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Summary

Integration of microwave heating with continuously operated

milli-reactors for fine chemical synthesis

Major efforts in the research field of microwave assisted organic synthesis have
demonstrated the specific benefits associated with the use of microwave irradiation
such as selective and rapid heating of the reaction mixture. In many case studies,
these benefits eventually lead to a significant enhancement in the production rates.
Therefore, microwave assisted flow synthesis can be an interesting alternative for
fine chemical production in conventionally heated batch reactors. However,
realization of microwave assisted flow synthesis at kilogram scale requires a proper
design of tubular reactors integrated with the microwave heating source, i.e. the
cavity. The design of these reactors should primarily be able to overcome the
limitations by the penetration depth of the microwaves, i.e. ~0.013 m. Moreover,
operation based on microwave heating should allow accurate temperature control
by precise tuning and quantification of the microwave energy distribution.
Therefore, being case specific, design efforts are necessary for the microwave setup
as well as for the reactor configuration.

Heating in monomode microwave equipment is energy efficient and fast in
comparison to heating in multimode microwave equipment. State-of-the-art
microwave cavities, however, lack in providing important functionalities, such as a
predictable electric field pattern, tuning facility, detailed energy distribution and
possibilities for modular scale-up. A waveguide type monomode microwave cavity
in combination with the short circuit, stub tuners, and isolators can provide the
aforementioned functionalities for continuously operated reactors. This type of
microwave setup allows an accurate elaboration of energy balances for efficient and
uniform heating. Additionally the use of multiple cavities connected to a single

microwave generator via a main waveguide permits modular scale-up.
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The dielectric properties (i.e. dielectric constant and dielectric loss) of a microwave
absorbing load (e.g. reaction mixture/solvent) are significantly dependent on
temperature. As a consequence, microwave absorption, which involves interaction
of the electromagnetic field with the applied load, is a recurring process. Therefore,
detailed understanding of the dielectric property change with temperature is a
prerequisite for a proper design of the load to be used under stop-flow (batch) and
continuous-flow conditions. For stop-flow conditions, the highest heating
efficiency (70 %) is observed for a load diameter equal to and larger than half of the
wavelength of the microwaves in the liquid medium. For continuous-flow
conditions, the heating efficiency increases linearly with the load diameter.
However, microwave leakage above the propagation diameter (i.e. half wavelength)
limits further increase of the load diameter in continuous operation.

The high energy intensity of the focused electromagnetic field in case of waveguide
type microwave cavities makes an efficient and controlled continuous operation
difficult, especially when a strong microwave absorbing load (e.g. ethanol) is
present. In cases, such as the reaction of ethanol and acetic acid to produce ethyl
acetate over a strong acid ion-exchange resin, a milli reactor-heat exchanger
combination with a co-current flow of a microwave transparent solvent (coolant)
can be a solution. Here, rapid volumetric heating to the reaction temperature can be
achieved by microwaves before the reaction mixture enters into the catalyst bed.
Additionally, the coolant not only limits overheating of the reaction mixture but
also permits heat integration, resulting in extended reactor lengths and efficient
heating (i.e. 96 %). However, stagnancy in the flow of the microwave absorbing
load results in a poor convective heat transport. As a consequence, stagnant layer
formation caused either by any insertion (of system components, such as fiber optic
sensors) or at the reactor walls, yields higher temperatures and lower microwave
energy dissipation regions.

One of the promising approaches for scaling microwave assisted flow synthesis is
numbering up. The numbering up approach is based on parallelization of tubular
structured reactors with a channel diameter in the millimeter range. The

performance of such a configuration is evaluated by a multi-tubular milli-
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reactor/heat exchanger system with a thin Cu film on the inner walls of the reactor
tubes. The thin Cu film provides uniform microwave absorption and it improves the
production rate by acting as a heated catalytically active surface, as demonstrated in
the synthesis of 1,3-diphenyl-2-propynyl-piperidine from benzaldehyde, piperidine,
and phenylacetylene. Controlled selective heating of the thin Cu film is achievable
by using a counter-current flow of a microwave transparent coolant (toluene). The
coolant flow avoids Cu burning and reduces leaching, consequently improving the
steady state catalytic performance of the Cu coated reactor tubes. Higher
temperatures, i.e. at least 100 K higher than the bulk liquid, are achievable at the
locus of the reaction, i.e. the catalyst surface, purely due to selective microwave
heating.

Another approach to realize higher production rates is utilization of multiple
microwave cavities in series. In this approach, the process stream is taken from one
cavity to the next where the process efficiency is well optimized over each
consecutive cavity. Transient operation through each optimized cavity and
utilization of multiple cavities in series increases conversion and consequently
results in higher production rate. Additionally, known kinetics allows estimation of
the production rate for each additional cavity in the series. This approach of scale-
up is possible at minimized grid to applicator losses by connecting multiple cavities
to a single microwave generator via a main waveguide.

Scale-up approaches based on parallelization of tubular structured reactors as well
as on utilization of multiple microwave cavities in series were found to be
successful. Application of microwaves as a process intensification tool, especially
in the case of organic synthesis, is very attractive for liquid-solid reactions, where

the solid is the selectively (microwave) heated catalyst.






Introduction

1.1 Microwave heating; a process intensification tool

Field interaction with materials is a vast area of science and engineering. A large
number of applications such as communications,' remote sensing,>* navigation,”®
power/heating,” and spectroscopy,®” operate in a relatively small, but important,
part of the electromagnetic spectrum between 300 MHz to 300 GHz corresponding
to wavelengths of 1 m to 1 mm, respectively (Figure 1.1)."° This part of the
spectrum is referred to as microwave part. The commonly used frequency for
heating is 2.45 GHz.!" At this microwave frequency the electromagnetic waves can
induce molecular rotations (Figure 1.1). However, other frequencies are explored

more regularly nowadays.'?

Q
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Figure 1.1: The electromagnetic spectrum. Wavelength, frequency and corresponding
energies

Knowledge of field-material interactions is critical to the design of the high-

frequency applicators, because the electrical properties of the material of interest is
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a part of the device’ functioning and process control. This part is a unique feature of
these devices, which sets them apart from conventional heating devices. For
example, in the design of a conventional furnace, it is of little importance what
material is to be heated, but the dielectric properties of a material being processed
by a microwave applicator are of great importance in the design of the devise.

In liquids, the electric component of the electromagnetic field causes heating by
two possible mechanisms, i.e. dipolar polarization and/or ionic conduction (Figure
1.2).'%1 Existing or induced dipoles and/or ions try to orient themselves in the
direction of the electric field vector of the microwaves. However, the time constant
for electric field oscillations is much smaller than the time constant for molecular or
ionic orientation in the field direction. This difference in time constants leads to

repetitive movement and results ultimately in heating via friction.

Dipole rotation @ N\

Movement
= \
‘f\_/ Friction
\
Tonic translation 4] g:) I Heating

Figure 1.2: Microwave heating mechanisms

The extent of coupling and the conversion of electromagnetic energy into heat
depends on the permittivity of the medium (e = &' — j&"), having real and imaginary
parts which are also referred to as the dielectric constant (¢') and the dielectric loss
("), respectively. &' is a measure of the interaction of the electric field with the
medium, while ¢" is a measure for the dissipation of this interaction energy into
heat. ¢ as well as €" are a strong function of temperature. The ratio of &" to ¢, also
called the loss tangent (tand = ¢"/¢’), demonstrates the ability of any liquid to
convert microwave energy into heat. In general, organic solvents can be classified
based on this ability as high (tan § > 0.5), medium (tan § = 0.1 — 0.5), and low
(tan § < 0.1) microwave absorbing fluids."* Heating at the molecular level, i.e.
volumetric heating, makes microwaves a desirable option for organic synthesis.
However, microwaves have a limited penetration depth (Dp) and it depends on the

dielectric properties of a solvent (Dp = AWe'/2 me"). The penetration depth, at 2.45
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GHz, is in the order of millimeters for organic solvents, e.g. at room temperature it
is 13 mm for water. The energy gets depleted to 1/3 of its capacity over a single
penetration depth (P(Dp)/P(0) = 1/e = 0.37), thus jeopardizing the basic benefit of
volumetric heating.

Microwave cavities can be of many shapes and forms, and in essence they are voids
that are enclosed by high conductivity metal walls or grids.'”'"'* The main
frequency coupled into the cavity will set up standing waves only if the frequency
matches one of natural resonant frequencies of the cavity. Each natural resonant
frequency represents a “mode”, with its own field configuration. In a single mode
cavity, the material under processing (load) is preferably placed in locations of
highest field intensity node for the mode of interest. This is in contrast to
multimode cavities, where the placement of the load is random, and interacts with
nodes of multiple resonance modes. The addition of a material load to a cavity
modifies the field configuration to varying degrees depending on the size and
material properties of the load. Furthermore the field can be disturbed due to the
openings in the cavity for loading the material (reactor). Waveguide-based cavity
applicators are important, particularly in laboratory research of chemical synthesis,
because they can be conveniently manufactured in a rectangular shape and shorted
at one end using a short-plunger, and fed from the other side through a microwave

iris. >

1.2 Microwave assisted organic synthesis

Since its first application in 1986 by Gedye'® and Giguere'’, microwave heating is
becoming a popular method for synthetic organic chemists day by day. There are

141821 and books'*""**?* demonstrating the

many examples in a number of reviews
benefits associated with the use of microwave heating. Most of the examples report
a reduction in reaction times due to selective and/or rapid heating, resulting in a
considerable increase in production rates as compared with conventionally heated
systems. Although this fetched a lot of attention towards replacing the
conventional, i.e. oil bath, heating methodology, it also brought up claims of

specific (non-thermal) microwave effects.” These specific microwave effects later
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on faded away after interdisciplinary research, providing a proper understanding of
microwave heating."? Additionally, accurate temperature measurements allowed a
proper and reliable comparison of conventional heating with microwave heating.**
* For limited scales, it can also be said that batch synthesis is useful only to get
preliminary evidence of microwave heating (thermal) benefits unless production is
limited to laboratory scales.

Several authors presented their continuously operating microwave integrated
reactor setups for performing a diversity of chemical reactions.”®*® They reported

31-33

an increase in yield,® the presence of hot spots, an increase of the reaction

23640 and specific designs for optimal

rate,”* efficiency of microwave heating,
continuous operations.”’ > Most of the articles discovered the enhancement in
reaction rate or yields due to selective nature of microwave heating. However
several of these articles described indirect methods for temperature measurements
such as infrared detectors.>’ ™ This limited the quantification and control of
microwave heating benefits without direct temperature measurement by fiber optic
sensors.”> >

The efficiency of microwave heating, raised as an important issue for scaling up,
was investigated by several authors.”~%* They reported that the efficiency of
microwave heating is better for the monomode type microwaves than for the
conventional multimode type relatively large microwave cavities. The high energy
intensity of the focused microwaves in the case of monomode cavities, however,
makes an efficient and controlled operation impossible, especially when a strong
microwave absorbing component is present.”’ Some of the proposed flow reactor
systems suggested the use of a dead load to extract the excess of microwave energy
to avoid runaways.’’*® Beneficial use of the extracted excess energy has, however,
not been discussed. Additionally, ignoring the heat losses to the surroundings did
not permit establishment of comprehensive energy balances for precise reactor
design.

The possibility of utilizing micro-flow reactors has also been investigated by many

researchers.* ™ In these studies the benefit of wall coated capillary tubes, >4

45,46,48

parallelization,*’ and specific microreactor design is discussed in detail.
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Catalytically active metallic coatings on the inner wall of capillary tubes have
shown an extraordinary increase in reaction rate resulting in high temperatures at
the coated surface. To the best of our knowledge, the controlled and sustainable
application of these coatings has, although, not been discussed. Although
parallelization is introduced for the library synthesis, it can also be utilized for scale
up without limitation of the penetration depth. The designs of micro-reactors
demonstrated additional temperature control by forced cooling, but the possibility

of a modular scale up under microwave heating conditions has not been explored.

1.3 Scale up of microwave assisted processing for the production

of fine-chemicals

After rigorous application of the microwave heating technology over a period of
two decades, researchers have been able to successfully perform batch-wise
chemical synthesis at multi-gram scales.*” However, the illusive target of reaching
kilogram scales still remains. This is especially due to the penetration depth
limitations of microwaves. The idea of scaling up batch procedures of very small
volumes (5 ml) by increasing reaction volumes (liters) almost never works.”>>? The
reasons are simple. Firstly, microwave heating is selective in nature and this is not
understood explicitly for most of the case studies before approaching the scale up.
Secondly, almost in all the case studies, the process is developed in a monomode
type microwave cavities and then shifted to multimode microwave cavities for
scaling. However, few of the papers look into the possibility of designing a
microwave setup which satisfies the requirements of large batch processes assuring
homogeneous heating.’'*>

One of the options for scale up is to switch from batch operation to continuous

operation at early stages in the process development. Scale up studies on

continuous operation reveal evaluations of commercially available continuous flow

60-62 3

microwave reactors, of micro-reactors® and of process specific microwave
integrated reactor setups®. However, most of the researchers try to replicate

standardized batch recipes in continuous flow. This approach not only leads to
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questionable underperformance but also jeopardizes the application of microwave
heating in general.®>® Usually recipe modifications such as solvent changes (i.e.
highly microwave absorbing/transparent solvent) and catalyst modifications (for
selective microwave absorption and/or immobilization) should help improve the
process performance. Additionally, most of the scale-up (batch as well as
continuous) related studies assume a proper performance of state-of-the-art
microwave setups and standard reactors therein, while the process demands specific

microwave integrated reactor setup designs.

1.4 Research objectives and outline of the thesis

Major efforts in the research field of microwave assisted organic synthesis have
demonstrated the specific benefits associated with the use of the microwave
heating, e.g. selective heating, resulting in a substantial reduction of reaction times.
Therefore, microwave assisted flow synthesis can be an interesting alternative for
conventionally heated, multi-step production of fine-chemicals in batch reactors.
However, realization of microwave assisted flow synthesis at an industrial scale
requires a proper design of multi-tubular reactors integrated with microwave
heating. Proper design of multi-tubular reactors should primarily overcome the
penetration depth limitation of the microwaves (~0.013 m). Moreover, operation
under microwave heating should also allow accurate temperature control by precise
tuning and quantification of the microwave energy distribution. So being case
specific, design efforts were necessary for the microwave system, the reactor
configuration and, if applicable, the catalytic system.

As a part of our stepwise approach towards designing a microwave-heated
continuous fine-chemicals production plant, a feasibility study of state-of-the-art
multi- and mono-mode microwave cavities (2.45 GHz) is reported in chapter 2.
The feasibility of multi- as well as mono-mode types was investigated based on the
dependence of heating uniformity and efficiency on i) sample position, ii) sample
volume, and iii) sample geometry, respectively. Design rules were formulated for
microwave heated reactor-heat exchanger combinations for continuous fine-

chemicals production. The feasibility study resulted in important functionalities
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necessary in a microwave setup for continuous fine-chemicals synthesis which
were then used to design a microwave setup with all the required flexibility and
applicability. Finally, the realized microwave setup was evaluated for its heating
performance.

In chapter 3 the effect of the load diameter and loss tangent of the medium on the
efficiency of microwave heating (2.45 GHz) is discussed. Experimentally observed
temperature profiles of ethylene glycol as a load are reported for stop-flow (i.e.
stagnant liquid) and continuous-flow conditions. Results are explained in terms of
dielectric properties and load geometry.

In chapter 4, an integrated reactor-heat exchanger system for efficient and
controlled flow processing of highly microwave absorbing reaction media is
presented. Esterification of ethanol and acetic acid catalyzed by a strong acid ion
exchange resin to produce ethyl acetate was chosen as a model reaction. Toluene,
being a microwave transparent solvent, was used as coolant. To achieve insight into
the temperature profiles, the reactor-heat exchanger system was divided into two
parts, i.e. a microwave cavity for heating and a fixed bed reactor downstream the
cavity. Convective heat transfer concepts were used to describe the temperature
profiles for the reaction mixture and the coolant in the cavity and the reactor
section. Predictions based on theoretical calculation were validated with
experiments.

The interactions of the oscillating electric field and the hydrodynamics of
microwave absorbing fluids in a microwave integrated reactor-heat exchanger are
reported in chapter S. In this chapter, we take a closer look at the influence of
liquid velocity profiles on the axial and radial temperature profiles in a tubular
microwave integrated milli-reactor combined with a heat exchanger. The effect of
coolant flow (microwave transparent), system component (such as a fiber optic
sensor), and geometry orientation (gravitational effect) on microwave energy
dissipation and temperature distribution are discussed. Model predictions were also
validated with experiments in this case.

Chapter 6 reports the scale up of a microwave assisted continuous fine-chemicals

synthesis by using a multi-tubular milli-reactor/heat exchanger (MTMR) to the
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commercially interesting capacity of 1 kg/day. This is achieved, amongst others, by
providing a uniform temperature distribution in all parallel tubes of the MTMR
assembly. The performance of thin Cu films deposited on the inner wall of the
reactor tubes, acting as a catalyst and as a microwave absorbing material, is
reported for the formation of 1,3-diphenyl-2-propynyl-piperidine from
benzaldehyde, piperidine, and phenylacetylene. Experimental results are discussed
in terms of temperature dependent kinetics of the Cu-catalyzed reaction and heat
balances.

In chapter 7, the concept of modular scale up is presented where energy utilization
and reactor performance are optimized at the single cavity level and then scaled out
by transient operation through cavities in series. The productivity increase with
each additional cavity in series is reported for two different types of reactors,
namely a packed bed reactor and a wall-coated tubular reactor for the chemical
processes, as discussed in chapters 4 and 6, respectively. Calculated productivities
were then validated for the case of an esterification reaction in a packed bed
reactor.

Chapter 8 gives the overall conclusions of this work and the outlook based on

these conclusions.
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Microwave setup design for continuous fine-

chemicals synthesis

This chapter will be submitted as:

Patil, N. G.; Benaskar, F.; Rebrov, E. V.; Meuldijk, J.; Hulshof, L. A.; Hessel, V.;
Schouten, J. C.; Microwave setup design for continuous fine-chemicals
synthesis. Chem. Eng. Technol. 2012, In preparation.

Abstract

A feasibility study in state-of-the-art multi- and mono-mode microwave cavities (2.45 GHz)
was conducted to outline important functionalities necessary in a microwave setup for
continuous fine-chemicals synthesis. Keeping in mind the reactor-heat exchanger scales,
several water filled cylindrical load volumes (2.5-10° - 4-10° m?; diameter: 7-107 - 4-10 m)
were used during the experiments. These loads were exposed to a fixed microwave power (20
or 50 W) and temperature profiles were measured for 300 s to determine the heating rates. The
heating efficiency was then calculated as the ratio of the energy absorbed by the load
(including heat losses by natural convection) and the energy released by the microwave
irradiation. For a 1-10° m® load volume, heating efficiencies of 18 and 40 % were obtained for
multi- and mono-mode operation, respectively. For multimode operation, the heating
efficiency depends on the position as well as on the volume distribution of the load. For
monomode operation, the heating efficiency does not depend on the axial position and has a
maximum (of 97 %) with respect to the load diameter. Based on the feasibility study, a
microwave setup consisting of four cavities was designed and constructed. The setup provided
a defined microwave field pattern and allowed focusing of the microwave power permitting
comprehensive energy balances for precise reactor design. A near-uniform distribution of
microwave energy in all four cavities of the setup was achieved at reduced grid to applicator
losses.
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2.1 Introduction

Since its first application in 1986 by Gedye' and Giguere?, microwave heating is
becoming a popular method for synthetic chemists day by day. There is a large
number of reviews”’ and books®'' written in the area of microwave assisted
organic synthesis (MAOS). The popularity of using microwave heating lies in its
clean and fast supply of heat to reaction media. Microwave heating also permits
instantaneous switching on and off of the power and thus heat supply to the
reaction system. This possibility makes the operation inherently safe. Although this
fetched a lot of attention towards replacing the conventional, i.e. oil bath, heating
methodology, it also brought up claims of specific (non-thermal) microwave
effects.!? These specific microwave effects, however, seemed to fade away after
interdisciplinary research, providing a proper understanding of microwave
heating."” Additionally, the accurate temperature measurements allowed straight
comparison of conventional heating with microwave heating.'*"’

After rigorous application of the microwave heating technology over a period of
two decades, researchers have been able to successfully perform batch-wise
chemical synthesis at multi-gram scales. The current challenge of this new heating
technology 1s its application together with continuous flow systems for the
production of high added value organic specialties on a kilogram scale. There have
been many modest attempts of applying microwave heating in continuous flow
systems.'® However, most of this research work faces the limitation of penetration
depth (e.g. ~ 0.012 m) of microwave irradiation to find microwave heating as
efficient, uniform and predictable as conventional heating for continuous flow
systems. Therefore, combining two emerging technologies namely micro-reactors
and microwave heating has been a topic of on-going discussions in the literature.
The literature on the combined concept of micro-reactors and microwave irradiation
highlights many important possibilities such as application of coated capillaries for
heterogeneously catalyzed organic reactions, parallelization of these capillaries for

19-21

parallel library synthesis, metal coating of external surface of capillaries for

22-24

enhanced microwave absorption in a micro-reactor, application of isothermal

micro-reactor operation to justify rate enhancements under microwave irradiation,”
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etc. However, many important aspects necessary for the development of microwave
integrated continuous flow reactors cannot be found in this literature. These aspects
are the choice of the mode (multi/mono) of microwave operation, reliable energy
balances, providing comparable efficiencies with conventional heating, and
uniformity of volumetric microwave heating, giving the possibility of predicting
temperature profiles in well-defined samples, ie. size, geometry, dielectric
properties etc.

