [37].

2.2 Microreaction Systems

Ever since chemists work in their laboratories, they perform reactions in round-bottom flasks using
several milligrammes to grammes of their starting material. Optimisation of the reaction parameters
consumes a lot of energy, time and material, until scale up leads to new challenges. To overcome
these problems, continuous flow with MRS came up as an alternative. MRS include all necessary
equipment to run a process like micro heat exchanger, micro absorber, pumps and others. Over the
past years, MRS have evolved from simple chips to highly complex multi-step synthesis devices. MRS
are mostly present in academic research and engineering applications but also biological research
has shown an incresing adoption [13, 16, 33, 38].

Roberge et al. [ 1] analysed 86 reactions in pharmaceutical and fine chemical industry and proposed
to divide reactions into three classes, depending on their kinetics and if continuous manufacturing

would be beneficial:

* Type A reactions are very fast (half life <1 s) which are usually mixing controlled because the
reaction is much faster than mixing. To ensure a good temperature control, a highly efficient
heat transfer is necessary. Reactive species like halogens and amides as well as organometallic

reactions are included in this group.

* Type B reactions are kinetics controlled and usually occur between 1s and 10s. Here mixing
is not critical and scale up issues can be prevented by using the same surface area to volume

ratio. Microstructures would improve the heat transfer for these reactions.

* Type C reactions suit well for batch processes according to their kinetics. Continuous process-

ing would increase the product quality and reduce safety risks.
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In general, hazardous chemicals or autocatalytic reactions would benefit from continuous processes
because the reduced volume also reduces the danger. Significant cost savings can be expected either
due to a higher yield or cost reduction due to lower labor costs. Additionally MRS could provide
new pathways such as hazardous reactions and solvent free reactions [39]. Based on Roberge’s
studies, 50 % of the reactions would benefit if they were carried out continuously, especially in MRS.

Unfortunatly 60 % of these cannot be done in flow due to problems with solids [1].

Microfluidic devices are defined as devices with fluidic channels with a characteristic length scale of
10um to 1 mm. A clear distinction between microreactor and micromixer is not possible because
mixing and reaction act simultaneously due to high reaction rates. MRS offer a variety of advantages
compared to standard batch equipment. Obviously less space, material and energy is needed for
the equipment. The small channel diameters lead to a high surface-to-volume ratio which directly
increases the effective exchange surface for heat and mass transfer. These transfer processes take
place at the phase boundaries. With a high specific surface area, transport rates are increased
and the equillibrium is reached faster. The surface-to-volume ratio is inverse proportional to the
characteristic length of the object. The smaller the channel gets, the larger grows the effective area
for transport processes [37]. Table 2.1 gives approximate values of the surface-to-volume ratio for

different reactor types [5]. The low volume in combination with the high effective exchange surface

Table 2.1: Surface-to-volume ratios for various reactors. Calculated for half filled round-bottom flasks
with static liquid. Adapted from [5].

Type of reactor Surface-to-volume ratio
[m?m=3]
250 mL round-bottom flask 38
50 mL round-bottom flask 66
5 mL round-bottom flask 141
tube reactors 50 - 2000
gas-liquid microchannel 3400 - 18000

results in shorter response time and simpler process control. For example in huge batch reactors it
is nearly impossible to keep a highly exothermic reaction at isothermal condition. The temperature
is not homogeneously distributed, resulting in hot spots which promote different reaction rates.
This is no problem with MRS due to the enhanced heat and mass transfer. The reduction of the
active volume reduces the risk of hazardous reactants. An MRS can thus practically increase the
safe operation of runaway reactions or explosive gas regimes [8, 12-15, 40].

Small channel diameters also allow the application of extreme process conditions for process inten-
sification, known as novel process windows (NPW). Thereby mentioned are high temperature and

pressure, reactions with high concentrations or solvent free reactions. Small channels resist high
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pressure because of the low surface area 8, 41].

Thinking about sustainability, MRS are a promising route to green chemistry which is proven by a
wide range of studied applications and concepts. NPW and small amounts of chemicals used for
experiments are preventing waste production. Compared to batch processes, no heating up and
cooling phases are necessary, reducing the energy demand. Microwave technology reduces the
reaction time. The photon-flux for photochemical reactions is increased resulting in higher energy
efficiency compared to classical batch reactors [8, 12, 13, 42].

Not only the energy demand is reduced, also the yield and selectivity of many reactions is improved
using microfluidic devices, resulting in a win-win situation. This is usually correlated with the
increased heat and mass transfer and the intensified process conditions. An impressive example
is the condensation of o-phenylenediamine with acetic acid, where the time until full conversion
was reduced from nine weeks to just 30s using high temperature, pressure and micorwave tech-
nology [41, 43]. Also multi-step reactions including purification and quenching steps have been
reported [8, 12, 16, 33].

Unfortunately there are also challenges in microreactor technology. There is a lack of equipment
suppliers for micro applications especially concerning inline analysis tools or pumps, but the situation
is getting better. Handling of solids is one of the biggest challenges. If precipitation inside the
microreactor channel takes place, it will be blocked. Slow reactions are not suitable for microreactors
as they would need high volumes which are hard to realise. The choice, if batch or MRS is the
better process management, depends on different parameters, demonstrated in reaction type A-D
by Roberge et al. [1, 9, 12, 15, 17].

2.2.1 Design of Microreaction Systems
General Set-up

In Figure 2.2 a standard set-up of an MRS is depicted. A fluid and reagent delivery system is needed
to feed the exact reagent amounts into the system. This can be liquids or gases whereby pumps or
mass flow controllers (MFC) are used respectively. Depending on the solvent, pressure and flow rate,
either piston pumps, syringe pumps or peristaltic pumps are used [5]. In the next zone the reagents
are mixed and the chemical reaction starts before entering the reactor unit. Optionally the reagents
can be pre-tempered prior mixing or reaction zone. In the reaction zone the chemical reaction
takes place and the module is connected to the quenching unit. This ensures accurate control of
the residence time [5]. To ensure a constant system pressure, a back pressure regulator (BPR)
is connected prior to sampling. Elevated pressures allow the performance of reactions above the
boiling point of the reaction media. When working with gaseous or volatile substances a BPR is
necessary for reproducibility since pressure deviations lead to generation or absorption or formation
of gaseous bubbles. Fixed and adjustable BPRs are used and in general they do not measure the

actual pressure [5]. Purification and analysis units can be implemented additionally. It is noticeable
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Figure 2.2: Zones of a standard two feed microfluidic system. The modules can be used repititively and

interchanegeably to enlarge the system [5].

that all these modules are interchangeable and can be used repetitively. This enables an infinite
number of configurations to perform highly complex syntheses [5, 12]. Connection of the zones is
realised with standard HPLC connectors and tubings. The wetted parts are made of perfluorinated
polymers (PFA, PEEK, PTFE and FEP) or stainless steel, depending on pressure, solvent and other

parameters [5].

Design of Microfluidic Devices

Accurate reactor design is strongly dependent on the knowlegde about reaction kinetics. This
information is only valuable if it captures the intrinsic kinetics without any limitations due to heat
and mass transfer, which is challenging for very fast reactions [44].

A commonly used dimensionless number in microfluidic technology is the Reynolds number. It

represents the ratio of inertia forces over viscous forces and is defined as:

Re = u- Lchar — u: Lchar P 2.1)

v n

Here u is the fluid velocity, L., is the characteristic length, i.e. the hydraulic diameter d;, v and
n are the kinematic and dynamic viscosity and p is the density of the fluid. For flow in pipes,
above a critical value of approximately Re ~ 2300 turbulent flow occurs at the macro scale. Small
channel diameters and low volumetric flow rates in MRS lead to Reynolds numbers between 0.1
and 1000 resulting in a laminar flow profile [14, 17]. Low Reynolds numbers imply that viscous
forces are dominating over inertia forces, minimizing turbulences which would be beneficial for
mixing effects [17, 45].

Hessel [46] published a five step methodology for dimensioning and layout of MRS: In step 1 the
channel diameter d is designed which plays a crucial role for heat and mass transfer. The required
channel diameter, depending on the reaction kinetics and heat generation of the reaction is depicted
in Figure 2.3. A small channel diameter reduces the mixing length and mixing time. The time
scales of heat and mass transfer should be smaller than the time scale for mixing. Additionally the

adiabatic temperature rise of the reaction has to be taken into account, in order to avoid hot spot
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formations by too wide channels [46]. Contrary, very narrow channels induce a prohibitive pressure

drop Ap (equation 2.2), increasing the energy demand and costs of pumps.
Apzkf-.—-u (2.2)

For laminar flow in circular channels, the channel friction factor is defined as A; = C¢ /Re = 64/Re
with the Reynolds number Re being defined in equation 2.1. The pressure drop determines mixing
and transport phenomena which are described by the energy dissipation rate ¢g4;,,. This is a measure

for the interface generation between components based on vortex generation [14]:

Ap-u
Ediss — m (2.3)

The pressure drop is also influenced by the channel length which is dimensioned in step 2. To
ensure a full reaction within the reactor, the mean residence time t,,, needs to be higher than the
reaction time. From the channel diameter d and the volumetric flow rate Q the flow velocity u is
defined:

Q_4Q
A d?-rm
By knowledge of the reaction time, the residence time in the micro channel is given and via t,..; = [ /u

(2.4)

connected with the length of the channel [. The derived channel dimension can again lead to an
elevated pressure drop. It should be focused on a compromiss between a narrow RTD and a low
pressure drop [14, 46]. In step 3 the thickness of channel walls is determined. In order to ensure
isothermal conditions, the channel walls need to provide sufficient heat transfer, especially for
exothermic reactions. To avoid unwanted temperature gradients the time scale for heat conduction
in the channel walls should be lower than the residence time of the fluid. In general the ratio of
generated heat by reaction and removed heat should be lower than one [44, 46].

After the channel dimensions are fixed, step 4 determines the number of flow channels to ensure
the required production capacity. In production applications the number of channels is given by the
total production amount. In research applications a small number of channels might be preferable,
because analysis can be more difficult for a high number of channels [46].

In the last step 5 the layout of a flow distribution system, for feeding the starting material to the
different channels, is designed. Major requirements are an equal distribution to all channels and a
narrow RTD [46].

Another useful tool to design hydraulic diameter dy,, length [ and cross sectional area A are transport
phenomena described by Damkoehler numbers. Damkoehler numbers can be used in step one to

three of the design methodology. These dimensionless numbers represent ratios of different time
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Figure 2.3: lllustration of the required channel diameter depending on the reaction kinetics and the heat
sensitivity/generation of the reaction [47].

scales for a satisfactory performance and are given in equations 2.5, 2.6 and 2.7 [47, 48].

residence time .V
Da; = — =k, "2 (2.5)
time for consumption Q

mixing time

Da;; = =tp-k.c"l<1 2.6
1 time for consumption " ' (2.6)
rate of heat generation 4-p-d
Dayy, = 8 =k, -c" AH, - —L % 4 @2.7)
rate of heat removal U, - AT,

Here k, is the reaction rate constant, n the order of the reaction, Vi the reactor volume, t,, the
mixing time, AH, is the heat of reaction, U, is the overall heat transfer coefficient and AT,, is the
fluid-to-wall temperature difference. The Damkoehler numbers can be explained the following way
[48]:

* Da; > 1 for complete reaction within the channel.
* Daj; < 1 for sufficient fast mixing and radial mass transfer.
* Da;y < 1 for sufficient heat transfer in the channel. In practical applications often Da;y, < 0.2

is chosen.

2.2.2 Increasing the Production Capacity

The small size of microfluidics imply a low volume and low production capacities. There are three

ways to increase the production capacity of continuous processes [49]:
* Scale-up is defined as increasing the reactor size.
* Numbering-up is the parallelisation of multiple identical reactors or channels.
* Scale-out is running a reaction for a longer period of time.

In MRS numbering-up and scale-out are the favoured methods. Numbering-up means that a
microfluidic device is used multiple times in parallel. The devices are combined with a flow splitting
unit, ensuring equal flow rates to the reactors. This concept is known as external numbering-up. The
other concept named ’internal numbering-up’ is the connection of functional elements (e.g. channels)

instead of complete devices. These elements are put together in a stack and fed via a special designed
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distribution unit. Internal numbering-up benefits of its compact structure and is advantageous for
a high degree of parallelisation. External numbering-up preserves all transport processes and is
useful for multiphase reactions. However it is chosen for simple, practical reasons if the degree of

parallelism is low [46].

2.3 Fabrication of Microfluidic Devices

The choice of a suitable fabrication technique is depending on many different parameters [37].
Several tasks concerning the demands on the device (accuracy, dimensions, special design), demands
on the material (chemical, thermal or mechanical resistance) and demands on the fabrication
technique are factors of the manufacturing process [37]. Driven by these parameters the optimum
for the desired application should be found. Originally, microfluidics were made of silicon and glass
but then the focus shifted to polymers like PDMS, because of the low price and easy fabrication.
Nowadays a huge variety of materials can be used including different polymers, metals, ceramics,
silicon and glass [28, 37, 50]. The most important factors for the choice of material are resistance
against temperature, pressure and corrosion as well as the thermal properties [37]. This includes
heat transfer properties which are very important for highly exothermic or endothermic reactions.

So far, microfluidics used in academic research and laboratories are mostly fabricated from
PDMS by using soft lithography [8, 34, 50]. The focus of this thesis is on microreactors made of
stainless steel and ceramics. Metal reactors were fabricated using selective laser melting (SLM)
while the ceramic ones used lithography-based ceramic manufacturing (LCM). These are additive
manufacturing techniques, i.e. 3D printing which open the possibility to produce nearly every

imaginable structure.

2.3.1 Polydimethylsiloxane - Soft Lithography

PDMS is a polymer belonging to a group of organosilicon compounds. Soft lithography is a technology
based on molding of an elastomer, giving inexpensive polymeric devices. This means that a structure
is replicated using stamps, molds or masks [34]. However, soft lithography is limited to 2D objects.
The production of 3D objects is possible by stacking multiple layers together but this increases
fabrication steps and time [8, 50]. Advantages of PDMS are the low price and easy fabrication of 2D
chips and the well suited physicochemical properties for biomedical and physical science applications.
The optical clarity of the material makes PDMS suitable for optical analysis [28, 50]. Reactors
made of PDMS found limited application in organic synthesis. This is due to their low chemical
compatibility with organic solvents demonstarted by swelling with nonpolar solvents. Furthermore,
the low temperature stability and mechanical strength prohibit the use of high temperatures and
pressures [26, 34, 51].
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2.3.2 Additive Manufacturing - 3D printing

Additive manufacturing is an upcoming technology in chemical reaction engineering. The main
advantage of 3D printing is that objects are manufactured layer-by-layer under precise digital
control. This makes nearly every arbitrary structure possible as the layer thickness can go down
to a few micrometers. 3D printing benefits from the digital approach of CAD design. The files
can be easily shared or edited with collaborators. Computational methods allow fast prediction
and analysis of mechanical or flow properties. The variety of possible structures is especially for
reactor design beneficial. Highly complex mixing structures are possible to create, which were
not accessible with classical methods. Also complete reactors including all modules mentioned in
section 2.2.1 (multiple inlets, cooling, heating, quenching or analysis) are possible to fabricate in
one step. Additive manufacturing allows the realisation of parts, within a short time period and
rapid optimisation of the designed geometry. Parts produced by rapid prototyping method are found
in aerospace, biomedical implants and prostheses as well as chemical microreactors. Concerning

economics 3D printing is favored for low- and mid-scale productions [26-29, 50, 52, 53].

2.3.3 Stainless Steel - Selective Laser Melting (SLM)

SLM is a powerful additive manufacturing technique where an incresing number of materials can
be used, including aluminium, copper, stainless steel, hastelloy, tantalum and tungsten [26, 52].
In contrast to PDMS, these materials provide heat conductivity, thermal resistance, mechanical
strength and are chemical compatible with most oragnic solvents, providing a well suited material
for organic synthesis [26, 27, 52].