As a part of our stepwise effort towards designing a microwave-heated continuous
fine-chemicals production plant, the suitability of two state-of-the-art, mono- and
multi-mode, microwave equipment types, available in the market will be elucidated
in this chapter. The suitability of both types was investigated based on the
dependence of heating uniformity and efficiency on, i) sample position, ii) sample
volume, and iii) sample geometry, respectively. These criteria were defined based
on the possible degree of freedom that can be achieved in designing the continuous
flow reactor-heat exchanger. Finally, a conceptual design of a microwave setup
with all the required flexibility and applicability was realized and evaluated for its

heating performance.

2.2 Experimental Section

2.2.1 Equipment

wave guide

I e P antenna
. g

|
rf/ \:}yﬁ magnetron sample
\ mode N,
\ stimer _—~
N\ i magnetron wave guide
\ T

| i o I m— SR =
sample if e —f — e

antenna

(a) ()

Figure 2.1: Schematic of multimode (a) and monomode (b) microwave cavities, depicting
microwave pattern and respective cavity design. Length of arrows represents the microwave

modes.
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The multimode type of microwaves usually consists of a big cubic cavity (0.34 m)
allowing scales of up to 1-10” m’ of the load (Figure 2.1a). The cavity is supplied
with a maximum of 1000 W power by one or multiple magnetrons (in the case of
two: 500 W each) placed at the back of the cavity. This cavity is called a multimode
cavity because all the modes (transverse electric (TE), transverse magnetic (TM),
and transverse electric and magnetic (TEM)) of microwaves exist at all times inside
the cavity. The homogeneity of the electromagnetic field inside such a microwave
cavity is maintained by a mode mixture on top of the cavity.

The monomode type of microwaves usually consists of a small cylindrical cavity,
providing enough space to work up to a scale of 5-10° m® of the load (Figure 2.1b).
The cavity is supplied with a maximum of 300 W power by a magnetron placed at
one end of the cavity. This cavity is called monomode system because only one
mode (TE) of microwaves exists at all times inside the cavity. This type of cavities
uses special holders, which allow the placement of the load only in the axially
centric position of a cylindrical cavity. Both mono- and multi-mode microwave

power equipment types are compared in Table 2.1.

Table 2.1: Parametric comparison of multi- and mono-mode microwave cavities

Parameter Multimode Monomode

Modes TE, TM, TEM (All) TE (only one mode)
Powers Up to 1000 W Up to 300 W

Cavity type Rectangular Cylindrical

Cavity size Big (0.34 x 0.34 m) Small (0.075 x 0.09 m)

Processing volume Large (up to 1-:10° m®)  Small (up to 510 m’)

T S—

— 1_-__1

(a) (b)

Figure 2.2: Images of (a) a multimode microwave cavity MicroSYNTH, manufactured by

Milestone s. r. 1., and (b) a monomode microwave cavity Voyager by the CEM Corporation.

A microSYNTH microwave (Milestone s.r.l.) was used for multimode experiments

(Figure 2.2a). A voyager microwave (CEM Corporation) was used for monomode
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experiments (Figure 2.2b). Build-in fiber-optic sensors were directly inserted in the

sample/load to record the temperatures during the experiments.

2.2.2 Experimental procedures

All experiments were performed batch-wise without stirring and water was used as
a liquid. Keeping in mind the reactor-heat exchanger scales, the sample volume was
varied from 2.5-10° to 4-10° m® with a tube diameter varying from 7-107 to 4-107
m. These samples were exposed to a fixed amount of power of either 20 or 50 W.
Several temperature profiles were collected for 300 s by using a fiber-optic sensor.
The sensor position was always maintained at the bottom of the sample during
temperature measurement. In each case either the sample position or its size was

varied. Details of these variations can be found in the figure caption hereafter.

2.2.3 Heating efficiency calculation
The heating efficiency (1, %) was calculated as the ratio of the amount of energy

absorbed by the sample (P,) and the set point of the microwave power input (P;,):

P
=2 %100 2.1
=% (2.1)

P, was calculated as the sum of the enthalpy change of the sample and the energy

transferred to the surroundings during the experiment.

Pa = f)heat + PIOSS (2.2)
AT

Pheat = mcp AtY (23)

B, =hAT,~T,) (2.4)

where m is the loaded fluid mass, C, is the fluid heat capacity, A is the heat transfer
area, T, and T, are the temperatures of the sample and surroundings, respectively.
The average convective heat transfer coefficient (% ) was calculated by Eq. 2.5:

i
k

Nu (2.5)

where L is the characteristic length of a heat transfer surface, i.e. the height of the

cylindrical load and & is the thermal conductivity of the surrounding air.
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The Nusselt number (Nu) was calculated by Eq. 2.6, assuming natural convection

around a vertical cylinder being the only mechanism for heat transfer:*

pel/6 :
Nu={0.825+( 0.387(Gr P j} (2.6)

[1+(0.492/ Pr)9/16 ]8/27

The Grashof (Gr) and Prandtl (Pr) numbers were calculated according to Eq. 2.7
and 8:

3 2
Gr = L8oATp” O/‘?Tp 2.7)
Pr= C}f;“ 2.8)

where g is the acceleration due to gravity and a, p, i, k, and C, are the thermal
expansion coefficient, density, viscosity, thermal conductivity, and the heat
capacity of the coolant (air), respectively. The physical properties of air are listed in
Table 2.2.%° These physical properties were assumed to be temperature independent
in the range of the temperatures studied. The heat capacity of water (C,= 4200
J/kg-K) was also assumed to be temperature independent in the whole range of the

temperatures studied.”’

Table 2.2: Physical properties of coolant (air)

Property Air

Viscosity (i, Pa.s) 1.8-10
Density (p, kg/m’) 1.2-10
Heat capacity (C,, J/kg/K ) 1.0-10°
Thermal conductivity (k, W/m/K) 2.6-107

Thermal expansion coefficient (a, 1/K) 3.3 - 107

A heat transfer in series model, where the resistance in the bulk liquid, solid (glass),
and surrounding air are combined, could be used for the heat transfer calculations.?®
However, since most of the resistance was found to be in surrounding air, the
calculations were simplified by ignoring the resistances in the bulk liquid and the

solid.
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2.3 Results and Discussion

2.3.1 Multimode microwave cavity

A multimode microwave cavity is more attractive with the possibility of applying a
high microwave power and placing a larger reactor-heat exchanger inside (Table
1.1). Therefore, this feasibility study of microwave heating was started with a state-

of-the-art cubical multimode microwave cavity.

Sample position
y 52 No | Co-ordinates
2 1 (L1,1)
3 A 4 2 (1,0,1)
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Figure 2.3: a) Schematic view of the multimode microwave oven with different sample
positions inside the cavity; b) Temperature-time histories of a sample at different positions
inside the multimode microwave cavity; c¢) Initial heating rates and heating efficiencies at the
respective positions. Same volume of the sample (and its distribution) was placed at all 5
positions. Adjustable Teflon stand was used to support sample at positions 1 to 5 except
position 2. Supplied power: 50 W constant; sample volume: 1-10”° m?; solvent: water.

Figure 2.3 shows the heating profiles at different positions inside the cubical
multimode cavity. A sample volume of 1-10° m® was placed at various positions
(Figure 2.3a) inside the multimode cavity and the temperature profiles were
collected for 300 s (Figure 2.3b). The sample volume was restricted to 1-10° m’ to
envisage a reactor volume that can be processed in a multimode microwave
integrated micro-flow reactor-heat exchanger. The average heating efficiency inside

the multimode microwave cavity (Figure 2.3c) was quite low, i.e. 17 %. Although
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the heating efficiency did not vary much between the sample positions 1 to 4, it
dropped drastically at position 5 at the top of the cavity. This could be due to the
design of the multimode type cavities for relatively large batch synthesis (1-107 m?)
thus making it not very efficient for low processing volumes. The heating rate on
the other hand strongly varied with the sample position (Figure 2.3c). Although
slightly visible, it can be categorized in 3 regions. First region with the highest
heating rate was at position 1 and 2. Second region with the moderate heating rate
was at position 3 and 4. The third region with the lowest heating rate was observed
at position 5. These variations in the heating rates pointed to a non-uniform
microwave field inside the cavity.

Further on, the dependency of the heating rate and heating efficiency on the sample
volume was investigated. Figure 2.4a shows the temperature profiles for different

sample volumes placed at position 2 (Figure 2.3a).
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Figure 2.4: a) Temperature-time histories of the sample with different volumes inside the
multimode microwave cavity; b) Initial heating rates and heating efficiencies as functions of
the sample volume. Sample position: 2 (Figure 2.3a); supplied power: 50 W constant; solvent:

water.

While the heating efficiency increased with an increasing sample volume, the
heating rate did not show any particular trend with respect to the sample volume
(Figure 2.4b). This indicated the possible dependence of the heating rate on the
sample distribution, i.e. geometry. This was verified by performing an experiment
in which both samples had same volumes, but different geometries, i.e. different

distribution in radial and axial directions (Figure 2.5).
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Figure 2.5: a) Temperature-time histories for the sample with different distributions inside the
multimode microwave cavity; b) Initial heating rates and heating efficiencies in the case of
both the samples. Sample sizes, vessel 1: 0.024 x 0.024 m?; vessel 2: 0.014 x 0.073 m”.
Sample volume: 1-10° m?; sample position: 2 (Figure 2.3a); supplied power: 50 W constant;

solvent: water.

A cylindrical vessel with a ratio of diameter to the height of 1 (0.024 x 0.024 m?)
gave a higher heating rate as well as a better efficiency than an elongated vessel of
0.014 x 0.073 m? (Figure 2.5b) demonstrating that the heating rate depends on the
space distribution of the sample. Thus the suitability study demonstrated an overall
dependence on sample position, volume and space distribution inside a multimode
microwave cavity. Additionally, the heating efficiency of a large multimode type

microwave cavity was found to be fairly low (=17 %).
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2.3.2 Monomode microwave cavity

The feasibility study was continued with a state-of-the-art monomode microwave
cavity. In this cavity, the sample position can only be changed in the axial direction.
A schematic view of different axial sample positions and the corresponding
temperature profiles is shown in Figure 2.6. Identical sample volumes were
employed at all axial positions. It can be seen that no significant differences were
observed in the heating rate and the heating efficiency with respect to the axial
position of the sample (Figure 2.6c). However, the average heating efficiency
obtained during the experiment in the monomode cavity, i.e. 45 % was more than
twice the average efficiency obtained with that of the multimode cavity (17 %,

Figure 2.3). The high heating efficiency found in monomode microwave cavity was
29,30

»:

in line with the previously reported studies.
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Figure 2.6: (a) Schematic view of the sample with different axial positions and cavity sizes;
(b) Temperature-time histories of the sample with different axial positions inside the
monomode microwave cavity; (c) Initial heating rates and heating efficiencies as functions of
the axial position. Supplied power: 20 W constant; solvent: water; sample volume: 1-10”m”.
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The heating rate dependence on the sample volume was further verified. Figure 2.7
gives a schematic view of different sample volumes inside the cavity (Figure 2.7a),
and the observed temperature profiles (Figure 2.7b).
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Figure 2.7: (a) Schematic view of the sample with different volumes and cavity sizes; (b)
Temperature-time histories of the sample with different volumes inside the monomode
microwave cavity; (c) Initial heating rates and heating efficiencies as functions of the sample

volume. Supplied power: 20 W constant; solvent: water.

Similar to the multimode cavity, the heating efficiency increased with an increasing
sample volume and the heating rate did not show any particular trend with respect
to sample volume (Figure 2.7¢). Independence from axial position (Figure 2.6), but
strong influence of the sample volume (Figure 2.7) indicated uniformity of the
microwave field in the axial direction of the microwave cavity. Therefore, the radial
distribution effect was further verified.

Figure 2.8 gives a schematic view of different sample sizes, i.e. different diameters
(8-107 to 16107 m), inside the cavity (Figure 2.8a), together with the obtained
temperature profiles (Figure 2.8b) in the samples that gave highest, moderate and

lowest heating rates. The heating rate and efficiency both passed through a
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maximum at a diameter of 1.3-10% m, showing a clear dependence on the sample

diameter (Figure 2.8c). This effect will be discussed in the next chapter.
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Figure 2.8: (a) Schematic view of the sample with different load diameters and cavity sizes;
(b) Temperature-time histories of the sample with different diameters inside the monomode
microwave cavity. The samples providing the highest (dashed line), moderate (dotted line)
and lowest (solid line) heating rates are shown. The labels represent sample diameters in
millimeters (different than shown in Figure 2.8a); (c) Initial heating rates and heating
efficiencies as functions of the sample diameter. Supplied power: 20W constant; Solvent:
water.

2.3.3 Novel microwave setup designed for intensified flow synthesis

For the design of a microwave integrated micro-flow reactor-heat exchanger, the
monomode cavity is more attractive, considering the field uniformity at least in one
direction and the higher heating efficiencies for similar volumes. However, state-of-
the-art monomode microwave lacks in providing important details such as the
electric field pattern.’’ To the best of our knowledge, microwave focusing is not
provided in these devices.” Knowledge of electric field pattern and its possible

focusing is mandatory to obtain desired heating rates at optimal energy efficiencies
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for a microwave-heated (continuous) reactor setup. The amount of reflected energy
should be known to produce energy balances and, by that, the correct design
equations for reactor-heat exchanger equipment. However the measurements of the
reflected power are not possible in commercial monomode microwaves. The scale-
up by numbering up of individual reactors in series or parallel is also limited for
commercial monomode microwaves.>® Therefore, a novel monomode microwave
applicator (capacity 2 kW), having all of the abovementioned functionalities, has
been built with the help of Frick und Mallah GMbH for further study. The design
concept of four cavities on a single main waveguide (single magnetron) was
realized to minimize the grid to applicator losses (conversion of electrical power
into microwave power), while providing the possibility of unitized scale-up going
consecutively from one cavity to another (Figure 2.9). For detailed technical

information of the setup please see Appendix A.

Cavity 1 Cavity 2 Cavity 3 Cavity 4

Matched —=
Water load T 4

Reflected Power

3 Stub tuner

2 KW

microwave | = -
generator Forward Power

l T Air cooling

Figure 2.9: Schematic view of a dedicated microwave setup (with labeling of all the parts)
designed for continuous flow fine-chemicals synthesis and multiphase flow handling. Red
lines designate field pattern. Arrows signify flow of energy (purple), signals (green), and
liquids (blue), and movement of stub tuner, short circuit (grey). Design: TU/e; Manufacturer:
Frick und Mallah GMbH, Germany.

short circuit

The microwave setup consists of a 2 kW microwave generator, providing the main
waveguide with resonant standing electromagnetic waves. Four individual cavities
are coaxially coupled with this main waveguide, allowing variable energy inputs

(0-500 W). Each cavity can be tuned to match the impedance with the inserted load
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(i.e. reactor tube). The tuning is possible with the use of a short circuit and stub
tuners available on each individual cavity. All cavities and the main waveguide are
equipped with isolators in combination with detector diodes to measure the

reflected powers.

Short circuit

3 Stub tuners
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Figure 2.10: Schematic depiction of the microwave energy flow with microwave resonance in
the microwave setup. Arrows show the propagation direction for the microwaves.

[ | AOLF L

The energy flow diagram of the setup describes the resonance of microwaves in the
main waveguide as well as in an individual cavity (Figure 2.10). The microwaves
can enter in the main waveguide and in each individual cavity, but the back-flow of
the microwaves is restricted by the isolators as they transferred the microwaves to
the dead loads at all positions. Thus the isolators protect the magnetron, and
maintain a consistent field pattern in the main waveguide which provides (at least
theoretically) a near uniform distribution of microwave energy in all four cavities.

The microwave setup was calibrated for reflected power measurements at all 5
positions in the applied microwave power range of 300 to 1600 W. A water flow of
3.33-10° to 6.66-10° m’/s was used as a load to limit the temperature rise to 10 K
and to ignore the heat losses to the surroundings. Figure 2.11 shows experimentally
determined overall energy distribution in the microwave setup. The energy balance
was closed with 90% of the input power in the whole range of applied powers
(Figure 2.11a). Although it was expected that the energy distribution would be the

same in all four cavities, it was found to vary from cavity to cavity (Figure 2.11b).
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The fourth cavity withdrew a slightly larger amount of energy from the main

waveguide.
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Figure 2.11: (a) Overall energy balance in the microwave setup at various applied microwave
powers in the range of 300 to 1600 W; (b) Average energy distribution in all four cavities of
the microwave setup. Solvent: water, flow rate: 3.33-10% t0 6.66:10° m’/s.

The differences were, however, relatively small and could be a result of
electromagnetic energy built-up at the short circuit and stub tuners of the main
waveguide (Figure 2.9). These deviations are expected not to affect scale-up as long
as the energy requirements of the process do not exceed the highest possible

microwave power available for one individual cavity, i.e. 380 W.

2.4 Conclusions

State-of-the-art multi- and mono-mode microwave cavities were tested for their
suitability in designing a microwave integrated micro-flow reactor-heat exchanger.
Multimode cavity, although having advantage of large cavity size and higher
microwave powers, proved to be essentially inferior to monomode microwave
cavity by giving very limited heating efficiencies (= 17 %). Additionally, the
heating rate and the heating efficiency showed dependence on the position as well
as the geometry of the sample. In the case of monomode microwave cavities the
higher heating efficiency (= 45 %) made it a more desirable option for (continuous)
reactor-heat exchanger design. This mode of microwave operation gave almost
twice as high efficiencies when compared to multimode microwave operations.

Furthermore, the monomode microwave cavity had independence from sample
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position as long as the sample stayed in the axially centric position of the
cylindrical cavity. Nevertheless, this mode of operation also showed dependence
on the radial distribution of the sample i.e. diameter of the sample. The heating rate
and the heating efficiency were found to be going through a maximum with respect
to the diameter of the sample. However, state-of-the-art monomode microwave
cavities lacked in providing following important functionalities:

e a predictable electric field pattern,

e atunable cavity,

¢ reflected power measurements and

® unitized scale-up
Considering the importance of abovementioned functionalities, an alternative
microwave setup was designed, providing these features (Figures 9 and 10). This
novel monomode microwave setup not only allowed proper formulation of
complete energy balances, but also more or less equal distribution of this
microwave energy in all four cavities at reduced grid to applicator losses (single

magnetron) for unitized scale-up.

Nomenclature

Symbol Description

A heat transfer area, m?

G, heat capacity, J/kg.K

Gr Grashof number

g acceleration due to gravity, m/s’
h heat transfer coefficient, W/m*K
L length of the cylindrical load, m
m mass of the sample, kg

Nu Nusselt number

P, absorbed energy, W

P, microwave set energy input, W
Phrear Energy gained by the liquid, W
P energy lost to the surrounding, W
Pr Prandtl number

T, temperature of the sample, K

T, temperature of the surrounding, K
AT temperature change over time, K

At time interval, s
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tan o loss tangent

Greek symbols

g’ dielectric constant

g” dielectric loss

A wavelength of the electromagnetic field in a liquid, m
Ao wavelength of the electromagnetic field in free space, m
n heating efficiency, %

k thermal conductivity of liquids, W/m-K

a thermal expansion coefficient,1/K

p Density, kg/m’

u Viscosity, Pa.s

Appendix 2.A

Technical information of the Frick und Mallah microwave setup

Table 2A.3: Operating details for the microwave setup

Component Type/capacity

Main supply voltage 3L/N/PE AC 50 Hz 400 V~

Main power consumption  max. 12 kVA

Anode Voltage -4000 V

Microwave frequency 2450 MHz + 15 MHz

Cooling water flow min. 8.33-10° m’/s at 293 K (inlet)

Table 2A.4: Technical information for the components of the microwave setup

Component Model number/ Size/capacity
Material of construction

Generator: Magnetron ML2000 NLL- 2 kW at 2.45 GHz

Transformer BV:019/0842-0

Isolator D09020 2.425 -2.475 GHz
2722 162 13431

3 Stub tuner Brass Up to 2 kW

Short Circuit COD CE 83634 Upto 2 kW
DD52R FR-001 00-S-AR

Waveguide WR 340/Aluminum 0.0472 x 0.0 902 m

Cavity WR 340/Aluminum 0.0472 x 0.0 902 m

Reactor opening Aluminum (Circular) Diameter = 1.4-10” m
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Abstract

A novel heating efficiency analysis of the microwave heated stop-flow (i.e. stagnant liquid)
and continuous-flow reactors has been presented. The thermal losses to the surrounding air by
natural convection have been taken into account for heating efficiency calculation of the
microwave heating process. The effect of the load diameter in the range of 4-10~ —2.9-10% m
on the heating efficiency of ethylene glycol was studied in a monomode microwave cavity
under continuous-flow and stop-flow conditions. The variation of the microwave absorbing
properties of the load with temperature was estimated. Under stop-flow conditions, the
heating efficiency depends on the load diameter. The highest heating efficiency has been
observed at the load diameter close to the half wavelength of the electromagnetic field in the
corresponding medium. Under continuous-flow conditions, the heating efficiency increased
linearly. However, microwave leakage above the propagation diameter restricted further
experimentation at higher load diameters. Contrary to the stop-flow conditions, the load
temperature did not raise monotonously from the inlet to outlet under continuous-flow
conditions. This was due to the combined effect of lagging convective heat fluxes in
comparison to volumetric heating. This severely disturbs the uniformity of the
electromagnetic field in the axial direction and creates areas of high and low field intensity
along the load length decreasing the heating efficiency as compared to stop-flow conditions.
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3.1 Introduction

Interest in applying microwave heating to chemical synthesis has been intensively
pursued over the last several decades since dielectric heating provides an elegant
and fast heat transfer to reaction media.'* The shortened reaction times and
expanded range of reaction conditions due to fast volumetric heating is one of the
primary motivations why to apply microwaves in organic synthesis.””’ There is also
growing interest to use microwave-assisted organic synthesis beyond the laboratory
scale, i.e. at a process chemistry level for pilot and production campaigns.®
Numbering-up into many small-heated batch units has been suggested as a suitable
solution by Stadler et al.’

The majority of such industrial applications employs a multimode cavity in which
numerous standing-wave resonant modes exist simultaneously in a given frequency
range.'”'? Although this cavity provides the possibility of relatively large-scale
operations (up to 1-10° m’) and high power inputs, the existence of multiple
standing modes leads to an uneven electromagnetic field distribution causing non-
uniform heating at different locations inside the cavity.”> On the contrary, a
monomode cavity has uniform electric field intensity in one direction but the loads
are limited approximately to 5-10° m? in volume.'*"

The important characteristic of the microwave reactor is the efficiency of
transformation of the microwave energy into heat of the reactants. In most cases,
the amount of electromagnetic energy absorbed by the reactants is lower than the
input power in a microwave cavity. Furthermore, if the physical properties of the
reactants change in the course of heating, the volumetric heating rate changes
together with microwave pattern. This makes it difficult to estimate the efficiency
of microwave heating as required engineering correlations are still not well
documented. In order to emphasize the scale-up methodology for microwave
equipment, it is important to compute the actual energy consumption under
microwave heating.

There are several experimental studies devoted to the heating efficiency of a solvent

16-20

(often called as load) under microwave heating as well as theoretical studies

devoted to the development of physical models describing electromagnetic



45

interactions with the medium.'®">?* However, experimental studies validating a
theoretical approach are scarce in the literature. Recently, Robinson et al.**
performed an experimental study to verify their modeling approach explaining the
effect of dielectric properties, the load volume and its distribution in the microwave
cavity. However, the heat losses to the environment were not considered in their
approach providing no information on the energy efficiency of the system.

The size of the load has a great influence on the heating efficiency during
microwave heating under stop-flow conditions."? Under continuous-flow, the load
temperature should monotonously increase from the inlet to outlet as a result of
volumetric heating and convection. However, the change of electromagnetic
properties of the load along the flow direction disturbs the symmetry of the
electromagnetic (EM) field which might result in local minima and maxima of
intensity. In this study, the effect of the load diameter and loss tangent of the
medium on the efficiency of microwave heating and the existence of local minima
and maxima due to changing dielectric properties have been investigated in a

monomode microwave cavity under stop-flow and continuous-flow conditions.

3.2 Experimental

Following sub-sections give the experimental details for stop-flow experiments,
continuous-flow experiments, heating efficiency calculations and dielectric

property measurements.

3.2.1 Stop-flow experiments

A microwave transparent cylindrical quartz load filled with ethylene glycol (>99
wt. %, Sigma Aldrich) was positioned along the centerline in the microwave
applicator in such a way that a length of 4.10% m was exposed to microwave
irradiation with an input power of 20 W. The microwave applicator (CEM
corporation, model: Discover) had a cylindrical shape with a diameter of 7.5-10
m and a height of 9-10% m. Multiple cylindrical loads with inner diameter varying
from 4-107 to 2.9-10% m were used in the stop-flow experiments. The temperature

was measured by an inbuilt fiber optic sensor (Fiso Technologies). The liquid was



46

allowed to be completely stagnant (i.e. stop-flow) in the microwave cavity and the
temperature was recorded until the boiling point or the time scale of 300 s. The

initial temperature was 298 K in the stop-flow experiments.

3.2.2 Continuous-flow experiments

The monomode microwave set-up with an auto tuner operated at 2.45 GHz
(Sairem, France) was used for the continuous-flow experiments (Figure 3.1). The
short and the stubs/iris were automatically moved by the auto tuner for the
maximum of the standing wave on the applied load. The continuous-flow
experiments were conducted at the input power range from 100 to 500 W and a
flow rate range from 2.5-107 to 1.66-10° m*/s. The load inner diameter was varied
from 4-107 to 1.1-10? m. The temperature was measured by a fiber optic sensor
(Fiso Technologies). The temperature profile was recorded at six different positions
by simultaneously moving two fiber optic sensors which stayed at a distance of
3-10% m from each other along the axial direction. The distance between sensors
allowed maintaining the empty volume of the load in the microwave irradiation
zone. The inlet temperature was kept at 298 K.

Matched

Water load Flow, ml/min

rmm-— - Tour
| Reflected Power |

__________ |
[, Auto Tuner 1| L Motorized
|—'<— short circuit
==
2KwW e —— \/

microwave T . —— ey | O es o —

generator Forward Power

l T Water cooling T

Figure 3.1: Microwave set-up used for continuous-flow experiments.

In both cases, i.e. stop-flow and continuous-flow experiments, Ethylene glycol was
chosen firstly because it is a polar solvent which interacts very strongly with
microwave s and secondly because it has a high boiling point. For both studies, the
temperature profiles were recorded and averaged over three runs under otherwise

identical experimental conditions.
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3.2.3 Heating efficiency
The heating efficiency (77) was calculated as the ratio of the amount of energy

absorbed by the load (P,) to the microwave input power (P;,):

P
=—4%100 3.1
=% (3.1)

The energy absorbed by the load (P,) was calculated as the sum of the enthalpy

change of the load and the energy transferred to the surroundings during the

experiment.
Pa = Pheat + Plass (3 2)
Bu =mC, % (for stop flow) (3.3a)
t
=mC AT, (for continuous flow) (3.3b)
P, =hAAT (3.4)

where m is the liquid weight, m is mass flow rate, C, is the liquid heat capacity,
AT is the temperature change over time At, AT, is the difference between the outlet
and inlet liquid temperature in continuous-flow, and A is the heat transfer area.
Radial distribution of temperature was neglected at both; stop-flow and continuous-
flow; conditions. The recorded temperatures were considered as average
temperatures over the cross sections. The average convective heat transfer
coefficient (4 ) was calculated from the Nusselt number (Eq. 3.5) assuming natural
convection around a vertical cylinder as the only mechanism for heat transfer®:

_ p/6 2
Nu = h—L ,Nu=<0.825+ 0.387(Gr Pgr)la 8/27 (35)
x [1+(0.492/ Pr)”"*

where L is the length of the cylindrical load, k is the thermal conductivity of the

surrounding air, Gr and Pr are the Grashof and Prandtl numbers:

3 2
Gr = L8oATp” O/‘?Tp (3.6)
C
pr=—rt 3.7)

k
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where ¢ is the thermal expansion coefficient, p is the density, u is the viscosity, k is
the thermal conductivity and C, is the heat capacity of air and g is the acceleration
due to gravity. The physical properties of the air were taken from Welty et al.”
(Table 3.1). The heat capacity of ethylene glycol (C,= 2.4-10° J/kg-K), taken from
Lide et al.?®, was assumed to be temperature independent in the whole range of the
temperatures studied. The heat transfer calculations could be performed by using
heat transfer in series model where the resistance in bulk liquid, solid (glass), and
surrounding air could be combined. However since most of the resistance was
found to be in surrounding air, the calculations were simplified by ignoring

resistances in bulk liquid and solid as well as at the liquid-solid and solid-gas

interfaces.

Table 3.1: Physical properties of coolant (air)

Property Air

Viscosity (u, Pa.s) 1.8-10”
Density (p, kg/m®) 1.2-10°
Heat capacity (C,, J/kg/K ) 1.0-10°
Thermal conductivity (k, W/m/K) 2.6-107

Thermal expansion coefficient (o, 1/K) 3.3 - 10°

3.2.4 Dielectric property measurements

A high temperature dielectric probe kit (85070D, Agilent) and a network analyzer
(NWA E5062A, Agilent) were used for the measurements of the dielectric constant
(&") and the dielectric loss (£") of different liquids at a frequency of 2.45 GHz. The
measurements of the batch sample at different temperatures were repeated and
averaged over three runs. Oil bath was used to maintain the temperature. Then, the

loss tangent (tand ) was calculated”’:

"

tan = (3.8)

A\l

Assuming the permeability of unity for all liquids, the wavelength of the EM field

in the liquids was calculated as a function of temperature®’:

/1:A (3.9)
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where 4, =1.224-10" m is the wavelength in free space; air. Under continuous

operation, an axial temperature gradient exists in the load, therefore the propagation
diameter, which is half the wavelength of electromagnetic field in the liquid (%24),

was calculated as a function of temperature.

3.3 Results and Discussion

The change of the dielectric properties with temperature influences the standing
wave pattern inside the cavity and thus the microwave absorption. Consequently,
the change in dielectric constant (¢’) and dielectric loss (¢”) of ethylene glycol were
measured in the temperature range from 298 to 428 K (Figure 3.2). Both the €’ and
€” have a maximum due to a shift in rotation correlation time in Debye relaxation at

343 and 313 K, respectively.”*®
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Figure 3.2: Real (£') and imaginary (€") parts of the permittivity of ethylene glycol as a
function of temperature at 2.45 GHz.

3.3.1 Heating under stop-flow conditions

The effect of the load diameter on the heating rate is shown in Figure 3.3a at the
highest, mean and slowest heating rates, respectively at stop-flow conditions.
Surprisingly, the heating rate was found to be independent of the load size (i.e.
higher heating rate for 1.3-10 m than 1.8-10% m load diameter, Figure 3.3a). This
can be due to the stagnancy of the applied load (i.e. stop-flow conditions) and thus,
resonance occurring only at multiple of half wavelengths (Y2)A). In this particular

case, the half wavelength varied between 1.2-107 to 1.6-10? m depending upon the
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measured dielectric permittivity of the load in a particular temperature range

(Figure 3.3b).

—y
~

420+

@
@
o
—
o
!
.
I/

-
[3)]
L

g £
_§ 360 144 '\ /////
o - . =
o < \ S
£ 330 & 13 " -
(] - LN /_/./
= 12 e
s e
T T T T T 11 T T T T T
0 60 120 180 240 300 300 330 360 390 420
Time, s Temperature, K
(a) (b)

Figure 3.3: a) Temperature as a function of time for ethylene glycol as a load at stop-flow
conditions. The loads providing the highest (dashed line), moderate (dotted line) and lowest
(solid line) heating rate are shown. The labels represent the load diameters in millimeter.
Microwave irradiation at 2.45 GHz and at constant power of 20 W; b) Change in half
wavelength with temperature as derived from the measurement of dielectric permittivity.
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Figure 3.4: a) Loss tangent and b) heating efficiency as a function of temperature and d/(Y2))
(ratio of load diameter over half wavelength) for ethylene glycol at stop-flow conditions. The
loss tangent monotonously decreases with temperature from 0.90 to 0.05.

Therefore, the heating efficiency as a function of the load diameter was calculated
at several temperature intervals and compared with the loss tangent (Figure 3.4).
The maximum heating efficiency of 70 % was observed at a load diameter equal to
and above the half wavelength of the EM field (Figure 3.4b). It is known that the
resonance in a dielectric surrounded by air occurs at the whole number of half

wavelengths (V21).”” The heating rate decreases as the temperature increases (Figure
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3.3a) therefore the heating efficiency decreased at higher temperatures. This was
also due to the monotonous decrease of loss tangent with increasing temperature

(Figure 3.4a).

3.3.2 Heating under continuous-flow conditions

420

80

33 %
3904 AAAA 88 MOQQQ N
X AAAAgEgggg‘gx > 75

5 Ao g9RT o c

[ /09’;( 0,0 o

fet ] /AOV & 4

5 360 A ©
5 96d £ ]

— AoM O O 70

3 A/o o° -3 o

£ 3304 <>,<>’ Load diameter, 10°m £

CD —0—4 —O0—6 =
= —A—8 —0-95 L 65

300 ——11
0 25 5 75 100 125 150 0.4 0.6 0.8 10
Time, s d/(1/2))
(a) ()

Figure 3.5: a) Temperature as a function of time and b) heating efficiency dependence on
d/(*2h) (ratio of load diameter over half wavelength) in case of ethylene glycol at continuous-
flow conditions. Flow rate: 2.5-107 m’/s. Microwave irradiation at 2.45 GHz and constant
applied power of 100 W. Temperature measurements at the outlet of the cavity (Tour in
Figure 3.1)

The temperature profiles (Toyr, Figure 3.1) during load start-up and corresponding
heating efficiency as a function of the load diameter are shown in Figure 3.5 under
continuous-flow conditions. Although the initial heating rate was similar for all
load diameters, higher steady state temperatures were observed for larger load
diameters (Figure 3.5a). The heat flux to the surroundings (Eq. 3.4) increased from
200 to 1000 W/m? at higher temperatures and it amounts up to 30 % of the
absorbed energy. These losses can be minimized by implementing a co-current tube
and shell heat-exchanger assembly where a microwave transparent liquid flowing
through the shell side is used for energy recovery. However, this is beyond the
scope of the present paper. At a load diameter of 1.2-10% m, microwave leakage
from the cavity was observed via the flowing liquid therefore the largest diameter
studied was limited to 1.1-10% m. The heating efficiency monotonously increased

with the load diameter reaching to a maximum of 78 % at the load diameter equal
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to the half wavelength of EM-field in the liquid (Eq. 3.9). The heating rate in this

case was similar to that under stop-flow conditions.
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Figure 3.6: Steady state temperatures along the axial direction of the load at continuous-flow
conditions at different applied microwave powers. Flow rate: 4.16-107 - 1.66-10° m’/s, load
diameter: 4-10° m. The steady state temperatures were recorded at six different positions by
simultaneously moving two fiber optic sensors which stayed at a distance of 3-10% m from
each other along the axial direction.

The steady state temperature profiles were recorded for a load diameter of 4-10° m
at liquid flow rates from 4.16-107 to 1.66-10° m’/s (Figure 3.6). In these
experiments the applied power was increased proportionally to the flow rate in
order to get comparable heating rates. A clear temperature profile emerged till 2-10
2 m from the inlet while leveling off was observed in the 2™ half of the of the cavity
length. The flowing liquid can create a temperature gradient in the direction of the
flow as a combination of volumetric heating and convective mass flux. As a result
of this gradient, both the dielectric constant and dielectric loss of ethylene glycol
will change and result in a non-uniform intensity of the EM field along the flow
direction. Thus, there may exist regions with higher and lower intensities of the EM
field. It can be said that the higher intensity region is up to a distance of 2-10° m
from the inlet based on the presence of a high initial heating rates in this region. On
the contrary, the region near the outlet (2-10? - 4.7-10% m) may have a lower
intensity of the EM field. This can be concluded from the fact that the volumetric
heat generation is lower than the heat losses to the surroundings which resulted in
flat temperature profiles in the 2-107 - 4.7-10% m interval. It should also be
mentioned that the steady state heating efficiency is lower as compared to that

observed during the start-up intervals (Figure 3.5a) due to a non-inform field
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intensity and a possibility of multiple reflections at the air/glass interface which
further reduced the heating efficiency. Because the steady state temperature
distribution in the load depends on the EM field distribution and the field
distribution in turn depends on the temperature gradient in the load, the procedure
to describe spatial distribution of both the parameters inside the cavity requires 3D
numerical simulations of the EM field with temperature dependant properties which
were obtained in this study. Such simulations should provide a useful insight into
specific distribution of the volumetric heating as a function of the flow rate and

temperature, which can be used for more optimal reactor design.