SLM is a powder-based 3D printing process of a pure metal alloy, where the particles are fully
melted. In selective laser sintering (SLS) the precursor is not fully melted, but heated to a point
where the powder is fused together, called sintering [28]. A scheme of the process is depicted
in Figure 2.4. The geometry is designed in a CAD-file and then sliced with another software to
generate cross-sectional layers. A high energy laser beam scans over the surface of a powder bed
and thereby selectively melts the powder of a layer defined by the sliced CAD-file. In a next step the
powder bed is lowerd by a defined hight and a new powder bed is deposited above the previous
layer and again selectively melted, thereby building up a 3D structure layer-by-layer. Except of some
post-processing steps SLM/SLM is mostly automatable [28, 37, 52, 53] . Unused powder is blown
off with compresed air and can be recycled after sieving it. Parameters like the laser beam power,
laser spot size, particle size, scanning speed and layer thickness affect the SLM process [53]. The
achievable wall thickness is defined by the laser spot size which is between 0.3 and 0.7 mm. Parts
manufactured by SLM suffer from a certain surface roughness which has considerable effects in the
design of microfluidics. [27, 52, 53].
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Figure 2.4: Left: Scheme of the selective laser melting/sintering (SLM/SLS) manufacturing process.
SLS sinters the material together while SLM uses the laser to achieve a full melt of the material [28].
Right: Scheme of the lithography-based ceramic manufacturing (LCM) technique. a) building platform,
b) wiper blade, c) vat, d) light source. Adapted from [54].

2.3.4 Ceramics - Lithography-Based Ceramic Manufacturing (LCM)

Ceramics are a promising material for chemical reactions with aggressive reactants at elevated
temperatures because of their high thermal and chemical stability. This qualifies ceramics for
applications which are not covered by metals or polymers. The mechanical strength is high but
ceramics are very brittle. The properties of the final product do not only depend on the material, they
are also influenced by the fabrication process [37, 55]. The lithography-based ceramic manufacturing
technique is used for reactor production in this thesis and depicted in Figure 2.4. Aluminium oxide
is dispersed in a photo-sensitive matrix consisting of photo initiator, monomers and additives giving
a slurry as precursor. The slurry is exposed to light from the bottom and thereby the monomers
start a polymerisation reaction giving a solid structure on the building platform. Then the building
platform is lifted up and a rotating vat applies fresh slurry. The building platform dips again into the
slurry and light is applied, generating the next layer. This is done layer-by-layer until the structure
is finished. The polymer defines the structure with ceramic particles being encapsulated, giving the
green body. This object is heat treated to remove the polymer and then sintered to give the final

ceramic object [56, 57].

2.4 Mixing in Microfluidic Devices

In general, mixing is a process of homogenisation of two or more substances and occours at three
different scales [58-60]:
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(b)

Figure 2.5: lllustration of the exchange of molecules through an interfacial area by molecular diffusion:
a) initial conditions with complete separation of two fluids; b) random state during diffusion process [62].

* Macromixing is driven by the largest scales of motion in the fluid. It refers to mean concen-

tration and concentration distribution over the reactor.

* Micromixing is mixing on the smallest scales of motion and at the scales of molecular diffusion.

As described by Roberge et al. [1] this is the limiting step of the very fast type A reactions.

* Mesomixing is described as the mixing behaviour at a smaller scale than macromixing but on

a larger scale than micromixing where molecular diffusion becomes important.

Suppose two miscible liquids are present in one container and the aim is to homogeneously mix
both substances. In the region near the interface both substances have different properties leading
to random molecular motion and permeation of each fluid into one another. This motion is called
diffusion and is illustrated in Figure 2.5. It only takes place through the interfacial area and
continuous diffusion over sufficient long time leads to complete homogenisation of both fluids.
This homogenisation forces the diffusion to occur slower because the concentration gradients are
decreased. This effect is described by Fick’s law giving the proportional constant, the molecular
diffusion [21, 61, 62].

Two dimensionless numbers, the Reynolds number (Re, equation 2.1) and the Peclét number (Pe,
equation 2.8) are commonly used to characterise mixing in microfluidics [16, 17, 45]. Introducing
the Peclét number gives the ratio of mass transport due to convection and mass transport referred
to diffusion and is given as:

pe = L Lehar (2.8)

Dmol

Where u is the fluid velocity, L., is the characteristic length, i.e. the length of the mixing path and
D01 is the molecular diffusion coefficient. Low Peclét numbers, which are usual in MRS, indicate
that mixing is highly dependent on diffusion effects. Diffusive mixing occurs at much slower rates
than time scales associated with fluid motion. This implies that complete mixing by diffusion takes
an unacceptable long residence time when talking about continuous reactors [18, 22, 63, 64]. As
mentioned, diffusive mixing only takes place at the interface between two fluids. Considering fast

reactions, where the reaction rate is higher than the mixing rate, reactions already started before full

14



2 Theoretical Background

Figure 2.6: Illustration of the effect of multilamination of streams. The interfacial area is increased and
at the same time the diffusion path length is decreased leading to an enhanced mixing efficiency. Adapted
from [62].

homogenisation took place, which is disadvanatgeous for organic syntheses. This does not only affect
the overall reaction time, it also promotes unfavoured side reactions resulting in a lower yield of the
desired product. This wastes raw materials and complicates downstream work-up processes. So it is
crucial to develop highly efficient and fast mixers in order to optimise MRS [18, 21, 23]. As diffusion
only takes place at the interface between fluids, manipulation of the mixing rate can be done by
increasing the interfacial area and in parallel minimising the diffusion path length, as illustrated in
Figure 2.6. This is induced by multilamination of the streams or chaotic mixing [21, 45, 62, 64].
Another possibility is the use of elevated temperatures to enhance diffusion. However, this is limited
by the chemical stability and other parameters of the process.

Mixing in microfluidic devices can be divided into two major categories, active and passive mixing.
Passive mixing is achieved by changing the geometries, orientation or arrangement of fluid channels
using obstacles or split-and-recombine (SAR) approaches. Passive mixing elements are integrated
during fabrication of the microfluidic device. The main advantage is that there are no moving parts
and no additional energy input is necessary, simplifying operation and production. However, the
mixing performance is defined by the geometry and can only be adjusted by changing the flow
rate. Active mixing is achieved by an additional energy input using stirring, pressure gradients or
other techniques. A clear benefit is the high variability of operation conditions and the possibility to
increase the mixing performance even at low flow rates. Contrary an addational energy input is
necessary and moving parts can lead to troubles [16-18, 20, 25, 62, 63, 65-67]. Hessel [20] and
Nguyen [67] classified different mixing approaches which are illustrated in Figure 2.7.
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Figure 2.7: Examples of active and passive mixing approaches. Active mixing is induced by external

forces and passive mixing soley uses the mixer geometry [20, 67].

2.4.1 Passive Mixing Principles

Passive mixing is induced by forcing the fluid through small channels or by clever alternations of
channels walls. Thereby the interfacial area is increased and the diffusion path length is decreased,

resulting in an enhanced mixing performance.

Homogeneous Systems

In the basic case, two streams are combinend and go on in one channel which is usually done with
a basic T-mixer or Y-mixer as depicted in Figure 2.8a,b. At laminar flow, the two streams flow
side by side of each other and mixing only takes place by diffusion, thus is very slow. At high flow
rates turbulences are induced leading to a better mixing performance. Wang et al. [68] illustrated
this scenario with the use of w-LIF-experiments (micro laser induced fluorescence) as shown in
Figure 2.8. The mixing efficiency can be improved by roughening of the channel wall or throttling
of the channel entrance [20, 67]. A simple way to reduce the diffusion path length is to force the
fluid stream through multiple tiny channels which is called lamination as seen in Figure 2.8c. The
increased contact surface leads to a better performance but the pressure drop is increased. This
miniaturisation of channels is limited by the fabrication technology of the device [20, 45, 65, 67].
Another concept is hydrodynamic focusing which reduces the stream width and as a result the
Reynolds number is increased and the diffusion path length is reduced. As seen in Figure 2.8d the
middle stream is a sample stream and solvent streams from the other two inlets work as sheath
flow [20, 67].

Another approach for passive mixing is the SAR method. Lamination and chaotic advection
contribute the most to this type of mixing process. Basically three steps are necessary, flow splitting,

flow recombination and flow rearrangement [20]. The exact structure of SAR-mixers differs in the
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Figure 2.8: Left: Colored experimental p-LIF results for increasing Re numbers (from left to right) for a
T-mixer. Pure red denotes 100 % liquid A and pure blue denotes 0% [68]. Right: Schematic illustration
of basic passive mixer designs: a) T-mixer, b) Y-mixer, c) concept of parallel lamination and d) concept
of hydrodynamic focusing [67].

arrangement of the streams. Basically the principle of SAR-mixers is similar to the multi-lamination
method. Kim et al. [69] designed, simulated and fabricated an F-shaped micromixer which achieved
fast mixing (Figure 2.9 left). Hardt et al. [70] reported experimental and simulation results of
the mixing performance of a SAR-mixer with a chain-like structure (Figure 2.9 right). Splitting
and recombining streams is more effective than diffusion of two streams, but it still appears slowly

especially at low Reynolds numbers [17].
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Figure 2.9: Examples of SAR-mixers: Left: F-shaped SAR concept published by Kim et al. [69];
Right: Chain-like SAR concept published by Hardt et al. [70].

Besides diffusion, chaotic advection is also a promising principle to improve the mixing efficiency.
It is defined as the splitting, stretching, folding and breaking of the flow by internal elements but can
also be induced by external forces [37, 67]. This increases the interfacial area by forming recircula-

tion or eddies in the flow regime [20, 65]. The fabrication of highly complex structures is possible
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due to achievements in additive manufacturing and other fabrication techniques. Many structures
were investigated and promising flow configurations for different Reynolds numbers were found [67].
At Re > 200 the asymmetric arrangement of obstacles in the channel or at the wall improves the
mixing efficiency significantly. Also zig-zag-arrangements are well suited because they produce
recirculation around the turns [67]. A scheme of the arrangement is illustarted in Figure 2.10 (left).
A famous mixer for intermediate Reynolds numbers 10 < Re < 100 is the staggered heringbone
micromixer published by Stroock et al. [20, 71]. The asymmetric arrangement of obstacles on one
side of the channel influences the whole flow pattern and produces large and small vortices, as

depicted in Figure 2.10 (right). This micromixer achieves very good mixing [17, 20, 37, 67].
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Figure 2.10: Examples for chaotic advection: Left: At high Reynolds numbers obstacles at the wall (a),
in the channel (b) or zig-zag arrangements (c) showed good mixing performance [67]; Right: Scheme of
the staggered heringbone micromixer and the produced vortices [71].

Heterogeneous Systems

Mixing is also crucial for multiphase systems consisting of immiscible liquids or gases and liquids
because a high interfacial area is desired. Song et al. [ 72] studied a multiphase system with droplets
transported by a carrier fluid. They formed droplets constisting of three fluids within an immiscible
carrier fluid as depicted in Figure 2.11. While flowing through winding channels, shearing of the
droplet with the channel wall caused chaotic advection inside the droplets [17, 72]. With this
approach no dispersion of the reactive liquids was achieved and each droplet is comparable with a
tiny batch reactor. Afterwards, seperation of the immiscible liquids is simple done by a capillary

seperator and so the product is a single phase [17, 73].
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Figure 2.11: Left: a) Scheme of two inlets in a standard micro channel with slow mixing and high disper-
sion. b) Proposed multiphase micromixer with efficient mixing inside the droplets [72]. Right: lllustration
of different gas-liquid flow regimes in microstructures. The gas flow rate increases from top to bottom [5].

Heterogeneous systems include gas-liquid and liquid-liquid regimes. Three different flow regimes
called bubble flow, slug flow or annular flow (Figure 2.11 right) are obtained, depending on the
superficial velocity of both phases [5, 73-75]. In bubble flow and slug flow gas bubbles are located
between liquid segments. Bubble flow has bubbles smaller than the channel diameter. Slug flow is
most common in microchannels and has bubbles which are longer than the channel diameter [36].
In annular flow, a steady gas channel is in the core of the channel with a thin liquid film at the
channel walls [36, 75]. If the gas phase is a reactive component mass transfer between both phases
is of major importance. A chemical reaction can take place in the major liquid body and in the film
between the two pohases. This effects between two phases on the reaction rate can be described by
the Hatta Modulus, described in [32]. Many parameters like Henry’s law constant, the rate constants
in each phase as well as the concentration ratio between the phases affect the Hatta modulus. A
possibility to describe the conditions in this complex system is the two film model. Continuous flow
in microfluidics is advantageous and increases the surface-to-volume ratio significantly as seen in
Table 2.1 - this enhances the mass transfer which can be rate limiting [5, 36]. Detailed information

is given by Levenspiel et. al. [32].

2.4.2 Active Mixing Principles

Active mixing, compared to passive mixing, offers a variety of additional possibilities to control
the degree of mixing. This is achieved by the use of external forces like pressure, ultrasonic,
electromagnetic fields or other technologies. This goes hand in hand with a complex fabrication
technique and additional costs, due to moving parts and energy demand [16, 20, 44, 65].

Mixing with stirring bars or impellers is the most common way in laboratory or industrial scale.
Micro stirrers were fabricated and investigated by Lu et al. [76]. Mixing is enhanced by a micro
impeller which acts in a rotating magnetic field causing turbulences in the fluid. The use of multiple

micro impeller showed fast mixing within a channel or a mixing chamber. The mixing efficiency
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Figure 2.12: Left: Fluorescence micrographs of a fluorescent and a non-fluorescent stream in a
mixing chamber: a) Chamber without particles shows no mixing enhancement, i.e. diffusive mixing.
b) Non-rotating magnetic particles in the chamber lead to enhanced but incomplete mixing. c) Mixing
chamber with rotating particles generates efficient mixing. Adapted from [77]. Right: Scheme of an
acoustically driven micromixer published by Zhu et al. [78].

increased with the rotational speed [20, 76]. Far away from the stirrer, mixing enhancement is bad.
To overcome this problem, stirrer and microfluidic device are designed in a way that the diameters of
stirrer and chamber are nearly of the same size and by the use of multiple stirrers [17]. Lee et al. [77]
published a magnetic mixing enhancement method, using magnetic particles which act as stirring
bars inside a mixing chamber. This configuration showed efficient mixing enhancement as depicted
in Figure 2.12.

Acoustic waves have also been used for enhancement of micromixing [17, 20]. A mixing chamber
with a zinc-oxide membrane at the bottom has been reported [67, 78]. Vibrations of this membrane
are controlled by varying frequency and voltage of the input signal. An illustration is given in
Figure 2.12. Another approach is to penetrate an air bubble inside a liquid by an acoustic field, thus
the bubble surface acts like a vibrating membrane. This induces friction forces around the bubble
resulting in a flow disturbance and a higher mixing efficiency [17, 20]. Active mixing can also
be achieved by ultrasonic generated from piezoelectric membranes [20, 65]. Problems occur for
biological and chemical analysis due to the temperature rise induced by acousitc waves. Furthermore,
ultrasonic waves around 50 kHz are harmful to biological samples [67].

An obvious way to enhance mixing is to disturb the pressure field inside the channel, which
is mostly done by pulsing of the inlet streams. This pulse is achieved by varying the flow rate
of one or more pumps. Simple implementation is possible because no additional equipment is
needed. Glasgow et al. [79] simulated a T-mixer with a periodically pulsed side flow at low Reynolds
numbers. Pulsing of both streams with a 90 degree phase difference lead to a five times better
degree of mixing than without pulsing, as shown in Figure 2.13 [17, 79]. Although 90 degree phase
difference mixes slightly better, 180 degree phase difference provides a constant outlet flow rate so

this is the preferable configuration [79].

20



2 Theoretical Background

- - -.
~ 7 b e
k) \f g 4
T 0.05" 01\ 7015 02
. 4 &

TIME DURING CYCLE (s)

o
2

MEAN VELOCITY
(mmy/s)

-6.5

8.12e-01

7.600-01

6.88e-01

6.250-01 i
5.62e-01 -

5.00e-01 (b) 5.008-01 —
4.38e-01 4.38e-01
3.756-01 3.75e-01 < -
a.12s-01 X=2mm 312001

r—.

7.500-01
6.880-01
6.250~01
5.620-01

- 1000400 1.000400
s B oz
D e 8.750-01
8.126-01
< Y‘-

250e-01 250e-01

1.256-01

. v 1.250-01
I 6.25e-02 zx (a) 8.25e~02 1
0.00e+00 0.00e+00 CE

Figure 2.13: Numerical simulation of pulsed flow in a simple T-mixer with a mean velocity of 1 mms™!

for both inlet streams. Left: Control case without any pulsing indicates bad mixing. Right: Pulsed flow
with a 90 degree phase difference. The graph shows the mean velocities as a function of time. The

numerical simultaion shows enhanced mixing for various times. Adapted from [79].

2.5 Characterisation of Mixing

Fast mixing is necessary to ensure a selective reaction progress. In order to find the optimum, the
characteristics of a microfluidic device are required to match the reaction kinetics of the desired
reaction. Thereby heat and mass transfer are the most important paramaters [80]. To compare
mass transfer, i.e. the mixing efficiency of microfluidic devices, methods to get qualitative and
quantitative results are needed. In general the characterisation of mixing can be divided into
physical and chemical methods. Physical methods do not use a chemical reaction. The analysis
solely depends on physical effects in the macroscale. This provides mixing information for reactor
analysis and design [58]. An easy way is to dilute a coloured solution with a second stream and use
optical methods like microscopes or high speed cameras to follow this process. Therefore coloured
or fluorescent dyes can be used [22, 81]. Complete mixing is indicated by a unifom concentration
of the dye. This method is simple to implement but gives inappropriate information about complex
multi-layered mixing patterns because the information is averaged over the depth of the device [22].
Also a transparent device is needed, which is no problem for PDMS but for steel and ceramics. The
most common way to evaluate macromixing with a physical method is to investigate the RTD by
analysing the dispersion of a tracer which is injected into the microfluidic device. CFD simulations

offer the possibility to characterise mixing without time consuming experiments.

2.5.1 Residence Time Distribution (RTD)

The RTD describes the probability of a fluid element to pass through the reactor within a specific

period of time. After injecting a tracer into the microfluidic device, the response is detected at the
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outlet over time. The axial dispersion is caused by velocity fluctuations inside the microfluidic device
and results in different residence times of fluid elements, giving the RTD [58, 80]. The tracer has to
be inert, stable, easy detectable, should not be adsorbed at the channel walls and should not change
density and viscosity of the solvent [32, 82]. Common tracers are dyes or electrolytes which are
detected by UV/VIS absorption or conductivity, respectively. A classic experimental set-up, which

was also used in this thesis is depicted in Figure 3.5.

Input and Output Signal

In general, every input signal of the tracer is possible but pulse and step input are the most common
ones [32]. When performing a step input the concentration of the tracer is instantaneous changed
to a constant value at t = 0. The resulting signal is related to the input concentration ¢, giving
the cumulative age function F(t). For the pulse input, a small volume (compared to the reactor
volume) of tracer is injected within a short period of time. A recommended value for the input time
is At < 0.01t,,,. The resulting signal at the output can be directly used to calculate the exit age
distribution E(t). The input and output signals as function of the time are depicted in Figure 2.14.

Input Signal , Output Signal

%" &
Pulse % g
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Time > time >
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Figure 2.14: Input and output signals of pulse and step function of a plug flow reactor. At the pulse
input the inlet flow is doped with a tracer. At the step input the reactor inlet is changed to a constant
concentration of tracer. The output signal is dependent on the input signal and the type of reactor.

In microfluidics the input signals are usually realised with a 6-port injection valve which is switched
by an actuator or manually. For the pulse input a sample loop is filled with a defined amount of
tracer and after switching the valve, the tracer is injected into the microfludic device. A step input is
done by switching the valve from solvent to a constant tracer concentration. Electrically actuated
valves have the advantage of short and reproducible switching times, which can not be guaranteed

for manual switching valves [82, 83].
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Evaluation of RTD-Experiments

This section gives a summary of well known equations, for detailed information see [32, 80]. The
relative output signal (ratio of signal to maximum signal) over time gives the cumulative age

distribution F(t). The exit age distribution E(t) is obtained by numerical differentiation of the F(t)

curve: 4F()
t
E(t) = 2.
(t) It (2.9
Often the dimensionless time 0 is used and given as:
t
0=— (2.10)
tres
The normalised E(0) curve is determined as:
E(B) =E(t) - t (2.11)
Thereby ¢, is the mean residence time which is defined as:
oo (o]
treSZJ t~E(t)thZt-E(t)~At (2.12)
0 t=0

For interpretation of the RTD curves, the dimensionless Bodenstein number Bo is used, which is

the ratio of convective mass transfer over axial dispersion and is given as:

L
Bo = L Zchar (2.13)
Dax

Where u is the flow velocity, L., is the characteristic length of the device and D, is the axial
dispersion coefficient. A high Bodenstein number (Bo > 100) is equivalent to low back mixing (i.e.
plug flow) while a low Bodenstein number (Bo < 100) indicates high back mixing [32]. In this
thesis, the dispersion model is used for interpretation of the data. This model implies that there is no
by-passing or short circuiting of fluid in the reactor and the conditions are illustrated in Figure 2.15.
In experiments, the Bodenstein number is derived by calculation of the mean residence time ¢,

according to equation 2.12 and the variance o2 of the RTD curve which is defined as:

oo o0
o= f (t — t,)2E(t)dt & Z (t — t,os)2E(t) AL (2.14)
0 t=0
In its dimensionless form, referred to the dimensionless time 6 the variance is defined as:
2
o
0f =~ (2.15)
res

For low back mixing, i.e. ideal plug flow, the Bodenstein number is given as:

Bo = (2.16)

|
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profile and turbulent diffusion

{ /

Fluctuations due to different flow
Flat velocityZ velocities and due to moleculey

Plug flow Dispersed plug flow
Plug flow, Same D
D=0 /\-everywhere
[ e RS TR BN SFIN LY
I~y ~= !
—I A e R S N
Change in flow pattern Undisturbed flow at
at boundaries boundaries

Figure 2.15: Top: Representation of ideal plug flow and and dispersed plug flow. Bottom: Boundary
conditions 'closed-closed’ and 'open-open’ for the in and outlet of a device according to the dispersion
model [32].

These calculations are done iteratively. This means that first the Bodenstein number for low back
mixing according to equation 2.16 is calculated. If the value is Bo > 100 the assumption is fulfilled.
If Bo < 100 moderate or high back mixing is apparent leading to a variation of the model. In this
case unfavorable flow conditions lead to an asymmetric RTD. Therefore the conditions of inlet and
outlet of the reactor set the boundary conditions shown in Figure 2.15. From these boundaries
different methods to calculate the Bodenstein number exist. The most common method uses the
open-open conditions (Figure 2.15) and the algorithms for the description of the RTD-curve were
developed by Levenspiel and Smith [32, 84]:

(2.17)

It can be said that the RTD is well suited to get information about the macromixing performance
of the reactor. RTD experiments provide information about concentration distributions which indeed
influence chemical reactions. Nevertheless, to get information about the mixing performance on
the molecular level, the RTD does not provide enough information. To access the molecular level

mixing sensitive reactions are a possible approach.

2.5.2 Mixing Sensitive Reactions

In organic synthesis unwanted by-products or side reactions lead to low selectivity, as a result a lot

of reaction work up has to be done. The most effective way to enhance the selectivity of chemical
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reactions is catalysis. Another approach is to increase the mixing efficiency which also reduces
side reactions and increases the selectivity. To investigate the mixing performance on a molecular
scale, mixing sensitive reactions are well suited [22, 23, 64, 85-87]. These methods mostly use
second-order reactions which are dependent on the mixing situation, demonstrated by their product
distribution. The rate of a first-order reaction is unaffected by an inhomogeneous concentration
distribution. Regions with concentration and reaction rate above average compensate those below
average [23]. The way how the product distribuition is determined by the mixing efficiency, is
influenced by the ratio of mixing time and reaction time [88]. If the mixing time t,, is much shorter
than the reaction time ¢, the reaction takes place in a homogeneous mixture. In this case no further
improvement of the mixing performance is necessary. If the reaction is much faster than mixing, the
reaction path is influenced by this concentration profile, resulting in side reactions [88-90]. Mixing

sensitive reactions need to fulfil several characteristics [60, 90, 91]:
* Two or more reagents are involved providing a mixing dependence of the reaction.
* Fast, irreversible second-order reactions with a few (preferably two) products.

* The reaction kinetics and mechanism need to be fully defined. This includes knowledge about
dependencies on pH, ionic strength, temperature and solvent. This provides that the product

distribution is only dependent on mixing and not a chemical artefact.

* At least one of the reactions must be faster than the micromixing processes. The other one

should be in the range or slower than the mixing process.
* All reactants should be soluble and stable to ensure a reliable analysis.
* Simple, inexpensive methods for analysis are essential.

Several mixing sensitive reaction systems are reported in literature [2, 22, 87, 89]. They can be
divided into parallel-competitive (Figure 2.16) and consecutive-competitive (Figure 2.17) reactions.
The principle is to carry out two reactions which both compete for one reactant. If mixing is ideal
only the very fast primary reaction takes place. The secondary reaction is still fast, but slower
than the first one thus it just reacts if a local excess of one reagent is present, i.e. non-ideal
mixing. This results in a mixture of products indicating good or bad mixing. The homogeneous
situation in Figure 2.16b and 2.17b can only be achieved if the mixing time ¢,, is much shorter
than the reaction time t,.. In this case, the reaction between reagent A and B is preferred because
the rate constant k; > k, and as a result, the yield of S product approaches to zero. If the
mixture is heterogeneous (Figure 2.16¢c and 2.17c), reagent A and B form the product R. Due
to an inhomogeneous mixture, reactions only take place at the interface of the segregated fluids.
After the instantaneous reaction of A and B, local overconcentration of C or R (depending on the

reaction system) promote the secondary reaction. As a result, product S is formed which is used
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Figure 2.16: a) Scheme of a parallel-competitive reaction with k; > k,. Reagent A and C are competing
for reagent B giving the products R and S. b) In a homogeneous mixture the R product is preferred,
due to different rate constants c) In a heterogeneous mixture also S product is formed due to local
overconcentrations. Adapted from [88].
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Figure 2.17: a) Scheme of a consecutive-competitive reaction with k; > k,. The fast primary reaction
between A and B gives product R. This product R competes with reagent A for reagent B giving
product S. b) In a homogeneous mixture the R product is preferred, due to different rate constants c) In a
heterogeneous mixture also the S product is formed due to local overconcentrations. Adapted from [88].

as indicator of the mixing quality. The higher the yield of the secondary product, the worse is the
mixing quality [2, 22, 23, 88].

A common method of parallel-competitive mixing sensitive reactions to investigate microfluidic
devices is the Villermaux/Dushmann reaction published by Fournier et al. [22, 85, 86]. This reaction

consists of a quasi-instantaneous acid-base neutralisation and a slower redox reaction.

H,BO,” + H" == H,BO, (2.18)
51" +10,” + 6H" == 31, +3H,0 (2.19)
M+, —1," (2.20)

A borate buffer solution containing I~ and 10,~ is mixed with sulfuric acid providing a defined
amount of H" ions. In the case of ideal mixing, the acid is only consumed by the neutralisation which
is much faster than the redox reaction. The formation of I, is catalysed by H' ions which are present,
if the first reaction is incomplete, i.e. bad mixing [92]. The amount of formed iodine is detected
as tri-iodide I,~ complex by UV/VIS absorption. This reaction system has a few drawbacks: The
concentration protocol for the experiments is often adapted to the devices, hindering comparison of

different experminets. The kinetics and the mechanism of the reaction are not fully determined,
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the products must be rapidly analysed in order to avoid iodine loss and disproportionation and
the medium is oxidising which can have negative effects on the equipment [22, 66, 85, 88, 93, 94].
Due to the mentioned drawbacks, a consecutive-competitive reaction published by Bourne et al. [2]

was used in this thesis and will be described in detail in the next section.

Diazo coupling of 1-Naphthol and Diazotised Sulfanilic Acid

This mixing sensitive reaction system was developed to investigate micormixing in stirred tank
reactors and was then improved and adapted to be used in microfluidics [22, 88-90, 95-98]. It is
widely used for micromixing experiments because the reaction mechanism and reaction kinetics are
fully determined [2, 88].

ki,
A+B—p—R (2.21)
k
A+B —> 0—R (2.22)
k2o
p—R+B 28§ (2.23)
kyp
0o—R+B S (2.24)

The consecutive-competitive system consists of a diazo coupling of A and B being 1-naphthol and
diazotised sulfanilic acid respectively, as depicted in Figure 2.18. Reagent A is added in 20 %
excess to ensure 100 % conversion of reagent B. First, two primary couplings of A and B result
in the monoazo dyes p-R and o-R, and their secondary coupling yields in the final bisazo dye S.
When first developed, Bourne et al. [2] did not take the formation of o-R into account. After-
wards his team determined the percentage of formation of o-R up to 7% [2]. To ensure maximum
reaction rates and sensitivity to mixing the set standard conditions should be used. At these con-
ditions (pH 9.9, T=25 °C, [=444.4 mM carbonate /bicarbonate buffer each 111.1 mM) the kinetics
are fully defined and are given as k;, =12238 +446m>mol 's™', k;, =921+31m’>mol's ™",
ky, =1.835+0.018 m* mol ' s7!, ky, =22.25+0.25m> mol ' s* [2, 87].
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Figure 2.18: Scheme of the diazo coupling of 1-naphthol (A) and diazotised sulfanilic acid (B) giving the
monoazo isomers p-R and o-R. The secondary coupling of p-R and o-R with B results in the bisazo dye S.

After the reaction is complete, the three dyes and unreacted 1-naphthol are present in the mixture.
The sample is measured spectrophotometrically and the concentrations of the dyes are calculated
using multiparameter regression as described in 5.4. With these concentrations the bisazo yield Y

can be calculated according to
2 Cg

Yo = 2.25
$ 2.CS+COR+CPR ( )

and can be interpreted the following [23]:

* Kinetically controlled regime (t, > t,,); The much faster primary coupling leads to a bisazo

yield of Y5 < 0.01 because no secondary coupling takes place.

* Mixing controlled regime (t, < t,,); All monoazo dyes perform a secondary coupling resulting
in YS =1.

* Intermediate regime (t, ~ t,,); A mixing model for detailed analysis is necessary.

The useful range of this reaction system is 0.04 < Y5 < 0.4. The lower value is referred to the
sensibility of the used analytical technique. The higher value takes the stability of the bisazo
dye S into account. Higher values of Y increase the probability of side reaction involving the S
product [2, 60].
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Drawbacks of this method are the non-straight forward synthesis of the dyes and reagents.
Furthermore, reagents and dyes are not stable which means that solutions A and B have to be
prepared every day and the products should be analysed within three hours [2, 88, 96, 98].

Due to the reaction times, this system is restricted for energy dissipation rates less than 400 W kg ™.
For high intensity mixers, Bourne et al. [89] improved the system using 2-naphthol as another
reagent to investigate mixers with energy dissipation rates up to 10° Wkg™!. The improved reaction
system consists of five reactions and four products which increases the complexity of kinetics and
analysis [98]. As the system only using 1-naphthol is already sensitive to the application in this

thesis, it was decided to use the reaction system which only uses 1-naphthol.

2.6 Model Reaction - Aerobic Oxidation of Grignard Reagents

For a detailed reactor design, knowledge about the reaction kinetics is necessary. The challenge
of investigating the intrinsic kinetics of fast reactions is the limitation by heat and mass transfer.
To evaluate the performance of 3D printed microreactors and to determine reaction kinetics in
continuous flow, an aerobic oxidation of Grignard reagents to the corresponding phenol was chosen
as model reaction. This reaction is a sustainable and inexpensive way to synthesise functionalized
phenols [99]. This reaction is well suited for micro application, as it is very fast and can be
categorised as type A reaction [1, 100]. The increased heat transfer in microfluidics eliminates local
hot-spots and enables isothermic conditions [44]. This reaction is a green approach to form phenols

as it uses oxygen as sustainable and inexpensive reagent [99].

Oxidation

MgX OOMgX
\ \
R_i(j ’ 02 — R_iij/

/ /

Metathesis

OOMgX MgX OMgX
X AN AN
R_i + R—;/ — > 2 R_i/

Phenol formation

- OMgX . OH
R—i(j/ + H* —>» R + MgX
= =

Figure 2.19: Proposed mechanism of the oxidation of Grignard reagents: First an aryl radical is formed
by oxidation of an organo-magnesium species which then reacts to a organoperoxide. This reacts with
another Grignard reagent to form a phenoxide. In a last step phenol is formed by acidification. Adapted
from [99].

The mechanism is not fully investigated but it is believed as two-step reaction, involving an
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electron transfer step between Grignard reagent and oxygen as seen in Figure 2.19. The formed
peroxide intermediate reacts with another Grignard reagent to form phenoxide which is converted
to phenol [99, 101].