3.4 Conclusions

The effect of the load diameter and loss tangent on the heating efficiency of
ethylene glycol was determined in a monomode microwave cavity under stop-flow
and continuous-flow conditions. Newly developed heating efficiency analysis of
the microwave heated stop-flow and continuous-flow reactors took into account the
thermal losses to the surrounding air. Under stop-flow conditions, the highest
heating efficiency of 70 % was observed at the load diameter equal to and above
the half wavelength of the electromagnetic field in the liquid. It decreased at higher
temperatures due to a decreasing heating rate and a monotonous drop in loss
tangent with increasing temperature. The heating efficiency, at continuous-flow
conditions increased linearly with the load diameter reaching to a maximum of
78%. However, microwave leakage above the propagation diameter restricted
further experimentation at higher load diameters. The heat flux to the surrounding
increased from 200 to 1000 W/m? at higher temperatures and it amounted up to 30
% of the absorbed energy. Under continuous-flow conditions, the steady state load
temperature did not raise monotonously along the axial direction of the load,
suggesting the existence of high and low field intensities of the EM field. In this
case, the heating efficiency dropped due to a non-inform field intensity and a

possibility of multiple reflections at the air/glass interface.
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Nomenclature

Symbol Description

A heat transfer area, m>
G, heat capacity, J/kg.K
Gr Grashof number

g acceleration due to gravity, m/s
h heat transfer coefficient, W/m2-K
L length of the cylindrical load, m
m mass of the sample, kg

m mass flow rate, kg/s

Nu Nusselt number

P, absorbed energy, W

Pi, microwave set energy input, W

Phoas Energy gained by the liquid, W

P energy lost to the surrounding, W

Pr Prandt]l number

AT; temperature change over time, K

AT, difference between the outlet and inlet liquid temperature, K
At time interval, s

tan o loss tangent

Greek symbols

&' dielectric constant

g’ dielectric loss

A wavelength of the electromagnetic field in a liquid, m
Ao wavelength of the electromagnetic field in free space, m
n heating efficiency, %

k thermal conductivity of liquids, W/m-K

o thermal expansion coefficient,1/K

p Density, kg/m3

u Viscosity, Pa.s
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Abstract

In this chapter, a continuously operating microwave heated milli reactor setup has been
developed for performing reactions of highly microwave absorbing media in a controlled and
energy efficient manner. The setup consists of a tubular reactor integrated with a heat
exchanger. A microwave transparent liquid was used as coolant to extract the excess heat
from the reaction mixture, thus controlling the temperature of the reaction mixture by
avoiding overshoots and subsequent boiling. A reactor-heat exchanger shell and tube unit with
a diameter of the inner tube of 3-10°m and a shell of 7-10° m inner diameter has been
manufactured in quartz. The unit size was defined based on simulation with a heat-transfer
model for the microwave cavity part. Microwave heating was incorporated as a volumetric
heating source term using the temperature-dependent dielectric properties of the liquid. Model
predictions were validated with measurements for a range of 0.167-10° to 1.67-10° m?/s flow
rates of coolant. The outlet temperature of both the reaction mixture and the coolant, were
predicted accurately (tolerance of 3 K) and the process window was determined. The model
for the reactor part provided the required length of the reactor for a solid (ion exchange)
catalyzed esterification reaction. The predicted conversions, based on the obtained
temperature profile in the reactor packed with the catalyst bed, known residence times and
kinetics of the esterification reaction, were found to be in good agreement with the
experimental results. Efficient utilization of microwave energy with heat recovery up to 20%
of the total absorbed microwave power and heating efficiencies up to 96% were achieved.
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4.1 Introduction

Over the last few decades, there has been a growing interest in the use of
microwave heating as an enabling technology to perform high speed organic
synthesis with better process selectivity and product yield. Many chemists showed
a spectacular increase of the reaction rates in several batch processes in domestic
microwave ovens.' However, one of the major obstacles for future applications of
the microwave technology at industrial scale is scaling up due to the limited
penetration depth of microwaves (few millimeters) resulting in heating by
convection in the center of large batch reactors instead of direct ‘in core’ heating by
microwaves.” For continuously operated milli reactors, the penetration depth
problem does not exist and scale up is done by parallelization.”

Several authors presented their continuously operating microwave integrated
reactor setup for performing a diversity of chemical reactions. Although they
reported an increase in yield,* the presence of hot spots®® and an increase of the
reaction rate,9 there was a lack of insight into the actual amount of transferred
energy which is important for efficient scale up. Esveld et al.'™'' calculated the
efficiency of microwave heating to be 37%, while the remaining energy was mostly
lost as a result of indirect heating of the support and the surrounding air. In this
case, use of a multimode microwave cavity, due to its uneven electromagnetic field
distribution, resulted in a low reproducibility and efficiency.'"* Patil er al'®
showed that monomode microwave applicators providing a well defined electric
field pattern can be a suitable option for transforming fine chemical batch processes
into a continuous operation with higher efficiency and reproducibility.

Accurate temperature measurements are crucial for a proper interpretation of
microwave heating effects. However, several articles described indirect methods of
temperature measurements such as infrared detectors.™>"” Such indirect methods
resulted in measuring the temperatures of the reactor wall instead of the reaction
medium, subsequently leading either to alleged microwave effects or to poor
understanding of the temperature distribution. However, temperature measurements

can be done more accurately by using a fiber-optic sensor.*'° These sensors
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inserted in the reaction mixture, measure the temperature directly and are

microwave transparent and do not disturb the microwave field.'®

MW
—Cavity—x—- Reactor part—
Tmax part
Tmin L
P—
Reaction mixture
(Microwave absorbing)
Coolant
Tintet (Microwave transparent)

Figure 4.1: Schematic representation of temperature profiles in an integrated reactor-heat
exchanger for flow processing with microwave heating.

A completely thermally insulated continuous flow recycle monomode microwave
reactor is reported by Chemat er al.* This configuration allows high microwave
absorption due to improved interaction between the microwave field and the
reaction mixture.””'® The high energy intensity of the focused microwaves,
however, makes an efficient and controlled operation impossible especially when a
strong microwave absorbing solvent is used. Some of the proposed continuous flow
reactor systems suggest use of a dead load to extract the excess of microwave
energy for avoiding runaway.>"> A tubular reactor integrated with a heat exchanger
can provide a solution in such cases where a co-currently flowing microwave
transparent (non-polar) solvent is used as coolant to avoid overheating of the
reaction mixture (Figure 4.1). Additionally, because of co-current operation rather
than counter current, the excess of heat can also be used to maintain the reaction
temperature over longer lengths of a continuously operated tubular reactor outside

the microwave cavity.

0] . (0]
purolite CT 275
)J\OH + /\OH ~ — )J\O/\ + Hzo
343K
acetic acid ethanol ethyl acetate water

Scheme 4.1: Esterification of acetic acid and ethanol over a solid ion-exchange catalyst to
produce ethyl acetate.
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In this chapter, we present an integrated heat exchanger reactor system for efficient
and controlled flow processing of highly microwave absorbing reaction media.
Esterification of ethanol and acetic acid at around 343 K was chosen as a model
reaction (Scheme 4.1). Toluene, being a microwave transparent solvent, was used
as coolant. To achieve insight into the temperature profiles the reactor-heat
exchanger system was divided in two parts i.e. the microwave cavity and the
reactor downstream the cavity (Figure 4.2). Heat transfer models were developed to
describe the temperature profiles for the reaction mixture and the coolant in both
parts. Both models were validated experimentally while depicting the

controllability and efficiency of operation.

4.2 Theoretical modeling

In the microwave cavity part of the proposed integrated reactor-heat exchanger,
microwave energy absorbed by the reaction mixture gets distributed between the
reaction mixture, coolant and heat losses to the surroundings. Note that the reaction
mixture being the only microwave absorbing component takes up all the microwave
energy present in the cavity which subsequently gets transferred to the non
absorbing coolant by conduction and convection. Part of the energy absorbed by the
coolant gets lost to the surroundings by natural convection. In the reactor part the
heat lost by the reaction mixture is equal to the energy gained by the coolant. The
overall energy balances for both parts are schematically depicted in Figure 4.2.
Although the reactor part is thermally insulated, the reaction mixture cools down
over the reactor length. However, the warm coolant here acts like an extra
insulation medium, allowing the reaction mixture to cool gradually. This axial
temperature profile was determined by modeling the heat transfer in the fixed bed
reactor part. Conversion as a function of the axial position can be calculated by
including temperature dependent kinetics of the reaction and by solving standard

fixed bed equations.'’
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Figure 4.2: (a) Process flow diagram (b) Schematic of the integrated reactor-heat exchanger
system with process details, divided into the microwave cavity part and the reactor part,
including overall energy balances.

4.2.1 2D heat transfer model for the microwave cavity part

A pseudo 2D model was developed in COMSOL Multiphysics for the microwave
cavity part to estimate the dimensions of the reactor and the range of operating
conditions (Figure 4.6). Microwave heating was incorporated as a volumetric
heating term in the micro heat balance. It was based on the temperature-dependent
dielectric properties of the reaction mixture, see the sub-section on volumetric
heating. The physical properties of strongly microwave absorbing ethanol, being in
excess, were used as reaction mixture properties (microwave absorbing liquid) and

those of microwave transparent toluene were used as coolant properties (Table

4.1).%

Table 4.1: Physical properties of reaction mixture (ethanol), coolant (toluene) and walls
(quartz)

Property Ethanol  Toluene
Thermal conductivity [k, W/(m.K)] 0.167 0.14
Density [p, kg/m’] 842.76 866.9
Heat capacity [C), J/(kg.K)] 2359.34 1698.5
Viscosity [, Pa.s] 1.201-10° 0.548-10°
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The tube and shell walls of the heat exchanger were modeled with the physical
properties of quartz (k = 1.38 W/m.K). The hydrodynamics of laminar flow was
described by the incompressible Navier-Stokes equations (Eq. 4.1). A standard
micro heat balance (Eq. 4.2) was used to determine the temperature profiles in the
liquids, while heat transfer to the solid wall was used as a boundary condition in
solving the micro heat balance in the microwave cavity. The quadrangle element
was used as the basic element type for the mesh (mapped mesh parameters),
consisting of 4560 elements. The direct linear system solver (UMFPACK) was
used to determine the temperature profiles of the reaction mixture and the coolant

in the microwave cavity part.

p%+p(u-V)u=V-[—pl+,u(Vu+(Vu)T)}+F 4.1)
oC, (%—fw.vr}v.(kvr)w 4.2)

4.2.1.1 Assumptions and constraints

Heat transport was computed with the following assumptions:
o The reactor material (quartz) and the coolant (toluene) are microwave
transparent.
o The volumetric heating source is uniform in the radial and axial directions of
the load.
o Considering laminar flow, the heat transfer coefficients are averaged over the
length of the microwave cavity.
The dimensions of the microwave cavity part had the following restrictions:
o The length of the microwave cavity is 4.7-10% m; within this length the
temperature of the reaction mixture has to increase from room temperature
i.e. 303 K to 343 K.
o Outer diameter of the shell cannot be larger than 9 mm due to physical

limitations of the setup.
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o Minimum required space between the shell and tube and the minimum
diameter of the inner (reactor) tube is 1.1 mm to facilitate insertion of fiber

optic sensors for validation experiments.

4.2.1.2 Heat transfer coefficients

With fully developed flow of an incompressible fluid through a circular duct and
constant heat flux to the wall, the Nusselt number can be assumed to be 4.36." By
using this Nusselt value and the thermal conductivity of ethanol (k = 0.167
W/m.K), the heat transfer coefficient of the reaction mixture (hg;) was calculated
to be 243 W/m?.K. The Nusselt value is dependent on the ratio of the inner and the
outer diameter for laminar flow through the annular region of the coaxial circular
duct*' and was found to be 8.1, assuming constant heat flux to the wall. By using
this Nusselt value and the thermal conductivity of toluene (k = 0.14 W/m.K), the
heat transfer coefficient of the coolant (ic) was calculated to be 378 W/m>.K. The
heat transfer coefficient for the heat losses to the surroundings by natural
convection (hg,,,) was assumed to be 10 W/m?K. Heat transfer in the microwave
cavity was assumed to be in series, where heat was transferred from the reaction
mixture to the coolant and from the coolant to the surroundings. Thus, the overall
heat transfer coefficients at the reaction mixture boundary (Ugy) and coolant

boundary (Uc) were calculated to be 154.0 W/m” K and 11.7 W/m> K, respectively.

4.2.1.3 Volumetric heating

Microwave heating was incorporated as a volumetric heating term using the
equation of Metaxes and Meredith®*, see Eq. 4.3.

O, =27 fee"E*V, 4.3)
The dielectric loss (£") in Eq. 4.3 depends on the temperature. This dependency
was determined by using a dielectric probe kit and network analyzer,'* resulting in
Eq. 4.4 based on experimental data in Figure 4.3.

£"=-1.9328-10"T" +1.2005T —1.7846-10° 4.4)
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Figure 4.3: Dielectric loss (¢”) of ethanol as a function of the temperature. Symbols:
experimental values; Line: polynomial fit.

The electric field intensity (E) at the reactor opening (Figure 4.4) was empirically
determined as a function of the applied power (Q..,, Eq. 4.5) for small temperature
gradients (< 5 K), i.e. no heat loss to the surroundings (Q,,; = 0) and constant
dielectric properties (&' and €") of the used solvent. This resulted in the empirical
equation 4.5 based on the data in Figure 4.4.

E=1.150-10"Q_ °—-4.673-107'Q_*+1.043-10°Q__ +2.334-10° 4.5)
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Figure 4.4: Electric field intensity as a function of microwave power. Symbols: experimental
values; Line: polynomial fit.

The equations 4.4 and 4.5 were inserted as scalar expressions in the respective sub-
domains for instantaneous quantification of the volumetric heating term in the

micro heat balance.
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4.2.2 1D Heat transfer model for the reactor part

The design of the reactor, was aimed at keeping the temperature of the reaction
mixture as long as possible constant and at least between 343 and 338 K (7}, and
T,., respectively, see Figure 4.1). Although the esterification reaction was slightly
exothermic (-2400 J/mol, Appendix A), it was necessary to insulate the heat
exchanger to avoid heat losses to the surroundings. To predict the axial temperature
profiles in the reaction part after the microwave cavity, Polymath (Version: 6.10)
was used. The temperatures were described by two coupled one dimensional

differential equations described in following sub section on energy balances.

4.2.2.1 Assumptions and constraints

o Heat is transferred through the wall of the reactor.

o Perfect radial mixing i.e. no radial temperature gradient in the packed bed
reactor.

o Heat of reaction is negligible.

o No heat loss to the surroundings.

4.2.2.2 Energy balances

The energy balances for a plug flow reactor in terms of molar flow rates are

presented in Eq. 4.6 and Eq. 4.7."

U, (T.-T
d§ZM — A, RM.( C RM) (4.6)

Myyy Co_pyy
Similarly, the coolant temperature varied over the length of the reactor part.

dT,
dL

Ue (T =T

= A 4.7)

me Cp_
The coupled differential equations were simultaneously solved using Polymath for
a range of coolant flow rates. The overall heat transfer coefficient terms (U "oy and

U"c) were used as fitting parameters.
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4.2.3 Modeling of the chemical reaction

The length of the reactor part, giving temperatures between 343 and 338 K (7.,
and T,,;,) was determined from the temperature profiles of the liquids given by the
heat transfer model of the reactor part. Subsequently the conversion is determined
by the amount of solid catalyst, varying with the length of the reactor part, and can
be described by the standard design equations for a isothermal packed bed reactor
with a pseudo first order irreversible reaction (Eq. 4.8)." Thus, the heat transfer
model of the reactor part as described in earlier section was further extended by
incorporating Eq. 4.9 for chemical reaction modeling to predict conversions.

C,aw (4.8)

FvAdCA = rf'x = k(VT)

X :[1—[exp(lg W]] ]IOO% 4.9)

Constant pressure was assumed as Ergun equation predicted a pressure drop of

1.8:10" Pa for the longest packed bed of 0.155 m (Appendix B)." From batch
1

experiments, the volumetric reaction rate constant was found to be 3.3.107 s at
343 K (Appendix C). Based on the Arrhenius equation, the activation energy and
the pre-exponential factor were calculated to be 53.5 kJ/mol and 2.6-10° s
respectively. The heat produced by the reaction for 10% conversion was found to
be negligible at 4.9-10° W (Appendix A). Therefore, the reaction rate coefficient
was assumed to be constant with respect to temperature (343 K) by ignoring the

heat of reaction.
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4.3 Experimental set-up and procedures

Figure 4.2 schematically illustrates the process details of the integrated reactor-heat
exchanger system. Both the liquids, reaction mixture and coolant, while flowing
through the integrated reactor-heat exchanger, first enter the microwave cavity part
where the reaction mixture is heated directly by the microwaves and excess of the
microwave energy gets transferred to the coolant by heat transfer. At the outlet of
the microwave cavity part, the reaction mixture at the reaction temperature i.e. 343
K and the coolant with similar elevated temperature enter the reactor packed with

catalyst over the predetermined reactor length.

4.3.1 Equipment and chemicals

The microwave setup was designed and developed in collaboration with Fricke und
Mallah GmbH (Figure 4.5). The system consisted of a single mode microwave
cavity operating at a frequency of 2.45 GHz with adjustable power settings up to 2
kW.' Process control and data acquisition over the entire setup was performed via
the LABVIEW program. The reflected power was recorded by using a detector
diode on an isolator. The power available in the cavity could be calculated with an

accuracy of approximately 10%.
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Figure 4.5: Schematic view of microwave setup with microwave energy flow in the setup.

Arrows showing directions of wave propagation.

The reactor-heat exchanger consisted of two quartz tubes (Figure 4.2), connected
with T-junctions for liquid supply and temperature measurement ports. Heat
transfer modeling (see previous section) results revealed that the most suitable

diameter for the inner (reactor) tube was 3-10~ m with a wall thickness of 5-10* m,
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whilst the shell diameter is 7-10° m with a wall thickness of 1-10° m. Teflon
spacers were used to support the reactor-heat exchanger in axially centric position
and also to prevent heat losses to the metal supports. Standard insulation foam was
used for insulating the reactor part outside the microwave cavity. Gilson HPLC
pumps (flow range: 8.33-10° to 2.5-10° m’/s) were used to supply the reaction
mixture and the coolant to the inner (reactor) tube and the shell, respectively. Fiber
optic sensors, type OTG-A, supplied by OpSense® were used to record the

temperature inside the reactor tube and the surrounding shell.

4.3.2 Experimental procedures
Two types of experiments were performed; i.e. physical experiments for the
determination of temperature profiles inside the microwave cavity and reactor, and

chemical experiments for determining the conversion.

4.3.2.1 Physical experiments: determining the temperature profiles of the

reaction mixture and coolant

The temperature profiles in the microwave cavity and in the reactor part are
necessary to validate both heat transfer models (see previous section). Before
starting the physical experiments, the quartz reactor-heat exchanger was placed at a
fixed position in the reactor opening of the microwave cavity. After focusing the
microwaves on the reaction mixture and placing the fiber optic sensors in the
required position, the temperature measurements were ran for few minutes after
reaching the steady state. The temperature was recorded against time by using the
LABVIEW program. The reaction mixture had a steady state within a few seconds,
but a few minutes (around 300 s) of run time was needed to reach the steady state
temperature of the coolant because conduction and convection were not as fast as
heating by the microwaves. Four fiber optic sensors were simultaneously used for
experimental determination of temperature profiles in the reactor tube and shell

over the whole length (every 110 m) of the microwave cavity and reactor parts.
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4.3.2.2 Chemical experiments: determining the conversion

In this study, the heterogeneously catalyzed esterification of acetic acid (99.8%,
Sigma Aldrich) and ethanol (99.8%, Sigma Aldrich) was chosen as a model
reaction (Scheme 4.1).* In order to increase the conversion for this equilibrium-
limited reaction, a 5-fold excess of ethanol was chosen because of its polarity and
enhanced microwave absorption. The reaction was performed between 338 and 343
K (Figure 4.1). The maximum temperature was set at 343 K to avoid boiling of
ethanol.” The catalyst, an acidic ion exchange resin (CT 275, Purolite®) with
average particle diameter of 750-10° m, was dried before use for 2 days at room
temperature. The experiments were performed by packing the pre-determined
length of the reactor part with catalyst. The reaction mixture flowing through the
microwave cavity got heated to the reaction temperature and entered the catalyst
bed for actual reaction before leaving the system towards the collection vessel.
Samples were taken over time and analyzed by gas chromatography (GC) to
determine the conversion. The samples for GC analysis were diluted with methyl
isobutyl ketone (99.8%, Sigma Aldrich) with a dilution of 10 wt% to lower the
concentrations of ethanol and acetic acid to precisely determine the concentrations
of the reaction components. From the GC-results, the conversion of acetic acid, the
limiting reactant, was calculated over time. After a single pass through the catalyst
bed, the conversion was below 0.5%, resulting in large errors by GC-analysis and
therefore, the reaction mixture was recycled. During these recycles, the collection

vessel of the reaction mixture was stirred firmly at 500 rpm.

4.4 Results & discussion

The heat transfer models, developed for the microwave cavity and reactor sections
and the model of the chemical reaction were validated by experiments. The
experimental results as well as the results of the model predictions are discussed in

detail in the following sections.
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4.4.1 Validation of the temperature profile in the microwave cavity

part

RM: 343 K RM: 343 K
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C:341 K
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Figure 4.6: Modeling results for two different flow rates of coolant, 8.33-107 m?/s (a) and
8.33-10° m’/s (b), at constant flow rate of the reaction mixture: 6.66:107 m3/s, available
power: 163 W. Numbers on several internal boundaries show temperature at the respective
boundary. RM: reaction mixture, C: coolant.