To investigate the intrinsic kinetics of such a fast reaction in flow, quasi-instantaneous mixing
is necessary. Otherwise the determined kinetic parameters are mixing dependent. To perform a
kinetic analysis also the stoichiometric dosing of oxygen is essential which can be done by using a

calibrated mass flow controller.

2.7 UV/VIS Spectroscopy

Analysis of the mixing sensitive reaction in section 2.5.2 is done with UV/VIS spectroscopy, which
relies on the light absorption of a substance. Light is electromagnetic radiation which is characterised

by its wavelength A, frequency v and the speed of light c¢;;,,, via:
Clighe = V" A (2.26)

The connection of light with energy is done with Planck’s constant h =6.63 x 10734 Js and given as

F=h.p=_ Llight (2.27)

where E is the energy of the radiation. Molecules with 7-electrons or non-bonding electrons can
absorb energy in the form of light, to excite these electrons to higher anti-bonding molecular
orbitals. The wavelength of the absorbed light depends on the energy demand for excitation of
electrons [102].

If light with the intensity I, reaches a homogeneous media with path length [, the light intensity is

decreased to I due to absorption of the media. This is known as the Lambert-Beer law and given as

I
A=10g70=8~c~l (2.28)

where A is the dimensionless absorption, ¢ is the concentration of the absorbing media and ¢ is the
molar extinction coefficient [102]. The absorption of n substances within one measurement are
added together giving the total absorption as:

n

I
Apor = logTO = Zei ¢l (2.29)
i=1

This means, if the extinction coefficient for each wavelength of every substance is known, one can

calculate the concentration of every substance. Lambert-Beer law (equations 2.28 and 2.29) can be
applied if the following criteria are fulfilled [96, 102]:

* The absorbing substance is homogeneously distributed.

* The absorbing substance is present at a maximum concentration of 102 mol L™,
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* No scattering of light due to scratches, particles or bubbles.
* The substances absorb independently of each other.
* The absorption is lower than one.

The absorption spectra is influenced by many parameters like temperature, pH value, ionic strength
and polarity of the solvent. The analytical sensitivity and robust equipment are the reasons UV/VIS

spectroscopy is a commonly useful technique.
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Yield and selectivity of fast chemical reactions are highly influenced by the mixing efficiency of
the reagents, because bad mixing can promote undesired side reactions. Detailed reactor design
requires knowledge about the intrinsic reaction kinetics, without any limitations due to heat and
mass transfer. The aim of this thesis is to design a set-up for kinetic measurements, of a very fast
oxidation of Grignard reagents, in 3D printed microreactors. This reaction is performed at elevated
pressure to dissolve oxygen in the solvent, followed by mixing the stream with the Grignard reagent.
The very active Grignard reagent reacts instantly to the corresponding phenol. Achieving accurate
kinetic results requires a geometry that provides fast mixing. To design the set-up, knowledge about
the mixing performance of the created designs is necessary.

Therefore, the mixing performance of 3D printed microfluidic devices made of stainless steel (316 L)
and ceramics (aluminium oxide) was investigated. For experimental analysis RTD measurements
and mixing sensitive reactions were used. Different passive and active mixing designs were created
and analysed. The mixing sensitive reaction was performed with all devices, while the RTD was
only investigated for the CSTR-cascade v1 and the SAR-reactor. An overview of the devices and the
corresponding experimental methods is listed in Table 3.1. The devices are meant to be used for
the oxidation of Grignard reagents, which is a very fast and therefore mixing dependent reaction.
Overall goal is to perform this fast reaction without mass transfer limitations to investigate the
intrinsic kinetics. This data is necessary for detailed design of microfluidic devices.

The mixing sensitive reactions are done in aqueous media, RTD measurements in a mixture of water
and ethanol, both at 25 °C. The oxidation of Grignard reagents is done in 2-methyl-tetrahydrofuran
(2-methyl-THF) at different temperatures for kinetic analysis. To compare these varying conditions
and channel geometries the dimensionless Reynolds number was used. The channel Reynolds

number is calculated according to equation 2.1. The stirrer Reynolds number is calculated with

2
p ' nSfirTerdstirrer

n

3.1

Restirrer =

where p is the density of the solvent, ng;; ., is the rotational speed of the stirrer, dg;;.,., is the
diameter of the stirrer and 1) is the dynamic viscosity. The hydraulic diameter d;, is used to compare
flow properties in non-circular channels. It is calculated with the cross-sectional area A and the

perimeter P of the wetted cross-section and is given as:

A
dh = 4 . 13 (32)
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For circular channels, the hydraulic diameter is equal to the channel diameter. The highly complex
structures of the 3D printed geometries change their channel diameter multiple times because of
SAR-elements, mixing chambers and stirrers. The challenge relies in choosing the most expressive
cross-section to calculate dy. For each design, a representative region is used to calculate d; and to

compare the reactors at equal Reynolds numbers.

3.1 Description of the 3D printed Microfluidic Devices

Table 3.1: Overview of the investigated microfluidic devices and the corresponding experiments.

Microfluidic device Material Mixing sensitive reaction RTD
Size-scaled-mixers Steel X

Sphere-mixer Steel

Sphere-mixer Ceramics X

T-mixer Steel X
Split-and-recombine-reactor Steel X X
CSTR-cascade v1 Steel X X
CSTR-cascade v1 Ceramics X X
CSTR-cascade v2 Steel X

Passive micromixers were designed and made of stainless steel and ceramics using 3D printing.
They consist of one or more inlets, outlet and a mixing structure but do not have additional reaction
volume. As benchmark, a simple T-mixer with two inlets and one outlet was used to compare the
designed mixers with standard equipment. To provide enough volume for a complete reaction, the
outlets were connected to a 1 m long capillary with a volume of 0.5 mL.

To investigate the influence of the channel size, three size-scaled-mixers were designed as depicted
in Figure 3.1. This design has a croissant-shaped SAR-approach with seven SAR-sections, with
an alternating offset of 90°. The mixing chamber splits into two channels with a semi-circular
cross-section. These mixers have the same design, but their dimensions are scaled with factors
of 0.75 and 0.5 referred to the large version. The semi-circles have radii of 1 mm, 0.75 mm and
0.5 mm resulting in hydraulic diameters of 1.222 mm, 0.917 mm, 0.611 mm for the large, medium
and small version, respectively. These hydraulic diameters were chosen for the calculation of the

Reynolds numbers.
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Figure 3.1: Left: The size-scaled-mixers have the same design, but their dimensions are scaled with
factors of 0.75 and 0.5 referred to the large version. Right: Rendered image of the mixing structure

consisting of two semi-circles between each mixing chamber.

Figure 3.2 depicts the sphere-mixer, which has ten spherical mixing chambers which are connected
by circular channels, with an alternating offset of 90°. The channel diameter is 0.8 mm resulting
in an equal hydraulic diameter, being used for the calculation of the Reynolds number. This
mixer was made of both materials to investigate the material influence on the mixing performance.
Unfortunately the steel version was leaking when water was inserted, without applying pressure.
Leakage occurred probably due to a low wall thickness in some regions, attributed to the fabrication

process.

Figure 3.2: Left: The sphere-mixer has two inlets, one outlet and ten spherical mixing chambers. The
mixing chambers are connected with two channels, with an alternating offset of 90°. Right: Rendered

image of a reactor concept including the sphere-mixer as mixing section.

Figure 3.3 shows the SAR-reactor, consisting of two inlets which are mixed after a pre-cooling
section. Then the combined streams use multiple split-and-recombine elements to ensure good

mixing and enough reaction volume. In contrast to the mentioned passive mixers, this design
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includes a mixing section and reaction volume and is fabricated in one piece. The channel diameter
was chosen to be 800 um. As reported in previous work [26], the design provides openings to
remove unused powder from the printing process. Thereby, the remaining powder is removed
by compressed air and ultrasonic treatment. After cleaning, these openings were closed by laser
welding. Capillaries with 1/16" outer diameter (OD) and 0.03" inner diameter (ID) were attached

to the inlet and outlet by laser welding to ensure proper connection of the reactor.

Mixing
elements

\ Pre-cooling b {
Inlet A 'dw Y O
/‘ _—"‘\ @““( Ofur cleaning

Openings

Inlet B point

Outlet
Coolant

Figure 3.3: Left: 3D printed SAR-reactor with and without cooling, shell fabricated by SLM. Right: Ren-
dered image of the SAR-reactor with and without cooling shell. The reactor consists of two inlets and a
pre-cooling section, a mixing point and mixing elements which additionally ensure enough volume.

A CSTR-cascade was designed as active mixer and is depicted in Figure 3.4. The device was
made of steel and ceramics to investigate the material influence. It consists of ten connected vessels
with an internal diameter of 3mm. The vessels are connected with 800 um channels attached
tangentially to the bottom part. As stirrers, spheroids with 2.4 mm width and 2.7 mm length are
inserted in each vessel. The stirrers are agitated by a rotating magnetic field of a standard laboratory
magnetic stirrer. The upper part of each vessel can be configured for different purposes by standard
HPLC fittings. This allows the use of additional feed or quenching streams, sensors or plugging of
the top part. At a marked position the vessels are not connected, indicating the inlet and outlet of

the reactor.

35



3 Results and Discussion

Figure 3.4: Left: CSTR-cascade vl made of ceramics. The stainless steel version has the same design.
Shavings are cut off from the red fittings. This indicates that the ceramic thread is not perfectly fitting to
the thread of the standard HPLC fittings. This is attributed to shrinkage of ceramics during fabrication.
Right: Rendered image of the CSTR-cascade v1 with highlighted channels and vessels.

Connection of Microfluidic Devices

An important factor is the connection of the microfluidic devices to other equipment. In general,
connection is done with standard HPLC tubings and fittings. Two options for the connection of
stainless steel parts to other equipment exist. One is to directly weld steel capillaries to reactor inlet
and outlet by laser welding. This capillary can be connected by standard fittings and connectors to
other equipment. The other option is to use a standard thread cutter and then directly attach the
fittings to the reactor. For both options an additional post-processing step is necessary which makes
the choice to a matter of taste.

With microfluidics made of ceramics, laser welding or thread cutting are not possible. In contrast to
steel, ceramics have no reasonable method to attach connectors in a post-processing step. However,
the high resolution and the smooth surface of the LCM technology open the possibility to directly
print the desired thread. With this customisation, it is possible to attach other devices by standard
HPLC fittings. When the fittings were attached to the ceramic reactor, shavings were cut off the
fittings as depicted in Figure 3.4. This indicates that the printed thread does not perfectly fit to
the standard thread dimensions. In the fabrication process the ceramic parts are shrinking which
has to be considered in the design process. By gaining more experience in the LCM process, the
printing parameters can be optimised in the future. This allows the consideration of shrinkage in
the design and fabrication process. Frequent connection and disconnection will lead to destruction
of the standard HPLC fittings.

3.2 Macromixing - Residence Time Distribution

To investigate the macormixing performance of the SAR-reactor and the CSTR-cascade v1, the
RTD was determined. The used basic set-up is depicted in Figure 3.5 and a step input was used

as input signal. The step up signal was recorded when switching from no tracer to constant tracer
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Figure 3.5: Experimental set-up for the determination of the RTD. By switching the manual 6-port
injection valve, the input is changed from no tracer to a constant concentration of tracer. This step

signal is detected by an inline UV/VIS flow cell connected to a spectrophotometer.

concentration. The step down signal was recorded the other way round. Solvent was a mixture of
12 wt% ethanol in water and as tracer a solution of 0.006 v% anisole in before mentioned solvent
was used. The UV/VIS absorption of anisole over time was measured with a spectrophotometer
at the outlet of the device. The Bodenstein number was calculated according to the open-open

conditions as mentioned in the theoretical section 2.5.1.

3.2.1 Split-and-Recombine-Reactor

RTD measurments of the SAR-reactor were performed through one inlet, while the other one was
blocked. Figure 3.6 illustrates the Bodenstein number of step up and step down experiments. Plug
flow was obtained at Reynolds numbers between 50 and 60 which is referred to a water flow rate of
approximately 1.7 mLmin~!. Plug flow behavior can be assumed for Bodenstein numbers Bo > 100
indicating low axial dispersion [32]. The reactor volume was calculated as product of flow rate and
mean residence time according to equation 2.12 and was determined to be 461 pL. Gravimetric
determination of the whole reactor volume resulted in 665 uL and according to the CAD file the
whole reactor volume was 737 pL. Because one inlet with pre-cooling section was blocked for RTD
experiments, the determined volume is lower than the gravimetric and the CAD volume. Additionally,
the inlet and outlet regions as well as the attached capillaries result in deviations between the
different volumes. Deviations between the gravimetric and the CAD volume are attributed to

shrinkage and surface roughness of the fabricated devices.
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Figure 3.6: Bodenstein number against Reynolds number for the SAR-reactor. Step up and step down
experiments were performed. Plug flow behaviour appears at Reynolds numbers between 50 and 60. The
flow rates were 0.5mLmin~1, 0.8 mL min~—1, 1.7mL min~%, 2.77 mL min~! and 3.7 mL min—L.

3.2.2 CSTR-Cascade v1

Solvent and tracer were introduced in the first vessel and the last vessel was connected to the flow
cell. The upper part of all other vessels was blocked with an HPLC plug. The RTD was determined
for different flow rates and different rotational speeds. Figure 3.7 and Figure 3.8 depict the results
for the CSTR-cascade vl made of steel and ceramics, respectively. The determined Bodenstein
number was Bo =~ 18 for steel and Bo ~ 25 for ceramics. No significant increase of the Bodenstein
number with increasing RPM was found. The Bodenstein numbers of the CSTR-cascade vl made
of ceramics are a bit higher than the steel ones. This can be attributed to the smoother surface of
ceramic reactors made by LCM. The rough surface of SLM fabricated reactors promotes dispersion
and results in lower Bodenstein numbers. The reactor volumes were determined to be 305 pL for
steel and 297 uL for ceramics. Gravimetric determinations of the reactor volumes were done with
stirrers inside and connected fittings. It resulted in 276 uL for steel and 290 pL for ceramics. These

low deviations are within the range of measurement errors.
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Figure 3.7: Bodenstein number of different flow rates against stirrer Reynolds number for the stainless steel
CSTR-cascade v1. The flow rates were 0.5 mL min™%, 0.8 mL min—!, 1.7mLmin~! and 2.77 mL min—!.
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Figure 3.8: Bodenstein number of different flow rates against stirrer Reynolds number for the ceramic
CSTR-cascade v1. The flow rates were 0.5 mL min—!, 0.8 mLmin~!, 1.7mL min~1, 2.77 mL min~! and
3.7mL min~t,

RTD studies in literature recommend the use of two flow cells, one at the inlet and one at the outlet.
This allows the compensation of deviations due to the injection valve, by using a mathematical

approach based on convolution integral theorem [32, 83, 103]. Further improvement of the set-up
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is possible by using a second flow cell at the reactor inlet and an electrical operated switching valve,

ensuring reproducible injection times.

3.3 Micromixing - Mixing Sensitive Reactions

Experiments to characterise micromixing were done with mixing sensitive reactions published by
Bourne et al. [2]. This system uses a consecutive-competitive diazo coupling of 1-naphthol and
diazotised sulfanilic acid. When mixing is bad, only the secondary S-product is formed, indicated by
its yield Yy. This means if Y is low, mixing is fast and the reaction progress is not mass transfer
limited, which is desired. This ensures high selectivity for fast chemical reactions in the investigated
device. The used reaction scheme is depicted in Figure 2.18, set-up and procedure are depicted in

Figure 3.9 and the experimental section 5.4.

Syringe Pumps
with Reactants

A A\

Water bath, 25°C Sampling

Figure 3.9: Experimental set-up for mixing sensitive reactions using a syringe pump with reactants, a
microfluidic device at constant temperature of 25°C and a sampling section.

The collected samples were diluted with buffer to achieve a concentration in the measurable range.
UV/VIS absorption spectra were measured and the concentrations of each dye were calculated with
a multi-parameter-regression method. The mixing performance was evaluated by calculation of the

yield of the bisazo dye (S-product) which is given as [2]:

2-c 2-c
Yy = S _ S

G _ (3.3)
CBO 2 * CS + COR + CpR

To verify the correctness of the measurements, the mass balance (MB) based on reagent B was

calculated for each sample according to

_ cg-Q
CBozu (34)
Qa+Qp
2:-cc+c,pt+cC
MB=""2"""""PR 100% (3.5)
CBo
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and closed within 8 %. Higher yields of S also lead to a worse mass balance (up to 20 % deviation)
which was already reported in literature [88]. If the yield is 0.04 < Yg < 0.4 the results are
representative, higher yields can only be used qualitatively [2].

First, the dyes were synthesised to calibrate the UV/VIS absorption. Then the micromixing
performance was investigated and compared, based on the Reynolds numbers of devices and

operational points.

3.3.1 Calibration of the Dyes
4-[(4-Sulfophenyl)azo]-1-naphthol (p-R)

The para monoazo dye was synthesised and calibrated as described in the experimental section 5.2.
The calibration was done with standard conditions set by Bourne et al. [2], because the absorption
of the substance is pH dependet. Solutions of different concentrations were prepared and analysed.
The extinction coefficients ¢,z were calculated according to Lambert-Beer law by equation 2.28.
Comparison the obtained spectra with prior publications showed a good agreement. The maximum
extinction coefficient near 516 nm differs around 1.3 % from published values [2, 90, 104]. It is
assumed that this difference is not significant. The maximum extinction coefficients ¢,z obtained
in this work and as published in literature are shown in Table 3.2 and the spectra are depicted in
Figure 3.10.

Table 3.2: Maximum extinction coefficients and the corresponding wavelengths of ortho- and para-isomer.
The table represents data obtained within this work and literature references [2, 104].

Reference para-isomer ortho-isomer

epR[mzmol_l] Alnm]  eg[m2mol™'] Alnm]

This thesis 3151 514 2283 510
Bourne 1991 3171 514 2382 510
Wenger 1992 3190 515 2380 510
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Figure 3.10: Absorption spectra of the para monoazo dye shows good agreement of this work,
Bourne et al. [2] and Wenger et al. [104].

2-[(4-sulfophenyl)azo]-1-naphthol (o-R)

The ortho monoazo dye was synthesised and calibrated as described in the experimental section 5.2.
Purification of this product was challenging. Multiple steps of recrystallisation and rinsing were
necessary until the purity was satisfactory. A high loss of product and low yield of the synthesis
were the consequence. After thin layer chromatography (TLC) showed only one spot, the extinction
coefficient differed 4.2 % from literature data. The obtained spectrum is similar in shape to the
published spectra by Bourne et al. [2] and Wenger et al. [104], but the extinction coefficients differ
in magnitude. The maximum extinction coefficients ¢,z obtained in this work and as published in

literature are shown in Table 3.2 and the spectra are depicted in Figure 3.11.

42



3 Results and Discussion

2500 —— Wenger 1992
L —— Bourne 1990
—— This work
2000
= 1500
g
- L
&
@ 1000 -
500
0 1 — I 1
350 400 450 500 550 600 650 700

wavelength [nm]

Figure 3.11: Absorption spectra of the ortho monoazo dye shows acceptable agreement of this work,
Bourne et al. [2] and Wenger et al. [104].

2,4-Bis[(4-sulfophenyl)azo]-1-naphthol (S)

The yield of the bisazo dye is the indicator of the mixing quality. It can be obtained from both
monoazo isomers by reaction with diazotised sulfanilic acid [2, 90, 104]. The knowledge of the
absorption spectra is necessary for an accurate evaluation of the micromixing efficiency of the reactors.
Literature has reported many problems in the synthesis and purification, in order to obtain a pure
sample of the S-product. Published reference spectra have shown many variations in magnitude
of the absorption spectra, but all of them show a saddle shape as shown in Figure 3.12. These
differences are referred to problems in isolation, purification and quantification of the dye [90, 104].
Due to the reported problems in synthesis of the ortho-isomer and the S-product, it was decided to
use the published extinction coefficients from Bourne et al. [2]. This data was checked by different
researches and was also used in other micromixing studies without an own calibration [2, 88, 96, 98].

The used extinction coefficients of all dyes are listed in the appendix in Table 9.14.
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Figure 3.12: Different published absorption spectra of the bisazo dye. The differences are referred
to problems with isolation, purification, quantification and instability of the pure S-product. This was
reported by Wenger et al. [104] and illustrated by Nunes et al. [90].

3.3.2 Passive Mixers

The micromixing performance of the before mentioned passive mixers was investigated. Reagent A
and B were introduced at different flow rates and a sample of the product solution was taken after
three residence times. The product solution was diluted 1410 with buffer and spectrophotometrically
analysed. With a multi-parameter-regression using least square method the concentrations of the
three dyes and the yield Y were calculated. The devices are compared with Ys and the corresponding

Reynolds number which refers to the flow rate. A high yield Y5 indicates bad mixing.

Size-Scaled-Mixers

To investigate the influence of the reactor size, the same mixing geometry in different size-scales
was fabricated. The large version was also produced in a medium and a small version with scaling
factors of 0.75 and 0.5, respectively. The mixing sensitive reactions were performed for the same
flow rates and the results are depicted in Figure 3.13 (left). To compensate the geometry effects,
the flow rates were converted to Reynolds numbers associated with the hydraulic diameter of each

version, as depicted in Figure 3.13 (right).
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Figure 3.13: Experimental results of the bisazo dye yield Ys as a function of the flow rate (left) and

Reynolds number (right). The three size-scaled-mixers have the same geometry but in different scales
The smallest mixer performs best because of the higher flow velocity.

As expected, small reactors have a better performance at the same flow rate. This can be seen in

the left plot in Figure 3.13. At a constant flow rate, the flow velocity is increased, if the channel

diameter is reduced. High velocities lead to more turbulences (higher Reynolds number), and as a

consequence to a better mixing performance. As shown in the right plot of Figure 3.13 the curves

converge, indicating that at same Reynolds numbers the mixing performance is comparable for the

size-scaled-mixers.

Sphere-Mixer

The structure of the sphere-mixer is illustrated in Figure 3.2. The mixing chambers in combination

with alternating offset of inlet and outlet of the chambers provide chaotic mixing. This device was

made of steel and ceramics, but only the ceramic version was leak proof and able to be investigated.

According to Figure 3.14, the bisazo yield is significantly decreased compared to the T-mixer,

indicating an enhanced mixing performance of the ceramic sphere-mixer. The mass balance closed

within 5% for Y5 < 0.4 and within 17.5% for Y5 > 0.4. Y5 approaches zero at Re > 300, equal to a

flow rate of 10 mL min~!

, indicating a kinetically limited regime. Compared to the smallest version

of the size-scaled-mixers, the sphere-mixer performs better, even though the hydraulic diameter of

the sphere-mixer is higher.
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Figure 3.14: Experimental results of the bisazo dye yield Y5 as a function of the Reynolds number for
the ceramic sphere-mixer and the standard T-mixer.

Split-and-Recombine-Reactor (SAR-reactor)

The mixing sensitive reactions described in the experimental section were used to investigate the mix-
ing performance of the SAR-reactor. Therefore different flow rates (0.04 mLmin™?, 0.1 mLmin™?,
0.4mLmin~!, 1mLmin~!, 1.75mLmin~!, 2mLmin~!, 4mLmin~', 10mLmin~!, 16 mLmin™!)
were used and the yield of the bisazo dye S was determined. Figure 3.15 shows the better per-
formance of the SAR-reactor compared to the T-mixer. At all flow rates, the yield of the bisazo
dye Y; is lower, indicating more efficient mixing. The mixing point for the inlet streams of the
SAR-reactor has a T-mixer-like design. But in difference to a simple T-mixer, the SAR-reactor has a
more tangential-like mixing point, followed by a mixing section consisting of split-and-recombine
elements. These two factors improve the mixing efficiency and lead to a better performance than
the simple T-mixer.

As mentioned before, the devices are meant to be used for the oxidation of Grignard reagents.
The selectivity of this reaction is mixing dependent due to its high reaction rate. The given process
conditions for the Grignard oxidation are at Re = 52. Even through the much better performance
of the SAR-reactor compared to the T-mixer, the yield of Y5 = 0.14 indicates that the conditions
are in an intermediate regime between kinetically controlled (Y5 < 0.01) and mixing controlled
regime (Y5 = 1) [23]. As mentioned before, the yield must respect the limits 0.04 < Y5 < 0.4 to be

reliable. From Figure 3.15 it can be concluded that the values for very low Reynolds numbers can

46



3 Results and Discussion

0.8

- —e— T-Mixer
0.7 —— SAR-Reactor

0.6
0.5
0.4
0.3
0.2

0.1

Figure 3.15: Experimental results of the bisazo dye yield Yg as a function of the Reynolds number for

the SAR-reactor and a T-mixer.

only be considered qualitatively.

The checked mass balance closed within £8 %. It was observed that the error in the mass balance
increased with higher yields of the bisazo dye. This indicates that a significant amount of B is not
converted to the mentioned dyes and instead unidentified side products are formed [60, 88]. The
higher the yield of the S-product gets, the higher is the risk of a reaction with diazonium ions.
This leads to a loss of S-product and formation of unstable products [2]. The deviation in the
mass balance is systemic and increases with increasing Ys, thus the qualitative conclusions of the

experiments are still valid [88, 90].

3.3.3 Active Mixers - CSTR-Cascade

In contrast to passive mixers, active mixers induce mixing by application of external forces. The
advantage is that the mixing efficiency can be influenced independently of the flow rate by adjusting
the stirrer speed. Therefore a CSTR-cascade was fabricated and investigated. The CSTR-cascade is
placed on a laboratory magnetic stirrer and by setting the RPM of the magnetic stirrer, tiny magnetic
spheroids in each vessel start to rotate. The CSTR-cascade v1 is compared with the SAR-reactor and
a T-mixer with a connected steel coil with 1/16" OD, 0.03" ID and 1 m length, giving a volume of
0.5 mL. The flow rate is converted into a representative Reynolds number to compare their mixing

performance. The set RPM are used for calculation of the stirrer Reynolds number according to
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equation 3.1. The real rotational speed of the stirrers differs from the set value because the liquid
flow influences the rotation at higher flow rates. It was not possible to check the real rotational
speed of the stirrers.

Figure 3.16 depicts the yield of the S product as function of the channel Reynolds number between
the vessels. For every flow rate three stirrer speeds, no rotation (Re = 0), 500RPM (Re = 53.8)
and 1000 RPM (Re = 107.5) were analysed. It was observed that at low flow rates stirring has a

0.6
i —*— 0 RPM, Re (stirrer)=0
—*— 500 RPM, Re (stirrer)=53.8
05 —+— 1000 RPM, Re (stirrer)=107.5

0.4

> 0.3
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Figure 3.16: Experimental results of the bisazo dye yield Y as a function of the Reynolds number
referring to the flow rate, for different stirring speeds of the CSTR-cascade v1.

strong effect on the bisazo yield Ys as it decreases from 0.48 to 0.19. With higher flow rates, the
effect of the stirrer decreases. It becomes negligible at Re > 200 because no significant change
of Y5 with the stirrer speed can be seen. For Y5 < 0.4 the mass balance closed within £9 %. For
Re(channel) = 119 at 500 RPM the error was —17.8 %, which explains the deviation from the trend
of the curve.

These results show that the CSTR-cascade v1 has a good mixing performance, indicated by a low
bisazo yield Ys. The advantage is that also at low flow rates the CSTR-cascade v1 mixes better than
passive mixers. This favours the application at low flow rates beneficial compared to the SAR-reactor
or the T-mixer as illustrated in Figure 3.17.

The CSTR-cascade v1 without stirring has a comparable performance as the SAR-reactor because
in this case, they are both passive mixers. The stirrers act as internal mixing structures where the
streams pass around the spheroids, which has the same effect as the SAR elements of the SAR-reactor.

With induced rotation the mixing performance increases as mentioned above. Especially at low flow

48



3 Results and Discussion

0.7 —e— T-Mixer
—— SAR-Reactor
0.6 —*— CSTR-Cascade, 0 RPM

—+— CSTR-Cascade, 1000 RPM

0 100 200 300 400 500
Re (channel)

Figure 3.17: Experimental results of the bisazo dye yield Y5 as a function of the Reynolds number referring
to the flow rate of T-mixer and SAR-reactor, CSTR-cascade vl without stirring and with 1000 RPM.

rates this reactor is beneficial.

In a further step the influence of the stirring direction on the bisazo yield was investigated. There-
fore mixing sensitive reactions were performed for different flow rates (0.4 mLmin™!, 1.7 mL min~!
and 4 mL min1) in clockwise (CW) and counter-clockwise (CCW) rotational direction. Figure 3.18
illustrates the difference of the rotational direction. Because the inlet and outlet are located in a
tangential position, the stirrer can turn in the same direction as the inlet flow or against the inlet
flow direction. It has to be mentioned that the flow itself can influence the stirrer, which can have
an effect of acceleration or deceleration of the rotational speed of the stirrer. This can have an
influence on the mixing performance, especially at low flow rates. At higher flow rates the mixing

performance is dominated by the flow velocity and the influence of the stirrer becomes negligible.
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Figure 3.18: Schematic illustration of the rotational direction of the stirrer in a vessel: Left: In clockwise

rotation, the stirrer acts against the inlet flow. Right: In counter-clockwise rotation, the stirrer turns in
direction of the flow at the vessel inlet.
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Figure 3.19: Experimental results of the bisazo dye yield Yy as a function of the stirrer Reynolds number
for different channel Reynolds numbers: Left: Clockwise rotation of the stirrer. Right: Counter-clockwise

rotation of the stirrer.

The overall performance increases with the rotational speed for both cases as depicted in Fig-
ure 3.19. At Re = 11.9 the CCW rotation performed with a lower bisazo yield than the CW rotation.
These values can only be used qualitatively because the Yy values are sometimes out of the reliable
range of 0.04 < Y5 < 0.4. At higher flow rates, the CW rotation performs slightly better as seen at
Re =50.5. At Re = 118.9, the rotational speed has no significant influence on the bisazo yield.

3.4 Material Influence on the Mixing Performance

The influences of the material and the fabrication technique on the performance of the devices are
of major interest for the application and design of micro reactors. As mentioned in section 2.3, both
materials are compatible with organic solvents and have high mechanical strength and temperature

resistance. Ceramics are slightly better in thermal and chemical resistance (i.e. involved corrosive
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reactants), which qualifies them for applications that can not be covered by stainless steel [37, 55].
Steel parts fabricated by SLM have a higher surface roughness than ceramic parts, which can
influence the mixing performance of the devices. Therefore two designs, CSTR-cascade v1 and
sphere-mixer, were manufactured from stainless steel and ceramics via SLM or LCM, respectively.
Unfortunately the steel version of the sphere-mixer leaked in the mixing section, therefore, it was
not analysed.

The influence of the surface roughness was investigated with the CSTR-cascade v1 made of steel
and ceramics. Mixing sensitive reactions were performed for both materials and the results are

illustrated in Figure 3.20. The used flow rate was 1.7 mLmin

corresponding to the Reynolds
number Re = 52 of the Grignard oxidation reaction conditions. Stirring was induced by a laboratory
magnetic stirrer which was set between O RPM and 1000 RPM. The results indicated a similar mixing
efficiency for both materials. Without stirring the bisazo yields were Yy = 0.22 and Y5 = 0.25
for steel and ceramics respectively. Stirring reduced the yield to Ys = 0.09 at 1000 RPM for both
materials. The ceramic CSTR-cascade v1 gave slightly lower yields than the steel CSTR-cascade v1,
but a significant difference was not observed. The mass balance closed within 6 % for all operation
points indicating reliable results. This is either referred to the sensitivity of the experimental method

or the surface roughness has no significant influence.
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Figure 3.20: Experimental results of the bisazo dye yield Yy as a function of the stirrer Reynolds number
for CSTR-cascade v1 made of steel and ceramics. The flow rate was 1.7 mL min~! corresponding to the
Reynolds number for the model reaction conditions Re = 52. The stirrer speed was set between 0 RPM
and 1000 RPM.
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In section 3.2.2 the RTD results of the CSTR-cascade vl made of both materials are depicted in
Figure 3.7 and Figure 3.8. The calculated Bodenstein numbers of the ceramic version are slightly
higher than the steel version. This is also attributed to the smoother surface of the ceramic parts.

Roughness induces dispersion and as a result the Bodenstein number is lowered.