The obtained model predictions by the 2D heat transfer model for the microwave
cavity part are shown in Figure 4.6. The modeling results demonstrated that the
flow rate of the coolant has a negligible influence on the outlet temperature of the
reaction mixture even at 100 times increase in the coolant flow rate (Figure 4.6).
Thus controlling the outlet temperature of a highly microwave absorbing reaction
mixture by varying the flow rate of the coolant was not possible in the chosen
reactor-heat exchanger geometry. There can be two reasons for this, i.e. firstly, the
limited heat transfer area due to the design restrictions of the reactor-heat exchanger
and, secondly, the time constant for microwave heating is much lower than the time
constant for convective heat transfer to the coolant. However, the results of the
model predictions demonstrate that the outlet temperature of the reaction mixture
could be well controlled by adapting the flow rate of the reaction mixture and the
applied microwave power. The experimental results demonstrated that at a distance
of 1-10 m before the microwave cavity, the reaction mixture and the coolant were

already heated to a temperature considerably above room temperature (Figure 4.7,
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data point at 0 m), due to the propagation of microwaves outside the cavity in the
direction of the liquids inlet. Therefore, the volumetric heating source in the heat
transfer model was also added for this 1-10? m making the microwave cavity 1-107

m longer than its actual size of 4.7- 10 m mm (Figures 6 and 7).

360

3404

3204

Temperature [K]

O Reaction mixture (RM)
300 L : ©  Coolant (C)

4 0 1 2 3 4 s
Position in MW cavity [10> m]

Figure 4.7: Model versus experimental data, showing temperature profiles of the reaction
mixture (RM) and the coolant (C) inside the microwave cavity. Symbols: experimental
results; Lines: model predictions. Flow rates RM: 6.66-107 m3/s, C: 8.33-10” m3/s, available
power: 163 W.

Inside the cavity, a linear increase of temperature for both the reaction mixture and
the coolant was predicted by the model while an exponential rise was observed
experimentally (Figure 4.7). The model predicted a linear temperature increase in
both the liquids because microwave heating was incorporated as a volumetric
heating source with a constant and uniform field distribution over the entire load
rather than taking into account instantaneous interaction of the microwaves with
varying applied load (i.e. changing dielectric constant, €”). Note that this simplified
modeling of the microwave heating process has previously proven to be useful in
predicting temperature profiles of the reaction mixture.” A hot spot was observed
for the reaction mixture around 2-10 m inside the microwave cavity (Figure 4.8).
The temperature of this hot spot was higher when no coolant was present in the
shell of the reactor-heat exchanger (Figure 4.8). Thus, the coolant plays the role of
avoiding overheating of the reaction mixture by taking up excessive microwave
energy. Further studies to understand the hot spot formation inside the microwave

cavity especially with a focus on the field distribution are discussed in chapter 5.
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Figure 4.8: Experimentally observed temperature profile of the reaction mixture (RM) with
(open square) and without (filled square) coolant flow in the shell. Flow rate RM: 6.66-10”
m’/s, C: 8.33-10” m?/s, available power: 150-160 W.

Although the axial temperature profile of the reaction mixture in the cavity is not
completely understood, the model predicted the outlet temperatures with an
accuracy of + 3 K; therefore the model was further used to determine the process
window (Figure 4.9). The graph represents the power needed in the cavity to
achieve an outlet temperature of 343 K at the end of the microwave cavity part for
different flow rates of the reaction mixture. The flow rate of the coolant was kept
constant at 8.33-10” m?/s for all these simulations. In the most favorable situation
for the esterification reaction, the flow rate of the reaction mixture should be as low
as possible to achieve a long residence time for conducting the reaction in the
reactor part. However, in this case a very low microwave power had to be applied
(Figure 4.9). Stability of operation restricted the continuous flow setup to a
minimum microwave power of 155 W. As a consequence the flow rate of the
reaction mixture had to be adapted to 6.66-107 m’/s to achieve an outlet
temperature of 343 K (Figure 4.9). Accurate knowledge of the microwave power
level in the setup was necessary for further calculation of the microwave heating

efficiency.
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Figure 4.9: Process window for the applied microwave power and reaction mixture flow rate
to achieve 343 K at the outlet of the microwave cavity part. Flow rate of the coolant: 8.33-10”
m’/s; Symbols: modeling points, Line: a guide to the eye.

4.4.2 Validation of the temperature profile in the reactor part

During the experiments, the inlet temperature of the reactor part was not always
exactly 343 K (£ 2 K) due to differences in the reflective microwave power. So, for
validation of the 1D heat transfer model of the reactor part, the inlet temperatures in
the model were adapted to the experimental results. The flow rate of the reaction
mixture was kept constant at 6.66-107 m’/s in these experiments (see previous
section). The flow rate of the coolant was varied between 8.33 and 250-10° m%/s. A
higher coolant flow rate, having a lower coolant temperature at the end of the
microwave cavity part, resulted in a larger driving force for heat exchange in the
reactor part. This influenced the axial temperature profiles of both reaction mixture
and coolant in the reactor part. Heat exchange started at the outlet of the microwave
cavity part. So x=0 in Figure 4.10 is the inlet of the reactor part, and the outlet of
the microwave cavity part.

The heat transfer model predicted the temperature profile of the reaction mixture
quite accurately (Figure 4.10). Deviations in the model predictions from the
experiments could be due to errors in the experimental measurements and the
different reflective powers during the experiment. The predictions were less
accurate for higher flow rates of the coolant, probably because the heat transfer
coefficient can be a function of the flow rate in this case, while it was assumed to

be constant in the model.
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Figure 4.10: Axial temperature profile in the reactor part. Experimental results versus model
predictions for different flow rates of the coolant (1.66, 8.33, 16.66-107 m3/s). Flow rate of
the reaction mixture: 6.66-107 m’/s, available power: 163 W symbols: experimental data,
filled: reaction mixture (RM), open: coolant (C), Lines: modeling results, red lines: reaction
mixture (RM), blue lines: coolant (C).

For the esterification reaction, a near isothermal operation with the temperature of
the reaction mixture between 338 and 343 K was required. Note that the flow rate
of the coolant determined the length of the reactor part for reaction since its
temperature at the end of the microwave cavity part influenced the driving force for
heat transfer in the reactor part (Figure 4.10). The lengths of the reactor part
predicted by the heat transfer model were found to be in good agreement with the
experimental results (Figure 4.11). When the coolant flow rate was less than
1.66-107 m’/s, the complete reactor length of 0.155 m could be used for reaction
whereas it was about 0.043 m for a coolant flow rate above 1.25-10° m*/s. Thus the
optimized integration of heat has clearly lead to good prediction of the length of the

reactor part which can essentially be used to conduct a reaction.
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Figure 4.11: Validation of the length of the reactor part. Symbols: experimental data, Line:
modeling results.
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4.4.3 Validation of chemical reaction

The last step in this study was performing the esterification reaction in the catalyst
bed downstream the microwave cavity part. As discussed in the previous section,
the length of the reactor and thus the length of the catalyst bed were determined by
the flow rate of the coolant. The expected conversion was calculated by
incorporating Eq. 4.6 in the heat transfer model of the reactor part and compared
with the experimental values. A maximum deviation of 2.5% has been found
between the observed and the calculated conversions (Figure 4.12). This
presumably was due to an inaccurate determination of the length of the reactor part
or inaccurate GC analysis. In conclusion, these validation results demonstrate that
microwave heating can be incorporated in milli reactor flow processing in a

controllable manner, giving predictable temperatures and conversions.

5 Converaion of acetic acid, %
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Experiments
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Figure 4.12: Parity plot of experimentally obtained versus model predicted conversion of
acetic acid.

4.4.4 Microwave heating efficiency

To make microwave heating a justified heating technology, the energy efficiency
has been calculated to check its viability when compared with conventional heating
technologies. While heating the reaction mixture with microwaves, some of the
power was reflected. The rest of the power was absorbed by the reaction mixture,
and the coolant took up some of this energy by heat transfer. A part of this
transferred heat got lost to the surroundings. However, considering usability the

energy utilized only for heating the reaction mixture and the coolant (Q,, Eq.
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4.10) was used to determine the efficiency of microwave heating by comparing it
with the maximum amount of absorbed microwave energy that could be converted
into heat (Qyw, Eq. 4.3). The average heating efficiency (Eq. 4.11) of 96% with
heat recovery (heat extracted by coolant, Q.) up to 20% was calculated from the

available data of several experiments.

0, - (m c,,ATj +(n.1 c,,ATj (4.10)
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Figure 4.13: Deviation in heating efficiency from its average value of 96% calculated over
several experiments. Flow rate reaction mixture: 5-8.33-107 m3/s, coolant: 8.33-2500-10
m’/s, available power: 150-175 W.

The deviation from the average value of the heating efficiency was found to be
within 10% (Figure 4.13). This deviation was probably due to inaccurate
temperature and reflective power measurements. Especially for the cases of high
flow rates of the coolant, 1 K error in the temperature measurement lead to an error
of 8% in heating efficiency.

Nevertheless having a heating efficiency of more than 90% is very important to
prove microwave heating as a viable technology for industrial applications, at least
for fine chemical synthesis. Usually, the electrical efficiency (conversion of
electrical energy taken from the grid) of the standard marketed magnetrons like
many other technologies such as resistive heating is in the range of 50-65%.>* This
brings the overall energy efficiency of such heating systems down to half (90 x 0.5

= 45%). Therefore, it is very important to carefully design a reactor system, which
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shall facilitate complete utilization of the produced (microwave) energy and
provide heating efficiency above 90%. With our integrated reactor — heat exchanger
approach, we prove that such a possibility exists to make microwave heating an

attractive option for fine-chemical production scales of 1 kg/day (24 hr period).

4.5 Conclusions

Microwave heating can be beneficial over conventional heating (i.e. oil bath)
especially with its clean and fast heating of polar reaction media at molecular level
(volumetric heating). The major challenge of microwave heating being recognized
as an alternative to conventional heating technology, however, lies in the possibility
of taking microwave batch processes to continuous operation. Therefore a novel
concept for continuous reactor operation under microwave heating is proposed
where the temperature is maintained between a predefined low and high limit of
operation by a co-current heat-exchanger by implementing a microwave transparent
solvent, toluene, as a coolant. The heat transfer models for predicting the
temperature profiles inside the microwave cavity as well as in the reactor part were
developed and employed. The 2D heat transfer model of the microwave cavity
predicted temperatures at the outlet of the microwave cavity with an accuracy of +
3 K. However, future investigations are needed to understand the observed hot spot
formation inside the microwave cavity. The 1D heat transfer model for the reactor
provided the lengths of the reactor packed with the catalyst bed for conducting the
reaction between T,,,, (343 K) and 7,,;, (338 K). Optimized integration of heat has
clearly lead to good prediction of the length of the reactor part which was
principally used to conduct a reaction. The observed conversions were found to be
in good agreement with the predictions. Converting microwave energy into heat
had an average efficiency of 96%. Thus it can be concluded that application of
microwave heating technology not only provides clean and fast heating at the
molecular level but also helps in performing a controlled and energy efficient
continuous operation in a milli reactor setup where temperatures and yields can be

predicted accurately.
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Nomenclature

Symbol Description

A surface area perpendicular to flow, m”

G, heat capacity, J/kg.K

Ca concentration of component A, mol/m’

d diameter, m

D, particle diameter, m

E electric field intensity, V/m

E, activation energy, J/mol

f microwave frequency, 2.45 x 10° Hz

F, volumetric flow rate, m’/s

F body force vector, N/m’

A H, heat of reaction at reaction temperature (T = 70°C), J/mol
A H] ... heatof reaction at room temperature, J/mol

kobs observed reaction rate constant, m3cat/m3 R.S
k" volumetric reaction rate constant, 1/s

Ko frequency factor in Arrhenius equation

L length of reactor, m

m mass flow rate, kg/s

P pressure, Pa

0 microwave power, W

[ rate of reaction, mol/m3cat.s

R gas constant, 8.314 J/mol.K

T temperature, K

t time, S

U overall heat transfer coefficient, W/m’K
u velocity, m/s

%4 volume, m’

w volume of catalyst, m’

X conversion

z direction

Greek symbols

€ Voidage

&' dielectric constant

g’ dielectric loss

€0 permittivity of free space, 8.85-10"2 F/m
v moles

u Viscosity, Pa.s

p Density, kg/m’

A thermal conductivity of solids, W/m.K
k thermal conductivity of liquids, W/m.K
Subscripts

C coolant
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RM reaction mixture
R reactor

cav Cavity

abs absorbed heat
MW microwave

loss loss to the surroundings
f Formation

cat catalyst

r reaction

T Temperature

s Surroundings

~.

component number

Appendix 4.A

Heat of reaction

The heat of reaction at 343 K was calculated solving following equations.

T
AHY = AH) o+ [ A,Cp'dT
T‘
ArH£:298K = z v, * Ain(,)szz%K

Arcp() — 21)1 * Cpl()

Cp!=a,+a,*T+a,*T* +a,*T’ +a, *T"

(4A.1)

(4A.2)

(4A.3)

(4A.4)

Solving Eq. 4A.1 to 4A.4 with the data of the Table 4A.1 gave the heat of reaction of -2438

J/mol. Thus the reaction is slightly exothermic.

Table 4A.1: Thermodynamic data of reaction components for heat of reaction calculations.

0
Component v; AH ir,=208x  Cp;

kJ/mol ay aj X 10* aXx 10° az x 108 ay X 10!
Acetic acid -1 -484.3 438 -24.0 6.76 -8.76 2.69
Ethanol -1 -277.6 440 6.28 5.55 -7.02 3.48
Ethyl acetate 1 -479.3 10.23 -149 13.0 -15.7 6.00
Water 1 -285.8 440 -41.9 1.41 -1.56 0.663

Appendix 4.B

Pressure drop calculations

The pressure drop over a packed bed can be computed by using the Ergun equation (Eq.

4B.1). The pressure drop was calculated for the longest possible catalyst bed length of 0.155

m.
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The pressure drop was calculated by using physical properties of the system (Table 4B.1) to
be 0.18:10° Pa.

Table 4B.1: Physical properties of system and components for pressure drop calculations by
Ergun equation.

Variable Value Description

£ 0.2 Porosity, [m3cat/m3R]

D, 7.50-10™ diameter of particle, [m]
M 4.87-10%  Viscosity, [Pa.s]

z 1.55-10"  length of the bed, [m]

u 9.4.107 superficial velocity, [m/s]

rho 770 Density, [Kg/m’]

Appendix 4.C

Reaction rate constant

In this work the solid acid catalyzed esterification reaction®”'""

of ethyl acetate formation
from acetic acid and ethanol was chosen as a model reaction.”* This is a simple reaction with
well-understood kinetics.”®?” The reaction equation is presented in scheme 4.1. In order to
increase the conversion for this equilibrium limited reaction a 5-fold excess of ethanol was
chosen because of its dielectric properties. This excess made the reaction to obey a pseudo
first order rate law. The effect of temperature on the reaction rate constant and the effect of
catalyst loading on the conversion were determined. The effect of temperature was determined
to establish the activation energy. The effect of catalyst loading was needed to calculate the

volumetric reaction rate constant (independent of the catalyst loading), which was used later

for reaction modeling.

Experimental set-up and procedure

The used set-up for the kinetic experiments is schematically depicted in Figure 4C.1. The
experiments were performed in a batch reactor. An oil bath was used to achieve the reaction

temperature and to keep it constant.
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Figure 4C.1: Schematic of the set up used for kinetic experiments

The batch reactor (three-neck round bottom flask) had a capacity of 50-10° m® and was
equipped with a reflux condenser to prevent any losses of the reactants by evaporation.
Samples were taken via one of the necks. The reaction mixture was magnetically stirred at
750 rpm. The reaction vessel was kept at a constant temperature in a stirred constant
temperature oil bath, where the temperature could be monitored and adapted manually with a
thermocouple. Chemicals and catalysts used for this study were as explained in the
experimental section. Experiments were carried out at a molar ratio of ethanol to acetic acid of
5:1 at different temperatures (323 to 343 K, at 20 wt% dry catalyst loading) and different
catalyst loadings (5 to 20 wt% at 343 K). The volume of the reaction mixture was 25-10° m’
for all experiments. The reaction mixture was charged to the reactor, and the catalyst was
added when the reaction mixture has reached the desired reaction temperature. The liquid
samples were analyzed by gas chromatography by following the procedure described in the

experimental section.

Results

Figure 4C.2 shows a typical concentration time history for the reactants and products during
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the reaction.
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300
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o
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o
=

Figure 4C.2: Typical concentration-time profile of the esterification reaction. Catalyst
loading: 5%, Temperature: 343 K, Agitation speed: 750 rpm.
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Effect of temperature

The effect of temperature on the conversion of the limiting reactant i.e. acetic acid, was
checked by calculating -In(Ca/Cyo) over time, this gave a linear line, as expected for a
(pseudo) first order reaction with slope being the observed reaction rate constant (kops). The In

kobs showed a linear dependence over the reciprocal of the temperature, see Figure 4C.3.

-4.0

-4.5

In(k)

-5.01

1/Temperature [10° K]

Figure 4C.3: Effect of temperature on the reaction rate coefficient of the esterification
reaction. Catalyst loading: 20%, Reaction volume: 2.5-10” m’, Agitation speed: 750 rpm.

The activation energy (E,) and frequency factor (Ky) were calculated to be 53500 J/mol and
2.65-10° s™" respectively by applying the Arrhenius equation (Eq. 4C.1).

E,

k, (T)=K,e & (4C.1)

Effect of catalyst loading
The effect of the catalyst loading on Kkops at 343 K was determined. A linear dependence was

found as shown in Figure 4C.4.

»
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[10"m’_/m’_.s]
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Catalyst loading [%]

Figure 4C.4: Effect of Catalyst loading on the reaction rate coefficient (K,,s) of the

esterification reaction. Temperature: 343 K, Reactor volume: 2.5-10° m’, Agitation speed:
750 rpm.
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The observed reaction rate constant was corrected for the catalyst loading by equating Eq.
4C.2 and 4C.3. The first order rate coefficient based on the reaction rate per unit volume of

catalyst (kV) of 3.28-107 s was calculated from kobs using Eq. 4C.5.

dcC
V,—4=k, CV, (4C.2)
dt
dC
Ve—2=k"CV,, (4C.3)
dt
Therefore,
kvaat = kobsVR (4C'4)
k\/ — kohsVR |:lj| (4C5)
VCCU S
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Abstract

This chapter describes the results of a modeling study performed to understand the microwave
heating process in continuous-flow reactors. It demonstrates the influence of liquid velocity
profiles on temperature and microwave energy dissipation in a microwave integrated milli
reactor-heat exchanger. Horizontal co-current flow of a strong microwave absorbing reaction
mixture (ethanol + acetic acid, molar ratio 5:1) and a microwave transparent coolant (toluene)
was established in a Teflon supported quartz tube (i.d.: 3-10~ m, o.d.: 4-10” m) and shell (i.d.:
7-107 m, 0.d.: 9-10” m), respectively. Modeling showed that the temperature rise of the highly
microwave absorbing reaction mixture was up to 4 times higher in the almost stagnant liquid
at the reactor walls than in the bulk liquid. The coolant flow was ineffective in controlling the
outlet reaction mixture temperature. However, at high flow rates it limits the overheating of
the stagnant liquid film of the reaction mixture at the reactor walls. It was also found that the
stagnant layer around a fiber optic temperature probe, when inserted from the direction of the
flow, resulted in much higher temperatures than the bulk liquid. This was not the case when
the probe was inserted from the opposite direction. The experimental validations of these
modeling results proved that the temperature profiles depend more on the reaction mixture
velocity profiles than on the microwave energy dissipation/electric field intensity. Thus, in
flow synthesis, particularly where a focused microwave field is applied over a small tubular
flow reactor, it is very important to understand the large (direct/indirect) influence of reactor
internals on the microwave heating process.
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5.1 Introduction

Fast and volumetric heating by microwaves is attracting attention for application in
continuous flow synthesis of specialty chemicals."* Major efforts in developing
continuous flow reactors for microwave assisted organic synthesis’'' demonstrate
an increase of the reaction rate and product yield as compared to conventional
heating.*'" In addition, the presence of hot spots,”” efficiency of microwave

6710 and design of flow reactors®'® has been discussed. Most of these

heating,
articles reveal the enhancement of the reaction rate or yields due to volumetric or
selective nature of microwave heating. The high energy intensity of the focused
microwaves, however, hampers the efficiency and controllability of operation
especially when a strong microwave absorbing component is present.'>'* In such
scenarios, use of a microwave transparent coolant avoids overheating of the
reaction mixture and at the same time permits extension of usable reactor
lengths.lz’13 However, the use of a focused microwave field even in small well
defined reactor geometries does not always provide the expected temperature
profiles.'? This is majorly due to a lack of position specific information with respect
to the velocity profile of the liquid, i.e. the reaction mixture. Additionally, the
reliability of these predictions in microwave heating is limited when the spatial
distribution of the volumetric heating source is not considered."?