3.5 Optimisation Approaches of the CSTR-Cascade v1

The design and geometry of the CSTR-cascade v1 was optimised to ensure a good mixing performance
and improve handling of the device. Therefore, the vessels of the CSTR-cascade v2 where sheathed
with a cooling shell as depicted in Figure 3.21. This shell can be directly connected to a thermostat,

ensuring simple handling of the device and a constant temperature inside the vessels.

Figure 3.21: Left: Optimised CSTR-cascade v2 with cooling shell and new flat bottom fittings. Right: Ren-
dered image of the new designed CSTR-cascade v2 with highlighted channels and vessels.

The first approach of the CSTR-cascade v1 used conical 10-32 HPLC fittings which resulted in
a dead volume between fitting and vessel wall, highlighted in Figure 3.22a. This dead volume is
disadvantageous for the reactor performance. It was not possible to reduce the vessel diameter
because the used stirrers had to be inserted after 3D printing. To overcome this problem, the type of
fitting was changed from conical to flat bottom fittings for the optimised CSTR-cascade v2. A steel

version of this design was manufactured.
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Figure 3.22: a) Scheme of the CSTR vessel with stirrer and conical fitting. Between fitting and vessel
a dead volume is generated. b) Scheme of the new design with flat bottom fittings and an additional
ferrule. The dead volume was removed. c) To ensure enough space for analytical probes the vessel height
was increased. The inlet channel was moved to a higher position to ensure mixing in the whole vessel.

The design of the CSTR-cascade is also meant to insert analytical probes through the fittings in
each vessel. To ensure enough space for the sensors, the height of the vessels was increased as
shown in Figure 3.22c. This resulted in a higher reactor volume and the possibility of poor mixing
in the top region. To provide sufficient mixing in the upper part of the vessel, the inlet channel was
moved to a higher position. This design was not fabricated yet. Figure 3.23 shows the new 1/4-28"
flat bottom HPLC fitting and an additional ferrule which is pressed against a sealing area provided
by the vessel design, depicted in Figure 3.22b. With this design, the dead volume at the top of the

vessel was eliminated.

Figure 3.23: Right: First the conical HPLC fittings were used which generated a dead volume. Left: The
new flat bottom fittings have an additional ferrule as sealing, which eliminated the dead volume.

The micromixing performance of the new CSTR-cascade v2, with the design of Figure 3.22b, was

checked and the results are depicted in Figure 3.24. At low stirring speeds, Y of the optimised

53



3 Results and Discussion

design is lower. This indicates that the dead volume of the CSTR-cascade v1 had an influence on

the micromixing performance for low rotational speeds.
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Figure 3.24: Experimental results of the bisazo dye yield Yy as a function of the stirrer Reynolds number
for the optimised CSTR-cascade v2 and the first CSTR-cascade v1, both made of steel. The flow rate
was 1.7mL min~!. The stirrer speed was chosen between 0 RPM and 1000 RPM in clockwise direction.

3.6 Kinetic Measurements in Flow

For detailed reactor design the intrinsic kinetics of a chemical reaction need to be known. This
requires a kinetic measurement without any limitations due to heat or mass transfer, which is
challenging for very fast reactions. The described mixing experiments and RTD measurements of the
designed reactors showed a good mixing performance. The results indicated a low mixing limitation
and allowed the use of the reactors for kinetic measurements of the model reaction mentioned in
section 2.6.

As model reaction the aerobic oxidation of Grignard reagents to the corresponding phenols was
chosen. The oxidation of a Grignard reagents involved 4-chlorophenylmagnesium bromide and pure
oxygen, both dissolved in 2-methyl-THE This reaction was carried out at 1 mLmin~! 2-methyl-THE
1.5mLmin"! oxygen (at norm conditions) and 0.126 mLmin~! of the Grignard reagent, resulting
in a stoichiometric ratio of 1:1 of oxygen and reagent. The conditions were 0°C and 7 bar. The
RTD and mixing sensitive reaction were carried out at equal Reynolds numbers to obtain similar
flow behaviour. The experimental set-up for kinetic measurements is depicted in Figure 3.25. One
equivalent of oxygen is dosed with an MFC and mixed with 2-methyl-THF to absorb O, in a 1 mL

steel coil. This feed is pumped with pump 1. The second feed is a 1 M solution of Grignard reagent
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dissolved in 2-methyl-THF and is added to the first feed in the mixing section of the reactor. The
Grignard reagent is placed in a 1 mL sample loop and injected with a 6-port injection valve by
pump 2, using 2-methyl-THE The streams are combined in the mixing section of the SAR-reactor
which was used for these tests. Downstream, a BPR ensures a constant system pressure of 7 bar,
allowing the whole oxygen to dissolve in the solvent. Afterwards the reaction is quenched by 0.5 M
hydrochloric acid. Absorption coil and reactor were placed in a water bath of a thermostat to
ensure a constant temperature. The capillaries upstream and downstream of the BPR were made of
transparent PFA to check for oxygen bubbles. All other coils and capillaries were made of stainless
steel with 1/16" OD and 0.03" ID.

Gas addition - MFC
check valve

1 mL absorption Reactor
2-Methyl-THF

pre cooling cryostat
2-Methyl-THF —( > MgBr
X
Pump 2 quench
((‘)) /U HCI0.5M
1mL Cl
sample loop

Figure 3.25: Set-up for kinetic measurements of an oxidation of Grignard reagents in flow. Adapted
from [100].

Kinetics can be investigated by performing the reaction at different temperatures and then analyse
the product solution with HPLC or GC-MS to determine the product concentrations. A scale at the
outlet was used to check the flow rate over time. Pump 1, pump 2 and the scale were controlled via
a LabVIEW program which sets the flow rates of both pumps and records pressures, set flow rates as
well as a measured flow rate of the scale.

Because the evaluation of the mixing performance gave promising results, the SAR-reactor was
used for kinetic measurements of the Grignard oxidation. After the set-up was assembled further
pre-tests to check tightness, pressure and flow behaviour of the complex system were performed.
While performing these tests several problems occurred.

Figure 3.26 depicts the set flow rate and the measured flow rate over time of one experiment.
To simplify the system no oxygen was introduced and only pump 1 and a BPR with 5bar were
used. The oxygen and the reagent inlet were plugged. Pump 1 was set to a constant flow rate of
1mLmin~! of 2-methyl-THF and the flow rate was measured with a scale at the outlet. Over 30 min

I which is a relative decrease of 23 %. No

the flow rate decreased from 1 mLmin™~ to 0.77 mLmin™
leaks were found and the averaged system pressure was constant for the whole time. This decrease

may refer to swelling of seals in the pump due to 2-methyl-THE It seems that the used HPLC pumps
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Table 3.3: Set flow rates of test runs for kinetic measurements.

Stream Flow rate
[mL/min]
Pump 1 0.5
Pump 2 0.063
Oxygen 0.5

are not suitable for long term experiments with this solvent.

2
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Figure 3.26: Set and measured flow rate of 2-methyl-THF against time.

To remove the solvent effect on the pumps, isopropyl alcohol was used in further tests which
showed constant flow rates. In a next step the system was equipped with oxygen and both pumps
were connected to the system. An adjustable BPR was set to 8 bar and the set flow rates are listed in
Table 3.3. Figure 3.27 depicts the pressure at pump 1 over time. The pressure periodically fluctuated
and over time it increased. In this set-up, no check valve between system and MFC was used. The
MFC has a maximum pressure of 10 bar and when the system pressure was higher, the pressure was
released manually by opening the purge valve of the pump. This was done to avoid damage to the
MEFC and is demonstrated with the instant pressure drops in Figure 3.27. A constant pressure was
not reached within three hours. The periodic fluctuation can be attributed to the heterogeneous
system because the used BPR is not meant to be used for two phase applications. Undissolved
oxygen bubbles can act as springs which also explains the fluctuating pressure.

Further tests were made with water and oxygen in order to save solvent. To prevent damage

to the MFC, a check valve was implemented between mixing point and MFC. The BPR was set
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Figure 3.27: Pressure measured at pump 1 of a test run with isopropyl alcohol and oxygen.

to 8 bar and the set flow rates are listed in Table 3.3. It was observed that the oxygen was fully
dissolved in the system. After the BPR, slugs were formed due to the atmospheric pressure in this
region. Unfortunately, within 150 min the system pressure did not reach a steady value as depicted
in Figure 3.28. After starting at around 8 bar the pressure increased until it reached around 11 bar.
Then the pressure dropped down to the starting value and increased again. It seemed like something
plugged the system which was blown out at some pressure but still the system did not reach a steady
state. Possible reasons are contamination of the channels by particles from previous applications or
non-removed particles from the fabrication process. Again, maybe the used BPR was not suitable
for two phase applications.
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Figure 3.28: Pressure measured at pump 2 of a test run with water and oxygen. The pressure did not
reach a steady value and after shifting upwards, it dropped down instantly at some point. This behaviour
is attributed to the BPR which is not meant to be used for heterogeneous systems.

These test runs showed that further improvement is necessary until kinetics can be determined
in flow. Many problems occurred due to the heterogeneous system which complicated to keep the
system pressure constant. If the system pressure is not reached yet, but oxygen is already introduced,
it may not be fully dissolved. In this case the generated slugs act as springs which interfere with the
performance of the BPR. A BPR specially designed for heterogeneous applications could lead to a
steady system pressure.

This set-up consists of two pumps and an MFC, which results in complex pressure and flow
conditions because the equipment influences each other. The used HPLC pumps suffer from solvent
incompatibility and pulsations. High pressure syringe pumps, which run with less pulsation, would
be an alternative. This type of pumps allows the use of aggressive solvents because the only wetted
parts are the syringes which can be easily exchanged. As the syringes run out of liquid over time,
a fully continuous process is hard to realise with syringe pumps. Another alternative would be
gear pumps with an attached MFC for liquids. In general, more sensors with inline monitoring and
regulation of critical parameters can lead to a smoother process regulation. This has the drawbacks
of costs, complexity and the risk of over regulation, resulting in oscillating parameters due to inter

dependencies.
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The aim of this thesis was the experimental characterisation of 3D printed microreactors made of
stainless steel and ceramics. To achieve the objectives, first the literature concerning MRS, mixing,
mixing characterisation and additive manufacturing was reviewed. Characterisation of the mixing
performance of different designs was done with a set of mixing sensitive reactions. Additionally,
the RTD of two designs was investigated. To gain information about the influence of the used
material and manufacturing method, experiments were performed for the same designs made of
steel and ceramics. Based on the obtained information, optimisation approaches of the designs were
developed. Finally, a set-up for the determination of reaction kinetics in flow, using the 3D printed

microreactors was developed.

The used 3D printing processes in this thesis were SLM and LCM for stainless steel and ceramics,
respectively. Steel and ceramics have a better resistance against chemicals, temperature and pressure
than PDMS which is the usual material. Parts made of steel can be post-processed, e.g. by welding
or thread cutting, to ensure proper connection to other equipment. Contrary, this is not possible for
ceramics, but it is possible to directly print a thread which allows the connection of standard HPLC

fittings.

For the novel 3D printed microreactors the concepts of active and passive mixing were applied
using different designs. As passive mixer designs a croissant-shaped mixer in three size-scales, a
sphere-mixer with spherical mixing chambers and a SAR-reactor with multiple SAR-elements were
fabricated. Active mixing is done with a CSTR-cascade v1 consisting of ten connected CSTR-vessels
with internal stirrers. The CSTR-cascade v1 and the sphere-mixer were made of stainless steel and
ceramics to evaluate influences based on material and fabrication process. Unfortunately the steel

version of the sphere-mixer was not leak proof.

To evaluate the macromixing performance of the SAR-reactor and the CSTR-cascade v1, the RTD
was determined. Therefore a step input with anisole as tracer was done for different flow rates and
rotational speeds. The Bodenstein number was calculated as a measure for plug flow behaviour and
was determined according to the dispersion model. The SAR-reactor has plug flow behaviour at
a flow rate of 1.7 mLmin~!. The CSTR-cascade v1 has Bodenstein numbers of approximately 20

indicating high back mixing. The ceramic version has slightly higher Bodenstein numbers which
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is referred to the smoother surface of ceramics compared to steel. Determination of the reactor

volume using the mean residence time, CAD and gravimetric data agreed well for the CSTR-cascades.

The micromixing performance was characterised with a mixing sensitive diazo coupling involving
1-naphthol and diazotised sulfanilic acid. Synthesis and purification of the reaction products was
not satisfying and prohibited a calibration. Therefore, literature data [2] was used for analysis.
The obtained results indicate that all designs show a better mixing performance than a standard
T-mixer which was used as benchmark. The size-scaled mixers show better mixing performance
for the smallest version. This is because at equal flow rates the flow velocity increases for smaller
channel diameters, which is beneficial for the mixing performance. The best mixing performance is
achieved with the sphere-mixer. The SAR-reactor and the CSTR-cascade show a comparable good
performance. Especially at low flow rates, the rotating stirrers increase the mixing performance
significantly. In general, the mixing performance increases with the rotational speed, but at higher
flow rates the flow velocity becomes the dominant mixing effect. Ceramics showed a slightly better
micromixing performance than steel, which is surprising but might be attributed to the smoother

surface.

To optimise the design of the CSTR-cascade v1, the type of fitting was changed from a conical shaped
to a flat bottom HPLC fitting for the optimised CSTR-cascade v2. This reduced the dead volume in
each vessel resulting in a better micromixing performance at low flow rates. A cooling shell was
designed to allow direct connection of the CSTR-cascade v2 to a thermostat. To provide enough

space for sensor probes, the vessels were designed higher.

For detailed reactor design the intrinsic kinetics without any heat or mass transfer limitations
are necessary. The designed mixers are well suited for kinetic measurements. A set-up for kinetic
measurements of a fast aerobic oxidation of Grignard reagents was designed. Pre-tests of the set-up
concerning tightness and solvent compatibility lead to problems. A steady state with constant
pressure and flow rate was not achieved for different solvents and process parameters. This is
attributed to a low compatibility of the solvent for the chosen model reaction with the HPLC pumps
and the complexity of the whole system. Without a steady state, measurements of the kinetic

properties are impossible.

Although further improvement is necessary, the objectives of this thesis were accomplished. All in
all, a method to characterise the micromixing performance of mixers was successfully implemented.
New, improved designs can be investigated and compared to optimise the geometry of active and
passive mixers. The use of stainless steel and ceramics offers the possibility of extreme process
conditions which were not accessible yet. The CSTR-cascade can be equipped with multiple analysis

tools to investigate reactions in more detail, providing data for effective reactor design.
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5.1 Equipment

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 optic fibres FC-UV400-1-FIA-SR and a Flow Cell-Z-10 from Avantes with 10 mm optical path
length.

Pumps

To ensure a constant flow rate with low pulsation, Landgraf Laborsysteme Spritzenpumpe LA-120,
equipped with HSW 50 mL(60 mL) Soft-Ject Luer syringes were used for RTD and mixing sensitive
reactions.

The set-up for kinetic measurements was equipped with two Knauer Azura P4.1S V6870 HPLC
pumps. Pump 1 had a 50 mL titanium pump head. Pump 2 had a 10 mL stainless steel pump head.

Laboratory Magnetic Stirrer

To set exact 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
O0RPM and 1400 RPM in steps of 10 RPM.

6-Port Injection Valve
For injection of RTD-tracer and the injection of Grignard reagent in kinetic measurements, a 6-Port
Medium Pressure Injection Valve V-450 from IDEX Health & Science LLC was used.

Mass Flow Controller

The oxygen stream for kinetic measurements was controlled with a mass flow controller from Vogtlin

instruments, type GSC-A9SA-DD21 with a range from O mLmin™! to 25 mL min™*.
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5.2 Preparation of Reagents

Buffer

222.2mmol (23.551 g) of Na,CO, and 222.2mmol (18.667 g) of NaHCO, were dissolved in 1L
deionised water. This resulted in a pH of 9.9 and an ionic strength of 888.8 mM. The buffer was used
to dissolve 1-naphthol for the mixing sensitive reactions. For spectrophotometric measurements the

buffer stock was diluted 141 with deionised water, resulting in an ionic strength of 444.4 mM.

Reagent A - 1-Naphthol Solution

A 1.2mM solution of 1-naphthol was preparred by dissolving 0.12 mmol (17.3mg) 1-naphthol in
100 mL carbonate/bicarbonate buffer (each 222.2 mM) at room temperature, under intense stirring
and exclusion of light. Dissolution took about one hour. This solution was prepared fresh every

morning before the experiments, stored cool and dark, thus excluding any decomposition [88, 96].

Reagent B - Diazotised Sulfanilic Acid

SOzH SOzH
N32003, Hzo
+ 1.06NaNO; + 2.08 HC|————— » cr
T<5°C, 15 min
NH, N&

Figure 5.1: Reaction scheme for the preparation of diazotatised sulfanilic acid according to [96].

Diazotised sulfanilic acid was prepared as a 10 mM stock solution. For experiments, the stock
solution was diluted 149 with deionised water, ensuring a 1 mM reaction solution B.

For the 10 mM stock, 0.5 mmol (53 mg) Na,CO, were dissolved in 30 mL water. 1 mmol (173.2 mg)
of sulfanilic acid was added and the solution was cooled in an ice bath. After dissolution, another
20 mL water and 1.05 mmol (72.4 mg) of sodium nitrite (NaNO,) were added and disolved, result-
ing in a pale yellow solution. 2.08 mmol (2.08 mL) of 1M hydrochloric acid were added dropwise
and stirred for 15 minutes, keeping the temperature below 5 °C. Excess of nitrite was destroyed by
addition of 0.05 mmol (4.9 mg) sulphamic acid and stirring for 10 minutes. The mixture was filled
up to a volume of 100 mL with water. This solution was prepared fresh every morning before the

experiments, stored cool and dark, thus excluding any decomposition [96].
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4-[(4-Sulfo-phenyl)azo]-1-naphthol (p-R)

SO3zH ethanol
+ — Ny
*Ny 60°C, 2h

SO3zH

Figure 5.2: Reaction scheme for synthesis of the para-R-product according to [2].

7 mmol sulfanilic acid were diazotised and dropwise added to 7 mmol (1 g) 1-naphthol, dissolved
in 5 mL ethanol. The mixture instantaneously turned dark brown-red and was heated up to 60 °C
for two hours. The mixture was cooled to room temperature within 4 hours to induce precipitation.
The dark red-green precipitate was seperated by filtration and rinsed with acetone. Purification
was done by triple recrystallisation from ethanol/water (50:50 v/v) [2, 105]. To achieve sufficient
purity, the dried product was rinsed multiple times with ethanol and water (50:50 v/v). TLC on
silica gel 60 Fy54 showed one spot at Ry = 0.8 under UV light, with ethyl acetate and methanol
as eluent (1.8:1 v/v) [90]. The product is obtained as the free acid with a molecular weight of
328.34gmol ™! [2, 90, 104]. Extinction coefficients are listed in the appendix (Table 9.14).

2-[(4-Sulfophenyl)azo]-1-naphthol (o-R)

| rt., 24h
NH, NS

SOzH SOzH
o 8 glacial acetic acid, H,O OH s
o + [EE— N
SO C "

Figure 5.3: Reaction scheme for synthesis of the ortho-R-product according to [2].

A suspension of 3.75mmol (773 mg) 4-hydrazino benzene sulphonic acid hemihydrate in 2 mL
deionised water was prepared. Another suspension of 3.75 mmol (593 mg) 1,2-naphthoquinone in
6 g glacial acetic acid was prepared and added to the first suspension, forming a dark red suspension.
The mixture was stirred for 24h at room temperature. Precipitated product was dissolved by
addition of approximately 1 mL water and unreacted reagents were seperated by filtration. The dye
was precipitated by addition of sodium chloride and filtered to remove water soluble impurities.
Purification was done by hot filtration and recrystallisation from water. Therefore the solid product
was dissolved in a minimum amount of hot water and filtered. The solution was slowly cooled to
room temperature, later in an ice bath. The solution was filtered and the solid was washed with
cold water [2, 90]. TLC on silica gel 60 F,5, showed one spot at Ry = 0.72 under UV light, with
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ethyl acetate and methanol as eluent (1.8:1 v/v) [90]. The product is obtained as the mono sodium
salt with a molecular weight of 350.33 gmol ™! [2, 90, 104]. Extinction coefficients are listed in the
appendix in Table 9.14.

5.3 UV/VIS Calibration of the Dyes

Calibration solutions of the dyes contained up to 0.05 mol m™ dye, in a carbonate/bicarbonate (each
111.1 mM) buffer with pH 9.9 and ionic strength of 444.4 mM at 25 °C. The absorption was measured

at wavelengths from 350 nm to 700 nm in steps of 2 nm. A baseline was measured with pure buffer.

5.4 Mixing Sensitive Reactions

Mixing reactions were performed with a 1.2 mM 1-naphthol solution in a carbonate/bicarbonate
buffer (pH 9.9, ionic strength 888.8 mM) (Solution A) and a 1 mM solution of diazotised sulfanilic
acid (Solution B). The experimental set-up is shown in Figure 3.9 and the reaction system in
Figure 2.18. Equal volumetric flow rates were achieved by the use of a syringe pump, containing
both solutions in separate syringes. The microfluidic devices and the pump were connected with
capillaries (1/16" OD, 0.03" ID) and standard HPLC fittings. After the microfluidic devices, the
product solution of each operation point was collected. About 1 mL was sampled and stored dark
until analysis. To reach a steady state, the system was flushed for at least three residence times
before taking a sample.

For experiments with the CSTR-cascade, the first vessel was connected with 1-naphthol and the

coupling reaction started in the second vessel, by addition of diazotised sulfanilic acid.

Evaluation of Mixing Sensitive Reactions

For UV/VIS-measurements, 0.5 mL of the product solution were diluted with 5 mL buffer (pH 9.9,
ionic strength 444.4 mM), to achieve a concentration in the measurable range of the Avantes flow
cell, being approximately 0.04 mM. In the AVASOFT software, the Integration Time’ was set to 5 ms
and ’Averaging’ was set to 500. Dark and light spectra were recorded with buffer (pH 9.9, ionic
strength 444.4 mM). The measured absorption was exported at wavelengths between 390 nm and
700 nm with intervals of 10 nm. The concentration of each dye was determined by measuring the

total absorption of the samples. The total absorption is given by [2]:
A=EPR'CPR'Z+EOR'C0R'Z+ES'Cs'l (5.1)

where ¢ is the molar extinction coefficient of a dye at a specific wavelength, c is the dye con-
centration and [ is optical path length. By knowing the extinction coefficients of all compo-
nents for each measured wavelength, it is possible to calculate each concentration using stan-

dard-multi-parameter-regression with least square fitting method. This was done using a MATLAB
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code which is given in the appendix (Section 9.7). Equation 5.1 can be applied, if Lambert-Beer
law is valid. This is the case for independently absorbing components and absorption in the range
between 0.1 and 1 [96].

Due to overlapping of the absoprtion spectra, UV/VIS-analyses gives inadequate resolution between
the monoazo dyes (p-R, o-R). Bourne et al. [2] proved with HPLC analysis that the sum of monoazo

dyes can be determined correctly with spectrophotometric analysis.

5.5 Residence Time Distribution

A syringe pump was equipped with two syringes, containing either solvent or tracer. A connected
6-port injection valve enabled the injection of tracer into the microfluidic device, which was detected
with an inline UV/VIS flow cell at the outlet of the reactor. Solvent was a mixture of 12wt%
ethanol in water. As tracer 0.006v% anisole in before mentioned solvent was used. A baseline
correction was done by measurement of the absorption, at wavelengths where anisole does not
absorb light (500 nm-506 nm). In AVASOFT the 'Integration Time’ was set to 1.05 ms and ’Averaging’
was set to 500. Values were saved every 400 ms. The set-up is shown in Figure 3.5. To perform
either a step input or a pulse input, the injection valve needs to be connected properly as shown
in Figure 5.4. For the step input the reactor input was switched from zero tracer to a constant
concentration of tracer.

The SAR-reactor was connected with one inlet, while the other one was blocked. The 6-port
injection valve was connected with the first vessel of the CSTR-cascade with a 3 cm long steel
capillary with 1/16" OD and 0.03" ID.

Step Input Pulse Input
W S

LOAD LOAD

3 2
> <_R.

4 1

5 6
W X N T
W S
INJECT

>3 zé
R
4 1i—>
5 6
w T

Figure 5.4: Switch positions of the 6-port injection valve. A step input switches from no tracer to a

INJECT

constant concentration of tracer. With a sample loop, a defined amount of tracer is injected, called a
pulse input. (S) Solvent, (T) Tracer, (R) Reactor, (W) Waste.
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9 Appendix

9.1 Abbreviations and Symbols

Abbreviations

2D Two dimensional

3D Three dimensional

API Active pharmaceutical ingredient

BPR Back pressure regulator

CAD Computer aided design

CFD Computational fluid dynamics

CSTR Continuous stirred-tank reactor

Cw Clockwise

CCwW Counter-clockwise

FDA Food and drug administration

FEP Fluorinated ethylene propylene

GC-MS Gas chromatography - mass spectroscopy
HPLC High performance liquid chromatography
ID Inner diameter

LCM Lithography-based ceramic manufacturing
MFC Mass flow controller

MRS Microreaction systems

u-LIF Micro laser induced fluorescence

NPW Novel process windows

o-R Ortho-isomer of diazo coupling

OD Outer diameter

p-R Para-isomer of diazo coupling

PAT Process analytical technology

PEEK Polyether ether ketone

PFA Perfluoroalkoxy alkane

PTFA Polytetrafluoroethylene

PDMS  Polydimethylsiloxane
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RPM
RTD

SAR
SLM
SLS
Sop
THF
TLC
UV/VIS

Nstirrer
Ap

P

Pe

Rounds per minute

Residence time distributions
Bisazo product of diazo coupling
Split-and-recombine

Selective laser melting

Selective laser sintering
Standard operating procedure
Tetrahydrofuran

Thin layer chromatography

Ultraviolet-visible

Cross-sectional area, [m?]
Absorption, [—]
Bodenstein number, [—]

Concentration, [molm—]

Reaction rate constant, [(mol/m3)! =" .s71]

Channel diameter, [m]
Stirrer diameter, [m]
Hydraulic diameter, [m]
Damkoehler number i, [—]
Axial dispersion coefficient, [m? s~ ]
Diffusion coefficient, [m?s™']
Heat of reaction, [Jmol ']
Energy, [J]

Exit age function, [s™']
Cumulative age function, [—]
Planck’s constant, [Js]
Intensity, [Wm™2]

Optical path length, [m]
Channel length, [m]
Characteristic length, [m]
Mass balance, [%]

Order of reaction, [—]
Rotational speed, [s™!]
Pressure drop, [Pa]
Perimeter, [m]

Peclét number, [—]
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Q Volumetric flow rate, [m3s™!]

Re Reynolds number, [—]

t Time, [s]

tm Mixing time, [s]

t, Reaction time, [s]

tres Mean residence time, [s]

AT, Fluid-to-wall temperature difference, [K]
u Flow velocity, [ms™!]

U, Overall heat transfer coefficient, [Wm 2 K™!]
1% Volume, [m?]

Vi Reactor volume, [m?]

Y Yield of S-Product, [—]

Greek symbols

€; Molar extinction coefficient, [m? mol™']
Ediss Energy dissipation rate, [Wkg ']

N Dynamic viscosity, [Pas]

0 Dimensionless time, [—]

A Wavelength, [nm]

As Channel friction factor, [—]

v Frequency, [s~']

v Kinematic viscosity, [m?s™1]

o Density, [kgm™]

of Variance, [s%]

9.2 Substance Data

Table 9.2: Substance data of the used solvents. Unless otherwise stated the temperature is 25°C.

Substance Parameter Value and unit
Density 997.1kgm™ [106]
Water
Dynamic viscosity 0.894 mPas [106]
Ethanol:Water Density 980.8kgm™ [106]
12:88 wt% Dynamic viscosity 1.388 mPas [107]
Density 849.5kgm > [108]

2-methyl-THF o i
Dynamic viscosity at 0 °C 0.592mPas
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9.3 Results Residence Time Distribution

Table 9.3: RTD results of the SAR-reactor.

Step up Step down
Flow rate Re(channel) Bo tres Bo tres
mLmin~" [—] -1 =1 [-]1 [-]
0.5 9.4 52.9 45 50 50
0.8 15 61.2 304 61.6 30.3
1.7 31.9 71.8 15.1 799 15.7
2.77 51.9 84.2 11 107.7 119
3.7 69.4 100.6 8.7 104 8.8
Table 9.4: RTD results of the stainless steel CSTR-cascade.
Step up Step down
Flow rate Re(channel) Rotational speed Re(stirrer) Bo tres BO  th
[mLmin~"] [—] [RPM]] [—] (-] [s] [-] [s]
0.5 9.4 0 0.0 15.6 343 10.1 10.1
0.5 9.4 560 38.0 16.7 274 10 27.4
0.5 9.4 1110 75.3 17.9 348 152 32
0.8 15.0 0 0.0 16.6 23.2 104 20.8
0.8 15.0 560 38.0 146 214 424 474
0.8 15.0 790 53.6 19 241 164 24.1
0.8 15.0 1110 75.3 17 206 11.3 17.2
0.8 15.0 1500 101.8 14.6 21.3 11.5 18.7
1.7 31.9 0 0.0 12.31 12.3 15.2 13.2
1.7 31.9 560 38.0 19.85 11 15.6 10.2
1.7 31.9 790 53.6 15.06 10.3 10.1 11.1
1.7 31.9 1110 75.3 24.63 108 153 11
1.7 31.9 1500 101.8 26.85 10 16.4 10.5
2.77 51.9 0 0.0 20.05 7.8 18.3 18.3
2.77 51.9 560 38.0 23.72 7.7 21.7 7.4
2.77 51.9 790 53.6 17.47 7.7 12 6.5
2.77 51.9 1110 75.3 17.7 84 129 75
2.77 51.9 1500 101.8 37.67 69 123 7.2
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Table 9.5: RTD results of the ceramic CSTR-cascade.

Step up Step down
Flow rate Re(channel) Rotational speed Re(stirrer) Bo tres BO  tp
[mLmin~"] [—] [RPM]] [—] (-] [s] [-] [s]
0.25 4.7 0 0.0 20.5 56.7 11.2 599
0.25 4.7 790 53.6 145 556 13 584
0.25 4.7 1500 101.8 145 531 93 57
0.5 9.4 0 0.0 15.1 286 155 30
0.5 9.4 560 38.0 134 29.6 11.7 27.1
0.5 9.4 790 53.6 188 29.5 119 27.1
0.5 9.4 1100 74.6 23.3 28,5 8.2 269
0.5 9.4 1500 101.8 8.6 319 121 29.1
0.8 15 0 0.0 254 21.7 23.6 223
0.8 15 560 38.0 239 19.1 18 184
0.8 15 790 53.6 283 19.6 183 17.7
0.8 15 1110 75.3 246 16.6 18.8 17.8
0.8 15 1500 101.8 216 19 187 17
1.7 31.9 0 0.0 29.08 10.7 179 11.1
1.7 31.9 560 38.0 18.93 104 26.3 11.3
1.7 31.9 790 53.6 14.89 11.2 28.5 10.4
1.7 31.9 1110 75.3 2554 9.7 214 10
1.7 31.9 1500 101.8 41.84 99 17.2 9.2
2.77 51.9 0 0.0 2187 73 17.1 6.4
2.77 51.9 560 38.0 28.31 85 21.8 8
2.77 51.9 790 53.6 3197 10 234 9.2
2.77 51.9 1110 75.3 29.08 98 276 99
2.77 51.9 1500 101.8 33.35 10 25.5 9
3.7 69.4 0 0.0 29.18 64 189 538
3.7 69.4 560 38.0 44.32 8 269 79
3.7 69.4 790 53.6 2735 8.8 269 9
3.7 69.4 1110 75.3 30.81 7.2 298 8.4
3.7 69.4 1500 101.8 28.51 8 25 8.4
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9.4 Results Mixing Sensitive Reactions

Table 9.6: Results of mixing sensitive reactions of the size-scaled-mixers.

Small Medium Large

Flow rate Re Ys MB Re Ys MB Re Ys MB

[mLmin™'] | [-] (-] [%] | [-] (-1 [%] | [-] [-]  [%]
0.1 4.1 0.5092 14.2 2.6 0.5413 24.2 1.9 0.5281 324
0.4 16.6 0.4982 249 | 10.4 0.5221 15.1 7.8 0.5255 23
1.0 41.5 0.3562 3.31 25.9 0.4885 4.16 19.5 0.4889 125
2.0 829 0.1568 -0.38 | 51.9 0.2274 -5.2 | 38.9 04326 7.8
4.0 165.9 0.0568 -1.97 | 103.8 0.1874 -6.63 | 77.8 0.2542 1.35
8.0 414.6 0.0215 3.32 | 259.4 0.0701 1.79 | 1945 0.0886 -1.9
16.0 663.4 0.0177 4.84 | 415.0 0.0425 2 311.3 0.0666 -1.13

Table 9.7: Results of mixing sensitive reactions of sphere-mixer, SAR-reactor and T-mixer.