Although experimentally demonstrated, the selective nature of microwave heating
and the interaction of system components with the oscillating electric field of the
microwaves is not explicitly understood in most of the cases.'*'® Most reaction
mixtures contain polar and non-polar components, some interact with microwaves
very strongly while others are completely microwave transparent. Additionally,
many chemical reactors require some internals, e.g. mixers, distributors,
measurement ports (i.e. temperature sensors), for various functions during
operation. These internals in general influence the mixing/velocity profiles in the
(batch/continuous) reactors and, consequently, can interfere in the microwave
heating process. Therefore, at the early stage of process design, understanding of
the system interactions (in a geometrical as well as in a fluid-dynamic sense) with

microwaves and their influence on the microwave heating process are necessary to
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allow a robust process control and operation. Particularly in the case of flow
reactors, the velocity profiles can strongly influence both processes, i.e. heat
transport and microwave absorption/interaction. Additionally, changes in the
velocity profiles by reactor internals might add complexity to the microwave
heating process. Especially, stagnant zones may have a considerable influence on
heat transport and by that on the temperature profile. Therefore, it is of utmost
importance to understand the spatial distribution of the intensity of microwave
absorption and the corresponding local heating rate in the microwave heating
process by detailed physical modeling.

The modeling efforts to understand the detailed mechanism of microwave assisted
operation in combination with convective heat transport are largely applied in the
food and drying industry."”?® In contrast, qualitative insight into the mechanisms
behind microwave heating in reactive systems is rather limited.*'** Most of these
efforts are used either to show the existence of a hot spot or to provide design
guidelines for microwave applicators. Datta ef al. have nicely demonstrated the
possibility of combining the heat transfer and interactions of the oscillating electric
field with the applied load, which they broadly referred as microwave combination
heating.”>* These authors proposed an iterative procedure to reach the steady state
solution. In this iterative procedure, the temperature-change simulated by heat
transfer, which consequently changed the dielectric properties of the load, was used
to quantify interactions with the applied microwave field. In this study, similar
approach is used to model the coupled phenomena in a continuous (milli) reactor-
heat exchanger to see the influence of the liquid velocity profiles on the

temperature and microwave energy absorption profiles (Figure 5.1).

Microwave cavity ~» Shell: 710°m
Coolant L
(Toluene) —»f \—
Reaction mixture 1 2 3 4 5 6 7 8 }—
(Ethanol + Acetic acE;{ : (
F=—————=4.7102 m-—————-) L~ +Tube: 3-10°m

Figure 5.1: Schematic view and process details of the microwave integrated reactor-heat
exchanger assembly used for experimental validation. Numbers show the temperature
measurement positions in the tube as well as in the shell.
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5.2 Experimental methods

5.2.1 Reactor assembly and flow regime

The continuous reactor-heat exchanger consists of a horizontal quartz tube (i.d.:
3-10° m, 0.d.: 4-10° m) for the reaction mixture and a quartz shell (i.d.: 7-107 m,
o.d.: 9-10° m), for the coolant (Figure 5.1). The reaction mixture is strongly
microwave absorbing (ethanol + acetic acid, molar ratio 5:1), while the coolant
(toluene) is microwave transparent. The purpose of the co-current coolant flow was
to avoid overheating of the reaction mixture by the microwaves. Two Gilson HPLC
pumps (flow range: 8.33-10° to 1.66-10° m’/s) are used to supply the reaction
mixture and the coolant to the inner (reactor) tube and to the shell of the reactor-
heat exchanger assembly, respectively. Measurements are performed, either with a
low or with a high coolant velocity (Table 5.1), to study the influence of the

cooling.

Table 5.1: Operating conditions for modeling and experimental studies

Reaction mixture Coolant Microwave power
Condition D, Uy, D, Uc P
(107 m*s) (102 m/s) (10° m/s) (1072 m/s) (W)
Slow coolant 16.67 26.5 8.33 0.03 ~150
Fast coolant 6.66 10.6 1667 6.4 ~60

5.2.2 Microwave setup

The tubular milli-reactor heat exchanger assembly is perpendicularly fed through a
vertical WR340 waveguide (Cavity, Figure 5.2). It is supported on each side by
PTFE cylinders in metal tubes (length 3- 102 m, diameter 1.4-10 m). Thus, only the
central part is exposed to the microwaves over a length of 4.7-10% m (Figure 5.1).
Note that for the two reaction mixture flow rates studied (Table 5.1), the average
heating time of the reaction mixture is only 0.18 and 0.44 seconds, respectively.
The top of the cavity is shorted by an adjustable slider (short circuit, Figure 5.2)
and the bottom of the cavity is coupled via a three stub tuner and an isolator with an
antenna to a horizontal main waveguide. The main waveguide was connected to an
adjustable generator which can provide up to 2 kW at the frequency of 2.45 GHz

(Figure 5.2). Process control and data acquisition over the entire setup is performed
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via a custom made LABVIEW program. The dissipated power in the cavity could
be determined from the recorded foreward and reflected powers with an accuracy of

approximately £10 %.

Matched __
water load T4

Reflected power

2 KwW
microwave ™ ToT ™ ™ =s I
generator | Forward power Main waveguide

l T Air cooling

Figure 5.2: Schematic view of the microwave setup with an electric field pattern (red lines) in
the setup. Arrows signify flow of energy (purple), signals (green), liquids (blue), movement of
stub tuner, and short circuit (grey). Actual load (reactor) opening diameter: 1.4-107 m.
Design: TU Eindhoven. Manufacturer: Fricke und Mallah GmbH, Germany.

5.2.3 Temperature measurements

The temperature inside the reactor tube and the surrounding shell is recorded at
fixed positions (i.e. numbered positions in Figure 5.1) by microwave transparent
fiber optic sensors (OpSense®, type OTG-A). The 110~ m diameter of these probes
was significant with respect to the only 3-10~ m inner diameter of the reactor tube.
Two probes were initially inserted from either side of the assembly which stayed at
least 3-107 m apart to maintain the empty volume in the microwave irradiation
zone. Thus temperatures were measured at positions 1 to 4 with a probe from the
left (i.e. inlet) and at positions 5 to 7 with the probe from the right (i.e. outlet), see
Figure 5.1. This, however, led to a serious misinterpretation of the temperature
distribution inside the reactor tube. For more details please see the discussion on
the hot spot formation in chapter 4. The probe direction has a strong influence on
the probe tip temperature. This effect will be discussed in detail in the results and

discussion section.
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5.2.4 Dielectric properties measurement

A high temperature dielectric probe kit (85070D, Agilent) and a network analyzer
(NWA E5062A, Agilent) are used for the measurements of the dielectric constant
(£€) and the dielectric loss (£") of the reaction mixture (ethanol + acetic acid, molar
ratio 5:1) at a frequency of 2.45 GHz. The measurements of the batch sample at
different temperatures are repeated and averaged over three runs (Figure 5.3). An

oil bath was used to maintain the temperature at the desired value.
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Figure 5.3: Dielectric constant, £ (a) and dielectric loss, €”(b) of the reaction mixture as a

function of temperature.

5.3 Modeling methods

Flow out

Axial direction

Radial direction

reactant
quartz
coolant
teflon

air

Flow in
Figure 5.4: 3D computational domain of the microwave cavity, showing individual
components of the reactor assembly. See Figure 5.1 for dimensions of the reactor assembly.

The harmonic electromagnetic field, steady state liquid flow and temperature in the

setup are calculated with the finite element method in Comsol Multiphysics 4.2a
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(Figure 5.4). The laminar flowing fluid is heated by the microwaves and the heat is
transported via convection to the outlet and via conduction to the coolant. The
model is fully coupled since both the electromagnetic field pattern and the flow
profile are determined by the temperature dependent permittivity, fluid density and
the viscosity. Temperature dependent material parameters are used as defined in the
Comsol material library, where the reaction mixture (ethanol + acetic acid, molar
ratio 5:1) is assumed to behave like pure ethanol. Only the complex permittivity of
the reaction mixture was interpolated from the dielectric property measurements
(Figure 5.3). The dielectric constant (€) of toluene, quartz glass and PFTE are 2.4,

4.2 and 2.0 respectively and these materials have a negligible loss factor (£”).

5.3.1 Electromagnetic field model
The modeled 3D geometry with the mesh is shown in Figure 5.3. Symmetry
permitted modeling half of the complete geometry. The shape of the 2.45 GHz
electromagnetic field depends on the metal enclosed geometry and the permittivity
of the internal materials. The electric field should obey the Helmholtz equation
which follows from the Maxwell equations in a source free domain (Eq. 5.1).
V’E=YE (5.1)
where E is the electric field intensity and the complex propagation constant ¥ in a

medium is defined as
Vv =—&'ue, (- je") (5.2)

where @ (=2xf) is the angular velocity, x, is the magnetic susceptibility, g, is the
absolute permittivity of free space and & and &”are the real (i.e. dielectric
constant) and imaginary (i.e. dielectric loss) parts of the relative permittivity. The
boundary condition at the perfect conducting metallic boundary is given by Eq. 5.3
and at the symmetry plane we have a perfect magnetic conductor (Eq. 5.4).

nxE=0 (5.3)

nxH =0. (5.4)
The field is excited at the port boundary by a TE;y mode (Eq. 5.5).

E =E,sin(7x/a) (5.5)
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where a is the waveguide width (i.e. 8.33-10% m). A 2D axial symmetric version of
the same geometry is also modeled. The physics was the same except that in the
latter case the waveguide represents a cylindrical cavity, which is driven by a

uniform circular magnetic field at the outer wall.

5.3.2 Thermal model

The temperature is determined by a micro heat balance where convection and

diffusion were augmented with the microwave source term (Eq. 5.6).

(5.6)

pC,(u-V)T =-V-(-AVT)+Q,,
where u is the fluid velocity vector (which is zero in the solid) and A is the
effective thermal conductivity. The next section discusses the reasons behind using
the effective thermal conductivity. The inlet and metallic boundaries are assumed to
be at a fixed temperature (303 K) and the air is assumed to be perfectly isolating.
Heating by viscous dissipation (i.e. friction) is ignored. The microwave energy

density (Q,, ) is proportional to the square of the electric field (E, ) and the

imaginary part of the permittivity (&£”), see Eq. 5.7.
Qmw = ngS”EZm (5 '7)

Instead of tuning the driving boundary conditions to match the experimental

conditions, the power density term @ is internally scaled to equate the total

mw

dissipated power with the requested power (Eq. 5.8).
J‘QmdeR = Pser (58)

5.3.3 Flow model

The flow in the reaction mixture tube and coolant shell is determined by the

Navier-Stokes momentum balance at the steady state.
pluV)u=V-(=pl+a(Vu+(Vu) )=2 4(V-u))+F (5.9)

with the conservation of mass (constant density fluid)

V-(pu)=0 (5.10)
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The fluid velocity (Table 5.1) and the pressure (ambient) are fixed at the two inlets,
and no viscous stress is assumed at the outlets. The tubular walls have a no-slip
condition. With the straight cylindrical geometry, this would result in simple
parabolic Poiseuille profiles (except for a small deviation caused by the temperature
dependent fluid properties). In the 3D simulation, we included a vertical buoyancy
force term (Eq. 5.11) related to the thermal expansion (density difference), since a
mixed convection pattern could result from the horizontal flow.

F,==¢(p-p.) (5.11)
In the 2D simulation, this term was ignored. In the computationally lighter 2D case,
we have instead studied the effect of different fiber optic probe insertions. A
disturbance to the flow profile, in the form of small recycles, is noted directly
behind the probe tip. These cause an enhanced local dissipation of momentum and
heat. This cannot be resolved by a refinement of the grid and led to numerical

instabilities. Therefore we used the so called low Reynolds x/¢ turbulence model

in the 2D case.”’ It is especially suited to preserve validity near the important
stagnant boundary and does not need special wall functions. The intricate details of
this turbulence model are outside the scope of this chapter.**’ In short, it allows to
estimate the extra momentum transport by the additional turbulent viscosity term in
the effective viscosity (Eq. 5.12) which also enhances the effective thermal
conductivity (Eq. 5.13, where the turbulent Prandtl number according to the Kays-

Crawford model is about 1).

=+ (5.12)
izmcp% (5.13)

T
The result is that the apparent diffusion of momentum and heat was 60 to 80%

larger in the wake of the probe tip than in the pure laminar region.

5.4 Results and Discussion

The calculated electric field intensity profile in the microwave cavity is shown in

Figure 5.5. Since the dielectric properties of the reaction mixture changed by a



94

factor of 2 with temperature (Figure 5.3), it was intuitively expected that this would
influence the electric field intensity along the reactor tube. However, this effect
turned out to be of minor importance. Figure 5.5 shows that the position of the
shorting plane in the waveguide can be chosen such that the electric field intensity
of the standing wave is maximal at the reactor assembly. Furthermore, it can force

the electric field to be almost cylindrically symmetric around the reactor axis.

High

Low

Figure 5.5: Electric field intensity (arbitrary unit) in and around the microwave integrated

reactor-heat exchanger assembly. See Figure 5.1 for dimensions of the reactor assembly. @, =

6.66-107 m’/s, ®.=1.66-10°m’/s, P, =60 W.

set

Despite the fact that there was no difference in the electric field intensity between
the feeding port and the shorting plane (see Figures 5.4 and 5.5), there was a non-
symmetric effect of the gravity due to the horizontal arrangement of the reactor-
heat exchanger assembly. The buoyancy effect was very significant in the coolant
section, particularly at the slow coolant flow condition in comparison to the fast
coolant flow condition (Figure 5.6). In the slow coolant flow case, the temperature
in the coolant section was up to 40 K higher at the top than at the bottom part of the
assembly (Figure 5.6b). The upward force on the hot and thus less dense coolant
fluid near the reactor tube induced a dominating fluid circulation pattern, as
demonstrated in Figures 5.6a and 5.6b. Note that the circulating forward and
backward coolant velocities are orders of magnitude larger than the net forward
transport velocity of 0.3-10” m/s. Experimental validation of these modeling results
was not possible due to a limited flexibility of the experimental setup. Nevertheless,

it is important to note here that the horizontal arrangement of the reactor assembly,
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even at millimeter sized tubes, could show a significant gravitational influence on

temperature and flow.
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Figure 5.6: Effect of buoyancy in a horizontal arrangement of the microwave integrated
reactor-heat exchanger assembly for slow coolant flow (a, b) and fast coolant flow (c, d)
conditions. (a, c): contour plots. (b, d): radial velocity and temperature profiles at axial co-
ordinate of zero. Gray lines (with thickness indicating the strength) show the velocity profiles
of the coolant in contour plots. The axially sectioned colored pattern shows the temperature of

the reaction mixture and the coolant. (a): slow coolant flow condition, ®,= 1.66:10° m?/s,

®_.=8.33-10" m’/s, P, =150 W, (b): fast coolant flow condition, ®,= 6.66-107 m’/s, ® .=

set

1.66-10% m%s, P. =60 W.

set

Figure 5.6 also shows that the temperature of the reaction mixture near the tubular
wall was much higher than in the middle of the tube for both conditions. The radial
distribution was studied in more detail with the 2D model, which ignored the
buoyancy effect. Figure 5.7 shows the distribution of the microwave energy density

(Q,,, Figure 5.7a), velocity (u, Figure 5.7b) and temperature (7, Figure 5.7c) with a

reaction mixture flow rate of 6.66-107 m’/s and a coolant flow rate of 1.66-10°

m’/s at an applied microwave power of 60 W. The dissipated microwave energy
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density was about 2.2-10° W/m® in the reaction mixture section (Figure 5.7a). The
obtained velocity profile in the reaction mixture section was typical for laminar
flow (Figure 5.7b). It was highest at the cylindrical symmetry (i.e. 18-102 m/s) and
zero (i.e. a stagnant liquid film) at the reactor walls due to the no-slip boundary
condition. The temperature of the reaction mixture increased linearly in the axial
direction of the flow as a result of microwave absorption. It climbed from the inlet
temperature of 303 K to 328 K at the cylindrical symmetry (Figure 5.7¢). However
at the inner reactor wall, the reaction mixture became much hotter (i.e. 353 K), thus
reaching almost to the boiling point of ethanol. The coolant was microwave
transparent and, therefore, the microwave energy density was zero in the coolant
section (Figure 5.7a). Some convectively transferred heat from the reaction mixture
was gained by the coolant, but the temperature in the bulk remained at the inlet
temperature (303 K) due to the high coolant velocity (Figure 5.7¢).

] (0, [10"Wm]
0 6 12 18 24

e # [102m/s]
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Figure 5.7: Profiles of microwave energy density (a), velocity (b), and temperature (c)
obtained with the 2D model. See Figure 5.1 for dimensions of the reactor assembly. Fast
coolant flow condition; @, = 6.66-107 m’/s, ® .= 1.66:10° m’/s, P, =60 W.

The coolant flow rate had a minor effect on the axial temperature profiles of the
reaction mixture (Figures 5.8a and 5.8c), as almost identical axial temperature
profiles of the reaction mixture were obtained for coolant flow rates of 8.33-10”
and 1.66-10° m’/s, respectively. Figures 5.8b and 5.8d show the radial profiles of

velocity (u, red lines), temperature rise (7 —7,,, green lines) and microwave energy

density (Q,,, blue lines) at the cylindrical symmetry for slow and fast coolant flow
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conditions. As mentioned earlier, in both cases, velocities of the reaction mixture
and coolant had a near parabolic flow profile (Figures 5.8b and 5.8d), except the
coolant velocity was almost zero (Figure 5.8b) at the slow coolant flow condition.

The temperature rise of the reaction mixture and the coolant (7 -7, = 50 K) was in

this case highest near the reactor wall (Figure 5.8b). This is due to fact that the
microwave heated stagnant reaction mixture film near the tube wall is not renewed.
The stagnant volume fraction near the wall keeps receiving microwave energy and
can only loose it by radial heat conduction. These observations suggest that the
temperature depends more on the liquid velocity profile than on the electric field
intensity, especially in systems where the focused microwave field is applied over

tubular reactors with small diameters (i.e. in the millimeter range).
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Figure 5.8: Axial temperature profiles (a, c) at cylindrical symmetry, and microwave energy
density (Quw, W/m3), temperature rise (7-7T;,, K) and velocity (u, m/s) profiles (b, d) as a

function of radial co-ordinate. (a, b): slow coolant flow condition, ®, = 1.66-10°° m3/s, P .=

8.33-10° m’/s, P, = 150 W, (c, d): fast coolant flow condition, ®,= 6.66-107 m’/s, ®_

set

1.66:10° m%s, P

set

= 60 W. The origin of the co-ordinate system in this chapter is placed at a

different position compared to that in the previous chapters.
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The temperature rise near the reactor wall resulted in a drop of the microwave
energy density from 5.5-10° W/m® at the center of the reactor to 3-10° W/m® at the
inner reactor wall (Figure 5.8b). This was due to the drop in the dielectric loss
factor (&”) at higher temperature (see Figure 5.3 and Eq. 5.7). However, with a high
coolant flow rate, and a more effective convective cooling of the inner reactor wall,
it shows a much smaller drop of the microwave energy density near the wall, and
even a slight increase (Figure 5.8d). As a consequence, the coolant having only a
minor influence on the reaction mixture outlet temperature (Figures 5.8a and 5.8c¢),
allowed control over the microwave energy dissipation at the inner reactor wall
(Figures 5.8b and 5.8d). This additional control provided by the coolant is
definitely an interesting feature, for wall coated reactors where the reaction occurs
at the catalyst film on the inner wall of the reactor.