Sphere-mixer | SAR-reactor T-mixer
Flow rate Re Y MB Ys MB Y MB
[mLmin™'] [-] [ [%] | [-] [%]| [-] [%]
0.04 1.2 | 0.5004 17.5| 057 38.4 | 0.6945 15.7
0.1 0.495 15.2 | 0.5504 20.7 | 0.6839 16.0
0.4 11.9 | 0.4503 9.8 | 0.5019 15.6 | 0.5201 -5.3
1.0 29.7 | 0.3153 5.03 | 0.3235 5.8 | 0.5309 -5.9
1.7 52 - - 0.1368 -1.9 - -
2.0 59.4 | 0.1556 5.4 | 0.1558 3.5 | 0.5113 -7.6
4.0 118.9 | 0.0723 4.9 | 0.0893 1.3 | 0.3316 3.7
10.0 297.2 | 0.0126 2.04 | 0.0559 1.8 | 0.1516 -1.5
16.0 475.5 0 1.54 | 0.041 6.6 | 0.1013 -1.4
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Table 9.8: Results of mixing sensitive reactions of CSTR-cascade v1 made of stainless steel and ceramics.

1

The stirrers turned clockwise and the flow rate was 1.7 mL min~* resulting in Re(channel) = 52.

Stainless steel Ceramics
Rotational speed Re(stirrer) Ys MB Ys MB
[RPM] [—] (-]  [%] (-] [%]
0 0 0.2226 -0.54 | 0.2466 3.5
100 10.8 0.1767 2.65 | 0.1723 -6.2
200 21.5 0.1526 2.87 | 0.1257 0.28
250 26.9 0.1496 2.33 | 0.1047 0.27
300 32.3 0.1306 2.01 | 0.1114 -0.92
350 37.6 0.1241 2.13 | 0.1099 -0.41
400 43 0.1309 1.9 | 0.1207 -0.78
500 53.8 0.1431 1.72 | 0.1148 -0.25
600 64.5 0.1334 2.08 | 0.1018 -0.71
700 75.3 0.1209 2.01 | 0.1081 -1.1
800 86 0.1056 1.54 | 0.1077 -1.1
900 96.8 0.1001 0.67 | 0.1059 -1.4
1000 107.5 0.0887 0.63 | 0.0951 -0.72
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Table 9.9: Results of mixing sensitive reactions of CSTR-cascade vl made of stainless steel. The stirrers

turned in clockwise direction.

Flow rate [mL min™!] 0.4 1.0 1.7 4.0
Reynolds number [—] 11.9 29.7 50.5 118.9
Rotational speed Re(stirrer) Ys MB Ys MB Ys MB Ys MB
[RPM] [—] -] (%] | [-] [%]| [-]1 [%] | [-] [%]
0 0 0.487 14.4 | 0.279 8.3 | 0.223 -0.54 | 0.089 -0.8
100 10.8 0.450 9.4 | 0.200 8.8 | 0.177 2.65 | 0.087 -1
150 21.5 0426 6.8 |0.183 84 |0.153 2.87 | 0.083 -2.2
200 26.9 0393 58 |0.172 7.1 | 0.150 2.33 | 0.067 -0.8
250 32.3 0.377 4.8 | 0.158 8.2 | 0.131 2.01 | 0.078 -1.6
300 37.6 0.392 55 |0.161 10.3 | 0.124 2.13 | 0.075 -1.7
350 37.6 0.408 5.7 | 0.164 4.1 - - 0.047 -2.9
400 43 0.400 0.3 | 0.166 597 |0.131 19 | 0.070 -0.5
500 53.8 0.416 6 0.140 6.7 | 0.143 1.72 | 0.069 -1.3
600 64.5 0.397 6 0.152 10.3 | 0.133 2.08 | 0.054 -2.3
700 75.3 0.418 6 0.139 0.91 | 0.121 2.01 | 0.051 -2.2
800 86 0.381 7.5 |0.145 53 | 0.106 1.54 | 0.092 -5.96
900 96.8 0.381 5.8 | 0.112 53 | 0.100 0.67 | 0.061 ~-1.1
1000 107.5 0.377 5.8 | 0.094 3.1 |0.089 0.63 | 0.065 -1.6

Table 9.10: Results of mixing sensitive reactions of CSTR-cascade vl made of stainless steel. The stirrers

turned in counter-clockwise direction.

Flow rate [mLmin—!] 0.4 1.7

Reynolds number [—] 11.9 50.5
Rotational speed Re(stirrer) Ys MB Ys MB
[RPM] [—] (-] (%] | [-] [%]
0 0.0 0.420 14.6 | 0.252 3.8
100 10.8 0.372 15.5 | 0.169 1.9
250 26.9 0.357 99 | 0.139 0.7
375 40.3 0.328 13.2 | 0.162 1.8
500 53.8 0.332 10.6 | 0.157 1.4
625 67.2 0.273 8.2 | 0.149 23
750 80.7 0.268 11.5| 0.129 1.8
1000 107.5 0.307 11.5| 0.155 0.9
1400 150.6 0.262 6.5 | 0.145 1.2
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Table 9.11: Results of mixing sensitive reactions of CSTR-cascade vl made of ceramics. The stirrers

turned in clockwise direction.

Rotational speed [RPM] 0 500 1000
Re(stirrer) [—] 0 53.8 107.5
Flow rate Re(channel) | Y¢ MB Ys MB Ys MB
[mLmin~"] [—] (-] [%] | [-] [%] [-]  [%]
0.2 5.9 0.5 16.9 | 0.306 -6.23 | 0.1905 -1.59
0.4 11.9 0.4 13.6 | 0.258 0.299 | 0.2076 -0.18
1 29.7 0.3 -0.51 | 0.204 -8.97 | 0.1306 -4.16
1.7 50.5 0.2 4.36 | 0.143 -3.4 | 0.0887 -3.2
2 59.4 0.1 -3.73 | 0.107 -3.15 | 0.1036 -4.42
118.9 0.1 -8.23 | 0.153 -17.8 | 0.1092 -6.59
8 237.7 0.1 -6.61 | 0.035 -3.36 | 0.0471 -7.84
16 475.5 0.0 -6.24 | 0.018 -5.64 | 0.0181 -6.14

Table 9.12: Results of mixing sensitive reactions of the obtimised CSTR-cascade v2 made of stainless

steel with flow rate 1.7 mL min™! resulting in Re(channel) = 52. The stirrers turned in clockwise direction.

Rotational speed Re(stirrer) Ys MB
[RPM] [—] (-] [%]
0 0.0 0.1558 5.8
100 10.8 0.1620 3.1
200 21.5 0.1121 2.7
250 26.9 0.1184 5.5
300 32.3 0.1450 6
350 37.6 0.1128 5.6
400 43.0 0.1319 7.8
500 53.8 0.1148 5.6
600 64.5 0.1302 4.2
700 75.3 0.1358 6.6
800 86.0 0.1229 7.5
900 96.8 0.1377 1.5
1000 107.5 0.1137 2.1
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9.5 List of Chemicals

Table 9.13: List of used chemicals and solvents.
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9.6 SOP-Residence Time Distribution

As shown in figure 3.5 syringe pump, 6-port injection valve, microfluidic device and Avantes flow

cell are connected to each other using capillaries (1/16" OD, 0.03" ID) and corresponding fittings.

Keep the distance between valve, microfluidic device and flow cell as short as possible to reduce

falsification of results. An exact connection scheme of the 6-port injection valve is shown in figure 5.4.

In AVASOFT the 'Integration Time’ was set to 1.05 ms and ’Averaging’ was set to 500.

1.

10.

11.

12.

13.

14.

15.

Turn on the Avantes station and the deuterium lamp (blue toggle switch) and let it warm up

for 15 min.

Flush the flow cell with the used solvent.

. Turn on the shutter (red toggle switch) and start the measurement (start/stop button).

Take a light reference of the used solvent (white light bulb).
Turn off the shutter (red toggle switch) and take a dark reference (dark light bulb).

Turn on the shutter and stop the measurement (start/stop button).

. Press the 'Time Series’ button to add a continuous measurement. Add another 'Time Series’ to

perform a baseline correction.

. Set the method of one tab as ansiole measurement with absorption measurement between

268 nm and 274 nm.

Set the method of the second tab as baseline correction with absorption measurement between
500 nm and 506 nm.

Set the time steps of the data export to EXCEL, depending on residence time of your device.
Start the measurement (start/stop button).

When the signal of the solvent is constant, switch the valve to “Inject” at a defined time to

introduce the tracer.

When the signal of the tracer is constant switch the valve back to the “Load” position to

perform a step-down signal.

Clean the flow cell with deionised water and ethanol and turn off the deuterium lamp (blue

toggle switch).

Turn off the Avantes station after 15 min.

The exported data gives an EXCEL sheet with absorption data of the two wavelength ranges at

specific times.
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9.7 SOP-Mixing Sensitive Reaction

After preparation of all solutions, connect the syringe pump with the microfluidic device as illustrated

in figure 3.9. Heat the water bath to 25 °C and place the microfluidic device in it. After setting the

desired flow rate, the microfluidic device is flushed for at least three residence times to reach a

steady state. Afterwards 1 mL is sampled and stored dark.

In AVASOFT the 'Integration Time’ was set to 5 ms and ’Averaging’ was set to 500.

1.

10.

11.

12.

Turn on the Avantes station and the deuterium lamp (blue toggle switch) and let it warm up

for 15 min.

. Set the data export wavelength between 390 nm and 700 nm in steps of 10 nm.

. Flush the flow cell with buffer solution (ionic strength 444.4 mM).

Turn on the shutter (red toggle switch) and start the measurement (start/stop button).

. Take a light reference of the buffer (white light bulb).

. Turn off the shutter (red toggle switch) and take a dark reference (dark light bulb).

. Turn on the shutter and stop the measurement (start/stop button).

. Start the measurement (start/stop button) and switch to the absorption mode (A) in AVASOFT.

. Suck the sample through the flow cell using a syringe.

Press ’file’-’export’~’ASCII’ to store the data in a .txt-file.

Clean the flow cell with deionised water and ethanol and turn off the deuterium lamp (blue

toggle switch).

Turn off the Avantes station after 15 min.

The exported .txt-files are adapted to be used with the MATLAB code:

* Remove the header and every blank space.

* Convert every comma into a dot ;" — °.)).

* Convert every semicolon into blank space (; —

79

The MATLAB code and the .txt-files are saved in the same folder so Matlab can import the files.
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MATLAB code

daten = dir( it ); % loads every .txt file within this folder
numfiles = numel(daten); %number of files loaded

flow=[0.5 1]; %flowvector - flows QA+QB [mL/min]

¢c_B=10%*9.987/99.763/2 %concentration of sulfanilic acid for Mass Balance
f_dilution=[5.5397/0.4912 5.5243/0.4841]; %(dilution factor
mass(buffer+sample)/mass(sample)

absorption = nan((700-390)/10+1,numfiles); % absortpion matrix is generated
Massenbilanz = nan(1, numfiles); % mass balance matrix is generated

YS = nan(size(Massenbilanz)); %Yield Ys Matrix is generated

1=0.01; %optical path length of flow cell [m]

ext_coeff=[277.6 400.6 654.7;411.2 395.5 761.3;588. 7 463.6 972.2;794.2
576.6 1246.9;1009.6 722.5 1544.1;1227.8 901.8 1830. 4;1456.9 1110.6
2074.9;1717.1 1345.8 2245.5;2025.7 1611.5 2318.7;23 82.11892.3
2311.7;2728.4 2140.4 2246.2;3009.6 2317.9 2157.5;31 58.5 2381.6
2116.9;3140.3 2308.0 2175.0;2959.1 2108.3 2311.4;26 18.4 1809.4
2467.4;2133.5 1431.3 2590.4;1583.6 1018.4 2647.4;10 57.6 638.6 2618.8;609.6
343.8 2486.1;302.7 166.1 2259.7;130.2 74.8 1964.2;5 4.1 35.31618.4;23.2
15.7 1265.7;11.6 8.7 936.1;7.9 6.6 652.1;4.7 4.2 42 8.7;4.44.2271.9;4.1
4.4191.2;2.52.7 89.1;2.2 2.8 48.9;1.6 2.1 28.3].* I;  %epsilon[m”2/mol] *
optical path length[m]; For every wavelength betwee n 390nm and 700 nm a

extinction coefficient for p-R, 0-R and S is listed

Ib=[0;0;0]; %Ilower boundary for concentration
ub=[1;1;1]; %upper boundary for concentration
options=optimoptions( Isglin’ , "Algorithm’ , 'interior-
point'" , 'Display’ , iter’ ); %optional
figure
hold on
xlabel(  'Flow [mL/min]' )
ylabel( 'XS' )
for k=1:numfiles
currentfile = daten(k); %loads each file after each other
currentdata = load(currentfile.name); %loads data into file
absorption(;, k) = currentdata(:, 5); % saves data from column 5 in
.txt file into absorption matrix
d = currentdata(:, 5); %saves data into d vector
¢ =f_dilution.*Isglin(ext_coeff,d,[],[1,0.0, Ib,ub,[],options); %
performs linear regression with least square method and calculates
concentration of p-R, o-Rand S
Massenbilanz(k) = (c_B-c(1)-c(2)-2*c(3))/c_B*10 0; %massbalance (cB-cp-
cO-cS)/cB
XS(k)=2*c(3)/(c(1)+c(2)+2*c(3));
plot(flow, XS, "' ) %plots the YS of each file over the set flows.
end
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Table 9.14: Extinction coefficients for p-R, o-R and S product at the investigated wavelengths. Data
obtained from Bourne et al. [2] at 25°C, pH 9.9, I =444 4 mol L1,

Wavelength Extinction coefficients

[nm] [m?mol™!]

para-isomer (p-R) ortho-isomer (0-R) S-product

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 2308.0 2175.0
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

93



	Contents
	1 Introduction
	2 Theoretical Background
	2.1 Continuous Processes
	2.2 Microreaction Systems
	2.2.1 Design of Microreaction Systems
	2.2.2 Increasing the Production Capacity

	2.3 Fabrication of Microfluidic Devices
	2.3.1 Polydimethylsiloxane - Soft Lithography
	2.3.2 Additive Manufacturing - 3D printing
	2.3.3 Stainless Steel - Selective Laser Melting (SLM)
	2.3.4 Ceramics - Lithography-Based Ceramic Manufacturing (LCM)

	2.4 Mixing in Microfluidic Devices
	2.4.1 Passive Mixing Principles
	2.4.2 Active Mixing Principles

	2.5 Characterisation of Mixing
	2.5.1 Residence Time Distribution (RTD)
	2.5.2 Mixing Sensitive Reactions

	2.6 Model Reaction - Aerobic Oxidation of Grignard Reagents
	2.7 UV/VIS Spectroscopy

	3 Results and Discussion
	3.1 Description of the 3D printed Microfluidic Devices
	3.2 Macromixing - Residence Time Distribution
	3.2.1 Split-and-Recombine-Reactor
	3.2.2 CSTR-Cascade v1

	3.3 Micromixing - Mixing Sensitive Reactions
	3.3.1 Calibration of the Dyes
	3.3.2 Passive Mixers
	3.3.3 Active Mixers - CSTR-Cascade

	3.4 Material Influence on the Mixing Performance
	3.5 Optimisation Approaches of the CSTR-Cascade v1
	3.6 Kinetic Measurements in Flow

	4 Conclusion and Outlook
	5 Experimental
	5.1 Equipment
	5.2 Preparation of Reagents
	5.3 UV/VIS Calibration of the Dyes
	5.4 Mixing Sensitive Reactions
	5.5 Residence Time Distribution

	6 References
	7 List of Figures
	8 List of Tables
	9 Appendix
	9.1 Abbreviations and Symbols
	9.2 Substance Data
	9.3 Results Residence Time Distribution
	9.4 Results Mixing Sensitive Reactions
	9.5 List of Chemicals
	9.6 SOP-Residence Time Distribution
	9.7 SOP-Mixing Sensitive Reaction