The interpretation of the model results imply that any static internals in a
microwave flow reactor, such as baffles or packed particles, will disturb the
temperature distribution by disturbing the flow pattern. This was verified by
inserting a microwave transparent fiber optic probe (commonly used for
temperature measurement) in the geometry. Two separate cases were studied with
the 2D model, i.e. insertion of the probe from the outlet (Figure 5.9a) and insertion
of the probe from the inlet (Figure 5.9b).
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Figure 5.9: Influence of the direction of the probe insertion on the temperature profiles
obtained by modeling, (a) probe inserted from the outlet, (b) probe inserted from the inlet. See

Figure 5.1 for dimensions of the reactor assembly. Fast coolant flow condition, ®, = 6.66-10”

m’/s, ®,.=1.66-10°m’/s, P,=60 W.

set
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The laminar flow of the reaction mixture rearranged itself around the probe which
has a stagnant liquid film (no-slip condition). Just as observed earlier near the
reactor wall, the liquid in the stagnant film surrounding the inserted probe also
reached a higher temperature than the bulk liquid. Thus, the temperature measured
by the probe is directly ruled by the temperature of the stagnant liquid film (Figure
5.9). This effect is seen to be building up from the cool inlet side to the hot outlet
side. Now for the probe inserted from the outlet (Figure 5.9a), the stagnant film is
just starting at the probe tip and it, therefore, shows the bulk temperature. Further
downstream, the probe gets hotter, but that is not measured by the tip. On the other
hand, for the probe inserted from the inlet, the overheating of the stagnant liquid
film is building up towards the probe tip and thus it shows a higher steady state
temperature (Figure 5.9b). In this case, it can be noticed that the hot zone continues
for about 2-10 m directly after the probe tip (Figure 5.9b), because it takes some
distance before the liquid at the center is accelerated to the bulk velocity and the
excess heat is diffused away. These model observations for both cases, i.e. insertion
of the probe from the outlet and the inlet, were then validated by experiments

(Figure 5.10).
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Figure 5.10: Influence of the direction of the probe insertion on the temperature profiles
obtained by modeling (lines) and experiments (data points). Solid line and squares: probe
inserted from inlet, dotted line and triangles: probe inserted from outlet. Experimental as well

as modeling condition: fast coolant flow, ®,= 6.66-107 m’/s, ®.= 1.66-10° m’/s, P, = 60
Ww.

Figure 5.10 shows the experimentally observed and calculated axial temperatures at
different probe positions. The results in Figure 5.10 demonstrate that the model

calculations were in excellent agreement with the experimental observations. The
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agreement of the theoretically calculated results with the observed experimental
results confirms that the disturbances to the flow profile caused by the inserted
probe (or reactor internals) have a considerable influence on the temperature
distribution. Therefore, it is important to understand the direct (e.g. microwave
absorption) or the indirect (e.g. disturbance to the velocity profile) influence of the
reactor internals on the microwave heating process, in the case of processes where
the selectivity is temperature dependent. Additionally, this approach of modeling
can also be used in finding the reasons for reported hot spots in many of the
microwave assisted flow synthesis studies. Although this modeling study is focused
on volumetric liquid heating by the microwaves, for a better understanding it can
also be expanded to processes where microwaves are employed for selective

heating of catalytically active metal films on the reactor walls.

5.5 Conclusions

A modeling study was conducted for milli-sized flow reactors to understand the
influence of the velocity profiles on the microwave heating process. Almost
stagnant zones in the microwave absorbing fluid influenced the temperature
distribution in a microwave integrated flow reactor-heat exchanger. The
temperature increase of the highly microwave absorbing reaction mixture was 2-4
times higher in the almost stagnant regions in the vicinity of the reactor walls
compared to the bulk liquid. A buoyancy influence (as a result of gravitational
forces) was clearly visible for a horizontal arrangement of a reactor-heat exchanger
assembly at millimeter sizes, i.e. a fluid circulation was observed due to density
difference. The coolant flow was found to be ineffective in controlling the outlet
reaction mixture temperature. However, the coolant at high flow rates limited the
overheating and, consequently, improved the microwave energy dissipation at the
inner reactor wall. Additionally, the disturbances to the velocity profile by reactor
internals and their influence on the microwave heating process were investigated.
The stagnant layer formation caused by insertion of a fiber optic probe from the
inlet (i.e. from the direction of the flow) resulted in higher temperatures. The model

predictions were experimentally validated and, therefore, demonstrated that the



101

temperature profile depends more on the reaction mixture velocity profile than the
electric field intensity, especially in systems where the focused microwave field is
applied over a small tubular reactor. This study also shows that fully coupled
simulation of microwave field and non-isothermal flow is feasible and required to

understand the thermal performance of microwave heated flow reactors.

Nomenclature
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Description
Waveguide width, 8.33-10°m

Heat capacity, J/kg-K
Electric field, V/m

Driving electric field amplitude, V/m

a <

~

Electric field at port parallel to tube, V/m
Volume Force, N/m’

Buoyancy force in vertical direction, N/m’
Microwave frequency, 2.45-10° Hz
Acceleration due to gravity, 9.80 m/s’
Magnetic field, A/m

Identity matrix

Normal direction
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Set microwave power, W
Turbulent Prandtl number

=

Pressure, Pa
Microwave energy density, W/m’

Temperature, K
Velocity, m/s

Reactor volume, m’
Greek symbols

:’ﬂs@ﬁ
S

=

& Permittivity of free space, 8.854-10"2 F/m
4 Dielectric constant

" Dielectric loss

Y Complex propagation constant, 1/m

y) Effective thermal conductivity, W/m-K

U, Permeability of free space, 47-107 H/m

o] Effective dynamic viscosity, Pa-s



Mo Turbulent dynamic viscosity, Pa-s

@, Reaction mixture flow rate, m’/s

D, Coolant flow rate, m’/s

P Instantaneous Density, kg/m’

Pry Density at reference temperature, kg/m’

@ Angular velocity (27f), rad/s
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Abstract

This chapter demonstrates the parallelization of multiple milli-tubular reactors for scale-up.
The productivity of microwave assisted continuous fine chemical synthesis was brought to a
commercially interesting scale of 1 kg/day. To that end, a counter-current multi-tubular milli-
reactor/heat exchanger (MTMR) assembly was developed with the reactant flow through
milli-tubular reactors while the coolant flows in the shell side. The efficiency of microwave
absorption under continuous operation in a single mode microwave cavity has been improved
with the deposition of a thin (350 = 40 nm) Cu film on the inner walls of the reactor tubes.
The Cu film improved the uniformity of microwave energy absorption in the reactor tubes
along the radial direction. A near-isothermal operation was achieved by cooling with a
counter-current flow of a microwave transparent coolant in the outer shell of the MTMR. A
production rate of 213 * 11 kgprod/(Kgearhr) was achieved in a single microwave cavity at 373
+ 5 K and at a total reactant flow rate of 1.66-10° m’/s. The average production rate of 1,3-
diphenyl-2-propynyl piperidine in the MTMR assembly (6 parallel tubes in a shell and tube
reactor/heat exchanger) was 93 % of the production rate in a single tube due to a slightly
uneven flow and temperature distribution. Kinetically determined mean Cu film temperature
was 477 £ 10 K. Although the reactor tubes were placed at an equal distance from axial
symmetry (6 parallel tubes in a hexagonal arrangement), a maximum temperature deviation of
8.0 £ 0.5 K was observed over the reactor tubes. The parallelization approach was
demonstrated to be successful for scale-up of continuously operated microwave reactors.
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6.1 Introduction

Microwave heating, being a fast and selective heating technology, has brought the
focus of the specialty chemical industry to microwave assisted continuous organic
synthesis (MACOS)."* Some of the prominent researchers in this field have
claimed microwave heating as a green technology considering the aspect of energy
efficiency although they retrospect it to be case specific.” Since 1986, the major
efforts in this research field are focused around proving the specific benefits
associated with the use of microwave heating, such as selective and/or rapid
heating, resulting in a substantial reduction of reaction times.’ Realization of
MACOS at commercial scale, however, requires a proper design of microwave
integrated tubular reactors. This type of reactors needs to provide sufficient
microwave penetration depth as well as proper temperature control which are
important to achieve high selectivity and energy efficiency.”™

The scaling up of microwave assisted organic synthesis can be categorized based on
the mode of operation, i.e. (semi-) batch or continuous.”® The choice in most of
the cases is based on the benefits and limitations associated with the respective
mode of operation. Batch scale-up literature mostly comprises scaling small
reaction volumes of 5 ml conducted in single mode type of microwave cavities to 1
dm’ multimode microwave ovens.” Most of these papers evaluate the limitations
related to the volumetric scale-up while using standard microwave reactors
available in the market.'”” However, few of the papers look in to the possibility of
designing a microwave setup which satisfies the requirements of large batch
processes assuring homogeneous heating.''"'* %

Similarly, studies on continuous operation revealed evaluation of the design of

21-23

commercial continuous flow microwave reactors, of micro-reactors>* and of a

1.%% in their work

process specific microwave integrated reactor setups®. Organ ef a
on MACOS have discussed the possibility of parallelization of milli-reactor tubes.
Although this work does not focus on scale-up, it addresses the possibility of
library (organic) synthesis in multiple parallel tubes. Most of the scale-up (batch as
well as continuous) related studies assume a proper performance of state-of-the-art

microwave setups and standard reactors therein. Our previous findings however
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suggest that, being case specific, design efforts are necessary for both, the
microwave system and the reactor.”® One of the suitable approaches for scaling up
MACOS is numbering up. The numbering-up approach is based, at the one hand,
on numbering up of mono mode microwave cavities connected to a single
waveguide and, at the other hand, on parallelization of tubular structured reactors
with a channel diameter in the millimeter range. The former provides high energy
efficiency by avoiding conversion losses at multiple grids to applicator points. The
latter ensures high throughput while taking care of the penetration depth limitation.

The use of microwave technology in green chemical synthesis has been explored
extendedly for liquid-phase reactions. However, the dielectric microwave
absorption by solvents or reagents, resulting in rotational heat losses, is limited to
polar or ionic derivates.”” The use of highly active catalysts increases the reaction
rate and simultaneously supplies the required heat as a result of extremely fast
response of metallic surfaces to microwave irradiation. This response leads, under
certain conditions, to a very fast and controlled temperature rise when the catalyst

possesses a magnetic character. Buchelnikov er al”®

reported the heating of
metallic powders in a multimode (2.45 GHz) microwave applicator, where direct
experimental evidence and theoretical explanation on the microwave penetration in
powdered metals were provided. The authors described the process of metal heating
by magnetic reversal losses and eddy current losses, being complementary
processes of dielectric losses in liquid microwave absorption.

This interaction of metals with the microwave field allows performing metal-
catalyzed organic synthesis in non-polar solvents and maintaining the bulk
temperature of the reaction mixture below the actual reaction temperature on the
metal surface, i.e. the locus of the reaction.”® This way of conducting organic
synthesis increases the product selectivity due to the much lower bulk solvent
temperature. The metal-catalyzed three-component coupling of aldehyde, alkyne,
and amines via C—H activation has previously been done using various metal-
coated reactors in a microwave field (Scheme 6.1).° The two step mechanism of

this type of coupling reactions has been elucidated by Climent e al.”’. In the first

non-catalytic step an iminium intermediate is produced from the aldehyde and the
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amine which subsequently reacts in the second catalytic step with the catalytically
activated C-H bond of the alkyne (metal acetylide) leading to the final product.
However, the substitution of gold by copper as catalyst using efficient microwave
energy, by means of single mode microwaves, brings a tremendous cost advantage
with respect to the overall process productivity and feasibility.*'** Benaskar ez al.”
have recently shown that the catalyst cost substantially governs the economic
feasibility of medium-scale continuously operated processes using both milli-
reactor based processes and microwave heating.

This chapter reports the scale-up of a microwave assisted continuous fine chemical
synthesis by using a multi-tubular milli-reactor/heat exchanger (MTMR) to the
commercially interesting capacity of 1 kg/day (Figure 6.1). This is achieved, among
others, by providing a uniform temperature distribution in all parallel tubes of the
MTMR assembly. Thin Cu metal films were deposited on the inner walls of the
tubular milli-reactors following the approach of Shore er al®’. This allowed
investigating the dual effect of the Cu film as a microwave absorbing material and
as an active catalyst in a Cu-catalyzed multi-component reaction (Scheme 6.1). The
performance of each individual reactor tube was evaluated and compared with the
overall performance of the MTMR assembly in rapid and efficient synthesis of 1,3-

diphenyl-2-propynyl-piperidine.

()
Ej)k Q O/ Cu thin film O N
toluene O

benzaldehyde piperidine phenylacetylene 1,3-diphenyl-2-propynyl piperidine

Scheme 6.1: Multi component reaction of benzaldehyde, piperidine and phenylacetylene to
produce 1,3-diphenyl-2-propynyl piperidine

6.2 Experimental

The synthesis of 1,3-diphenyl-2-propynyl-piperidine was studied as a test reaction
(Scheme 6.1). The reactants (benzaldehyde, piperidine, and phenylacetylene, all
99.9wt.%, Aldrich) were preheated to 50 °C and premixed with toluene (anhydrous,
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99.8 wt %, Sigma-Aldrich) to obtain concentrations of 1.5-107, 1.8-107, 2.25-107

mol/m’, respectively.

6.2.1 MTMR experiments

T 4 Cu thin film coating
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Figure 6.1: Schematic of a multi-tubular milli-reactor/heat exchanger (MTMR) setup. a)
Complete assembly. b) Tube distribution with section wise designation of each tube position.
Tube size; 2-10° m (id) x 3-10° m (od) x 1.66-10" m (length). Shell size: 1.2-10% m (id) x
1.4-10% m (od) x 1.37-10" m (Iength). ¢) Schematic of the MTMR assembly with coated
milli-reactor tubes (brown) in the microwave cavity. Red dotted lines show the focused
microwave field (red) on the MTMR assembly. Metal fittings showing the temperature (T)
and flow (F) ports for the reactant flow through tubes and coolant flow through shell. RM:
reaction mixture, and C: coolant.

The MTMR assembly (Figure 6.1a) consisted of seven quartz tubes (one in the
center and six in a hexagonal arrangement at a distance of 3.5-10° m from the
central axis) with an inner diameter of 2.0-10° m and a length of 0.166 m, inserted
in a shell with an inner diameter of 1.2-10% m and a length of 0.137 m. All reactor
tubes in the MTMR assembly were designated based on their location (Figure

6.1b): top section (position: T1, T2), middle section (position: M1, M2), bottom
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section (position: B1, B2), and central tube (position: C). The reactants and coolant
were fed counter-currently by Gilson HPLC pumps (range of flow rate: 8.33-107 to
2.5-10° m’/s) to the reactor tube and the shell, respectively (Figure 6.1c). Metal
fittings provided a supply/collection chamber for the reactant flow through all
reactor tubes and an inlet/outlet port for the shell side coolant flow (Figure 6.1c¢).
Four fiber optic sensors with the diameter of 1.1 mm (OTG-A, OpSense®), were
used to record the temperature inside the reactor tube and the surrounding shell

(Figure 6.1c¢).
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Figure 6.2: Schematic view of the microwave setup with an electric field pattern (red lines) in
the setup. Arrows signify flow of energy (purple), signals (green), liquids (blue), movement of
stub tuner, and short circuit (grey). Actual load (reactor) opening diameter: 14107 m.
Design: TU Eindhoven, The Netherlands. Manufacturer: Fricke und Mallah GmbH, Germany.

The microwave setup consisted of a single mode microwave cavity operating at a
frequency of 2.45 GHz with adjustable power settings up to 2 kW (Figure 6.2).”
Focusing of the resonating microwaves in the cavity was possible over the inserted
reactor (MTMR assembly in this case) by tuning the cavity with the help of short
circuit and 3 stub tuners (Figure 6.2). Focusing of the microwaves allowed getting
the microwave field maxima on the reactor assembly (as shown schematically in
Figure 6.1c). This assured maximum absorption by the reactor assembly and
minimum losses to the dead load at the isolator of the cavity. The reflected power

was recorded by using a detector diode on an isolator. This allowed calculation of
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the microwave power available in the cavity with in accuracy of 90%. Process
control and data acquisition were performed via the LABVIEW program.

The reaction mixture was fed to a single reactor tube (tubes at the other six
positions were sealed) at a flow rate of (0.83 — 1.66)-10”° m*/s. In the numbering-up
experiment, the reaction mixture was fed at a reactant flow rate of 1-10® m’/s
simultaneously to the six peripheral tubes (Position: T1, T2, M1, M2, B1, B2,
Figure 6.1b). The coolant (toluene) was fed counter-currently through the shell side
of the MTMR at various flow rates between 4.16:107 and 1.66:10° m?s.

Microwave power was varied in the range of 10-50 W.

6.2.2 Cu coatings

Coatings of Cu thin films on the inner wall of reactor tubes were obtained by a
modified procedure originally reported by Shore ef al.*’. The tubes were filled with
a solution of Copper (II) acetate (99 %, Merck) in hydrazine (100 %, Merck) (500
mol/m?). Then, the tubes were sealed at both ends and heated in an oven at 333 K
for 1500 s. A film of CuO was deposited on the inner walls. The tubes were then
cleaned by ethanol and dried in an air flow. The oxide film was reduced in a flow of
10 vol% H, in helium at a flow rate of 8.33-107 m’/s at 773 K for 1800 s with a
heating rate of 0.166 K/s at atmospheric pressure. The hydrogen flow was switched

off during the cooling step (-0.166 K/s).

6.2.3 Analysis

Cu thin films were qualitatively and quantitatively analyzed by scanning electron
microscopy, X-ray photoelectron spectroscopy, inductively coupled plasma
spectrometry and chemisorption analysis. The reaction components and products in
the multi component reaction were analyzed by gas chromatography and 'H nuclear
magnetic resonance spectroscopy.

Scanning electron microscopy (SEM): Thin film and support surface morphology
were analyzed by SEM. Images were recorded on a FEI Quanta series FEG 3D G2
SEM using an acceleration voltage of 5 kV and magnifications between 5,000x-

100,000x, providing a maximum lateral resolution of 50 nm. In conjunction with
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SEM, catalyst elemental compositions were elucidated by qualitative EDX analysis
at a spot size of 50 nm and an interaction-volume of 100 um. The samples were
prepared by adhesion of different cross sections of the coated tubes on a carbon
grid. The average thickness of the Cu thin film was calculated over ten different
samples analyzed by SEM.

X-ray photoelectron spectroscopy (XPS): XPS-measurements were carried out
using a Kratos AXIS Ultra spectrometer equipped with a monochromatic Al Ka X-
ray source and a delay-line detector (DLD). Spectra were obtained using an
aluminium anode (Al Ko = 1486.6 eV) operating at 150 W. For survey and region
scans, constant pass energies of 160 eV and 40 eV were used, respectively. The
background pressure was 2 x 1072 bar. Samples were prepared on a carbon holey-
film in a glove box (< 10 ppm O,) and transported in a closed sample holder for
oxygen-free XPS analysis.

Inductively coupled plasma measurements and optical emission spectroscopy (ICP-
OES): The metal loading was determined by ICP-OES. Measurements were
performed using a SPECTRO CIROS““? spectrometer. The sample introduction
was performed by a cross-flow nebulizer with a double pass spray chamber and a
sample uptake rate of 3.33-10® m’/s. Samples were prepared by collecting equal
volumetric amounts of sample at the outlet of the reactor. The solvent was
evaporated then the residue was dissolved in H,SO,4 (5 M) and stirred for 24 hr to
ensure a complete solution.

Chemisorption analysis: The copper surface area per unit volume (ag,) was
determined by a pulse chemisorption using a mixture of 10 vol. % hydrogen in
argon at a flow rate of 8.33-107 m’/s at 323 K and atmospheric pressure
(AutoChem II, 2920 V4.02 chemisorption analyzer, Micrometrics®). A single Cu
coated reactor tube was used directly without further modifications. Prior to
chemisorptions, the Cu film was reduced at 473 K for 2 hr.

Gas Chromatography: The reaction samples containing reactants (piperidine,
benzaldehyde, phenylacetylene) and the product (1,3-diphenyl-2-propynyl-

piperidine) were collected for GC analysis and diluted by 100 times with toluene
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prior to analysis. The samples were analyzed by an offline GC (Varian 430,
column: CP-Sil 5 CB) equipped with an FID detector.

Nuclear magnetic resonance: '"H NMR data were collected on a Varian 400 NMR
spectrometer (400 MHz) as a means to cross-check the conversions obtained from
GC and to determine the selectivity of the reaction. Spectra were obtained at 300 K
and calculated relative to TMS. Chemical shifts are expressed in & ppm. The 'H
NMR assignments (400 MHz, CDCl;) for the product are: & 7.70-7.65 (m, 2H),
7.59-7.55 (m, 2H), 7.49-7.30 (m, 6H), 4.89 (s, 1H), 2.66-2.59 (m, 4H), 1.69-1.60
(m, 4H), 1.46 (m, 2H).

This work focuses mainly on evaluating the reactor performance therefore further
analysis by product isolation was not performed. The selectivity of the multi
component reaction is very high.”” Shore et al. has reported almost equal isolated
yields for the same reaction. Therefore, all the reaction results are discussed in the

form of conversion of the limiting reactant i.e. phenylacetylene.

6.3 Results and Discussion

In this section the effect of the Cu film on uniform microwave energy absorption,
the effect of forced cooling on the Cu film stability, the effect of the tube position
on the steady state performance of the coated milli-reactor tube in the MTMR
assembly, the kinetically estimated catalytic film temperature, and the throughput

of the MTMR assembly are discussed in detailed in the following sub-sections.

6.3.1 Energy uniformity

Figure 6.3: SEM image of a Cu thin film on the inner wall of quartz reactor tube (Cross-
sectional view). Average film thickness (d) of 350 + 40 nm was calculated from 10 different
SEM images.
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Figure 6.4: a) Microwave absorption in a non-coated reactor tubes at different tube positions
in the MTMR assembly. Solvent: water, flow rate: 1.66-107 m’/s, applied power: 50 W. b)
Microwave absorption in a Cu coated reactor tubes at different tube positions in the MTMR
assembly. Solvent: toluene, flow rate: 1.66-107 m?/s, applied power: 50 W. The individual
positions in the x-axis are designated in Figure 6.1b.

Cu film with an average thickness () of 350 + 40 nm (Figure 6.3) was obtained by
the procedure described in the experimental section. Cu thin films diminished the
temperature non-uniformity resulting in similar if not equal heat generation in the
central and outside tubes in the MTMR (Figure 6.4). Thus the effect of a non-
uniform field intensity (Figure 6.4a) of the microwave field was considerably
reduced by the presence of the metal films (Figure 6.4b). A microwave transparent
liquid (toluene) was used in the coated tubes experiment. Being microwave
transparent toluene barely absorbs microwaves therefore most of the convective
heat in the bulk liquid came from the hot Cu film surface. This confirmed the
selective heating of the Cu coatings and thus presented an opportunity of obtaining

enhanced reaction rates on the hot catalytic film.

6.3.2 Cu film stability

Unstable absorption of microwaves was observed in the absence of the coolant
(Figure 6.5a). The average steady state phenylacetylene conversion of 18 = 2 %
(verified by 'H NMR) at a total flow rate of 8.33-10'° m’/s and at the outlet
temperature of 403 + 10 K was obtained at 30 £ 10 W of microwave power (Figure

6.5).
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Figure 6.5: a) Temperature-time (normalized with residence time, T = 180 s) history of a
single Cu thin film coated reactor tube without surrounding coolant flow (O: reactant inlet
temperature, X : reactant outlet temperature, O: applied microwave power). b) Conversion of
phenylacetylene over time (normalized with residence time). Reactor tube (quartz, id: 2:10° m
& od: 3-107° m) is positioned in the center (Position: C in Figure 6.1b). Reaction mixture flow
rate: 8.33-107"° m3/s; RM: reaction mixture.

Similar required microwave power has been reported by Shore er al.* for seven
times lower flow rates using a different microwave setup. The lower energy
demand in our work was due to minimized losses as a result of tuning the
microwave cavity and focusing most of the microwave energy present in the cavity
on the Cu film. Our microwave setup, as explained earlier in the experimental
section, permitted the tuning of the microwave cavity by using the short circuit and
the stub tuners. Tuning of the cavity results in the focused microwaves on the
reactor ultimately leading to enhanced heating efficiencies (= 95 %) as reported
earlier.” Important to note here that the same work by Shore er al.* had reported
poor performance of the same reaction (drop in conversion) with the conventional
oil bath heating.

However, in the absence of the coolant flow, the reactor tube could only be used for
a period of up to 2 hours. Beyond this time interval the microwave absorption
dropped resulting in a decrease in the temperature and consequently in the
conversion. According to the XPS and ICP analysis this effect is related to

oxidative leaching of the metal film (Figures 6 and 7).
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Figure 6.7: Weight loss profile of Cu thin film over time (normalized with residence time, 1)
measured by ICP analysis. O: experiment without the flow of surrounding coolant (t = 180 s),
A: experiment with the flow of surrounding coolant (t = 90 s).

Figure 6.6 shows the XPS peaks of Cu2p and Ols, which demonstrate an increase
in the oxidation of copper after the microwave experiments. The Cu 2p3/2 peak at
932.9 eV in the calcined film (sample ii) signifies the dominant presence of Cu’.
The two small shake-up signals between 938 and 945 eV originate from a
negligible Cu 2p3/2 component at 934 eV indicating the presence of copper (II)
oxide. Oxidation of cooper is indicative due to the dominant presence of the Cu

2p3/2 component at 934 eV in sample iii (spent Cu film).>* Although less visible
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when comparing samples ii and iii a longer experimental run (2 hours) proved
complete leaching of the Cu from the wall of the reactor.

Based on the XPS results, further exploration on the leaching of copper from the
film was carried out by monitoring the copper dissolved in the product mixture
leaving the reactor by using Inductively Coupled Plasma analysis combined with
Optical Emission Spectroscopy (ICP-OES). In line with the XPS data, oxidation of
the Cu film subsequently led to leaching of the coating as shown in Figure 6.7.
These Cu losses due to leaching were most severe at the beginning (first 900 s) of
the microwave irradiation experiment. For the reactor system without counter-
current cooling (given as squares in Figure 6.7) the effect was most dramatic,
almost 70 wt% of the copper was lost by leaching in 2 hours. The heat capacity of
the reaction mixture was not sufficient to extract the heat generated at the film. As a
result, a complete breakdown of the reactor tubes was observed in several

experiments without using a coolant flow.
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Figure 6.8: a) Temperature-time (normalized with residence time, T = 90 s) history of a single
Cu thin film coated reactor tube with the flow of surrounding coolant (O: reactant inlet
temperature, % : reactant outlet temperature, A: coolant inlet temperature, V: coolant outlet
temperature, O: applied microwave power). b) Conversion of phenylacetylene over time
(normalized with residence time). Reactor tube (quartz, id: 2:107 m & od: 3-10° m) was
positioned in the middle (Position: M2 in Figure 6.1b). Flow rates of reaction mixture and
coolant: 1.66-10° and 4.16-10” m3/s, respectively. RM: reaction mixture; C: Coolant.

Therefore, a microwave-transparent coolant flow was necessary to provide stable
operation for longer duration, i.e. at least 8 hours (tested for 4 hours in Figure 6.8)

and to substantially reduce the copper oxidation rate (given as triangles in Figure
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6.7). Since the copper losses were significantly reduced in the counter-currently
cooled reactor system, overheating of the catalyst film was, therefore, recognized as
the major reason for oxidation and subsequent leaching. As the wall-coating
procedure was always similar, a weak adhesion of the copper film onto the glass
surface could only play a minor role in the leaching. The counter-current flow of
the coolant had a two-fold effect. It effectively extracted the heat from the Cu film
but also additionally preheated the liquid reaction mixture before it entered the
microwave cavity. The thermal heat flux towards the coolant amounted up to 50%

of the total energy input to the system.

6.3.3 Tube configuration

An average production rate (for 1,3-diphenyl-2-propynyl piperidine) of 213 + 11
Kgproa/kgcarhr was achieved in a single tubular reactor at 373 £ 5 K and a total
reactant flow rate of 1.66-10° m’/s (Figure 6.8). The steady state performance of
the milli-reactor tubes at each of the 7 positions in the MTMR over 4 hours of

operation is given in Table 6.1.

Table 6.1: Steady state temperatures and conversion of phenylacetylene at all seven positions

in the MTMR assembly
ees 12 .

Position TRM_IN TRM_ ouT T CIN T C.OUT Conversion
(K) K) K K (%)

T1 371.0 380.5 307.7 313.3 154

T2 358.8  352.6 303.7 311.9 15.6

M1 339.7 3716 309.6 326.5 18.3

M2 344.6  369.2 313.0 330.2 18.2

Bl 347.6  313.5 304.3 330.0 12.5

B2 353.4 3082 303.2 3329 12.7

C 338.6  366.0 310.5 342.0 254

! Individual positions are designated in Figure 6.1
* Flow rates of reaction mixture and coolant: 1.66-10” and 4.16-10”7 m’/s, respectively. RM:
reaction mixture; C: Coolant; all experiments conducted for over 4 hours of the run time.

The steady state temperatures of the reactant (Try.ny and Tryout), the coolant (Tc.
v and Tc.out) and the conversion of phenylacetylene obtained for each individual
position in the MTMR varied significantly (Table 6.1). These deviations in the

performance of the reactor tube at each individual position in the MTMR (Figure
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6.1b) can be due to i) flow distribution, ii) varying active catalytic surface or iii)
microwave field (energy) distribution. The reactant flow distribution could not
influence steady state performance, since every experiment was performed with a
single coated tubular reactor at the required position in the MTMR. The remaining
tube positions in the MTMR were sealed during these experiments to prevent any
flow through them.

Catalyst properties (i.e. active surface area) could be one of the reasons for the
observed deviations (Table 6.1) since every experiment was performed with a
freshly prepared Cu coated milli-reactor tube. However, the same reactor tube
showed different performance (steady state temperatures and conversion) at two
different positions (Position T2 and B2, see Figure 6.1b) in the MTMR (Figure
6.9).
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Figure 6.9: a) Temperature-time (normalized with residence time, T = 90 s) history of a single
Cu thin film coated reactor tube with surrounding coolant flow (O: reactant inlet temperature,
% : reactant outlet temperature, A: coolant inlet temperature, V: coolant outlet temperature, O
applied microwave power). b) Conversion of phenylacetylene over time (normalized with
residence time). Reaction started when the coated milli-reactor tube was first at position T2
(see Figure 6.1b) until t/t = 90. The MTMR was then turned clockwise by 120 deg to bring
the reactor tube at position B2 (see Figure 6.1b). Flow rates of reaction mixture and coolant:
1.66-10° and 4.16-107 m’/s, respectively. RM: reaction mixture; C: Coolant.

The MTMR assembly was turned at t/t (real time/residence time) of 90 to bring the
coated reactor tube from the position T2 to the position B2 of the MTMR. The
steady state temperatures of the reaction mixture and coolant as well as the
conversion of phenylacetylene changed as soon as the MTMR was turned (Figure

6.9). This immediate change in steady state temperature and conversion pattern
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suggested that the deviations in an individual reactor tube performance were
resulting from the microwave field (energy) distribution at respective position of
the MTMR.

The influence of the microwave field (energy) distribution was also evident, when
the steady state conversions of phenylacetylene at each of the MTMR section were
compared with each other (Table 6.1). Being in the highest field intensity region,
the central tube (position C) gave highest conversion. The middle section (positions
M1, M2) being exposed to a stronger microwave field as compared to the top
(positions T1, T2) and bottom (positions B1, B2) sections also gave higher
conversions than both of these sections (Table 6.1). The deviations in the steady
state conversion at the top (positions T1, T2) and the bottom sections (positions B1,
B2) could be due to local coolant flow pattern in a horizontal arrangement of the
reactor assembly. Rather low coolant temperatures at the top section (positions T1,
T2) confirmed the poor cooling of the top section (Table 6.1). The cooling,
however, can be improved by using baffles in the shell part of the MTMR
assembly.” Thus the combined effect of the local coolant flow pattern and
microwave energy non-uniformity resulted in a different performance of the reactor

tubes in the top, middle and bottom sections (Table 6.1) of the MTMR.

6.3.4 Cu film temperature

In this section the temperature on the Cu film was kinetically estimated to analyze
further the deviations in the steady state conversion of phenylacetylene in a milli-
reactor tube at various positions of the MTMR. It was assumed that the same
surface reaction occurred on the copper particles in the batch reactor as on the
copper surface in the tubular microwave heated reactor. Thus a plug flow behavior
and uniform microwave absorption by the coating over the entire length of the
reactor allows a relation between the temperature of the Cu film and the steady state
conversion (as given by Eq. 6.1). Appendix A gives the details of the derivation for
catalyst surface temperature as a function of conversion in a wall-coated plug flow

reactor.
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It was also verified that there are no mass transfer limitations in the wall-coated
plug flow reactor by calculating the liquid solid mass transfer coefficient (k;) and
comparing it with the overall reaction rate coefficient (k,,). The details of these
calculations can be found in Appendix B. Kinetic batch experiments for the
synthesis of 1,3-diphenyl-2-propynyl piperidine (Scheme 6.1) were conducted for
the determination of activation energy, E, and frequency factor, ky. The detailed
results and discussion of these batch experiments can be found in Appendix C. The
activation energy (E,) of (52 + 2)-10° J/mol and the frequency factor (ky) of (1.14+
0.05)-10° s was obtained from the temperature dependence batch experiments. The
active catalytic surface area (ag,) determined by pulse chemisorptions was (8.9 +
0.5)-10° m?.,/m’.,. The estimated dependence of the catalyst temperature for the
multi component reaction (Scheme 6.1) on the steady state conversion of

phenylacetylene is graphically shown in Figure 6.10.
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Figure 6.10: Temperature on the copper surface as a function of steady state conversion of
phenylacetylene determined based on the surface kinetics (Eq. 6.1).

The mean catalyst temperature over the six peripheral reactor tubes (B1, B2, M1,
M2, T1, and T2) was 477 + 10 K with the maximum deviation of 8.5 + 0.5 K
(Table 6.2). It is important to note here that the estimated mean catalyst
temperature was almost 100 K higher than the recorded bulk liquid temperatures. If
only 50 % of the determined surface area (ag;,/2) 1s assumed to be active for the

reaction of the bulky reactants, then the calculated mean catalyst temperature
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further raised to 504 + 12 K. The catalyst temperature (hence conversion) in the
central tube (position C, Figure 6.1b) was exceptionally high due to highest
microwave field intensity. Therefore it was omitted from the calculations of the
mean catalyst temperature. These calculations suggest that although there are
deviations in reaction temperature at individual positions in the MTMR,
parallelization of reactor tubes for scaling out the microwave assisted continuous
fine chemical synthesis is a viable option, provided that all the reactor tubes are

hexagonally arranged around a central axis.

Table 6.2: Steady state temperatures on the catalyst surface and their deviations from the
mean value at all seven positions in the MTMR assembly

Position' " Conversion Catalyst temperature Deviation (T - f)

(%) X) X)
Tl 15.4 4715 0.2
T2 15.6 478.1 0.7
M1 183 484.4 7.1
M2 18.2 484.4 7.1
Bl 12.5 469.5 -7.8
B2 12.7 470.1 7.3
C 254 499.0 21.7

! Individual positions are designated in Figure 6.1

? Average over 6 (peripheral) positions is T=4773K
3 Flow rate of reaction mixture and coolant: 1.66-10° and 4.16-107 m’/s, respectively. RM:
reaction mixture; C: Coolant; all experiments conducted for over 4 hours of the run time.

6.3.5 Throughput

The numbering-up approach was employed by performing the reaction in six
peripheral reactor tubes (B1, B2, M1, M2, T1, and T2, Figure 6.1b). Parallelization
of the reactor tubes resulted in a production rate of 1193 kg,oa/Kgcarhr of 1,3-
diphenyl-2-propynyl piperidine (overall flow rate: 1-10® m?/s, applied power: 300
W, run time: 8 hr) which was a 5.6-fold increase as compared to that in a single
tube. This was slightly lower than the expected factor of 6, probably due to uneven
distribution of the reactant flow. A supply chamber instead of a well designed
distributor was employed for the reactant flow through all the milli-reactor tubes
(Figure 6.1c, discussed in the sub-section 2.1). The gravitational effect due to

horizontal arrangement of the MTMR assembly can be strong on the fluid entering
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the supply chamber. Therefore, it was suspected that the flow of the reaction
mixture was higher through the bottom reactor tubes (B1, and B2) which gave the
lowest steady state conversions of phenylacetylene. However, the flow distribution
can easily be tackled by implementing a properly designed distributor at the inlet of

the MTMR assembly.*

6.4 Conclusions

A multi-tubular milli-reactor/heat exchanger (MTMR) was developed and tested to
bring microwave assisted fine chemical synthesis to a commercially relevant
production scale of 1 kg/day. The MTMR system was successfully tested for the Cu
catalyzed production of 1,3-diphenyl-2-propynyl piperidine starting from
benzaldehyde, piperidine and phenylacetylene. The deposition of Cu thin films
(350 £ 40 nm) on the inner wall of the reactor tube resulted in uniform and efficient
microwave absorption by all the tubes in the MTMR assembly. However, XPS and
ICP analysis clearly indicated that the oxidation and leaching of the Cu coatings led
to a decreased activity during the course of operation. The main cause for the
copper leaching was attributed to uncontrolled and excessive heat built up from the
microwave irradiation. Cooling the outer surface of the tubes by a counter-current
flow of a microwave transparent coolant (toluene) reduced this copper leaching.
Extraction of excessive heat boosted the steady performance of the reactor tubes.
The thermal flux towards the coolant amounted up to 50% of the total microwave
energy input to the system. A production rate of 213 * 11 Kkgproa/kgcarhr was
achieved in a single reactor tube at a bulk temperature of 373 £ 5 K and a reactant
flow rate of 1.66-10° m*/s. Higher field intensity due to a focused microwave field
at the central section (position C, Figure 6.1) resulted in a better performance than
the surrounding reactor tubes (T1, T2, M1, M2, B1, B2) in the MTMR assembly.
Estimation of the temperature of the microwave-heated cooper film was done on
the basis of the kinetics of the reaction on the surface of the copper particles
dispersed in the reaction mixture. Surface reaction rate coefficients were
determined in a conventionally heated batch reactor. The temperature of the copper

surface in the reactor tubes was found to be at least 100 K higher than the bulk
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temperature of the reaction mixture. The temperature deviation in the multiple
reactor tubes in terms of the kinetically determined reaction temperature was not
more that 8.0 £ 0.5 K. These minor deviations were due to the local coolant flow
and microwave energy non-uniformity. The obtained throughput factor of 5.6 was
lower than the expected factor of 6 as a result of the flow distribution. It was
successfully demonstrated that the numbering up approach wherein parallelization
of multiple milli-reactor tubes can successfully be implemented in scaling up the
microwave assisted fine chemical synthesis towards commercially interesting

production rates.

Nomencleture

Symbol Description

Aear surface area per unit volume of copper power, m?eg/m> ey
Afilm surface area per unit volume of the copper film, m?eg/m> ey
dcu surface area per unit reactor length of the copper film, m’e,/mg
Cyuo initial concentration of component A, mol/m’g

Ca instantaneous concentration of component A, mol/m3R
Dol molecular diffusivity (assumed to be of toluene = 8.97- 10'8), m?/s
d, particle diameter of the powdered copper catalyst, mc,

dr reactor tube diameter, mg

E, activation energy, J/mol

Fy molar flow rate of species A, mol/s

Fy volumetric flow rate, m>/s

k global reaction rate constant, s™'

k’ surface reaction rate constant, m3R/mzcat-s

ko pre-exponential factor in Arrhenius equation, s

k. overall rate constant, mg/s

k;, reaction rate coefficient, mg/s

<k;> liquid-solid mass transfer coefficient, m/s

[ reactor length, mg

Mg molecular weight of the solvent, g/mol

Mw molecular weight of the product, g/mol

R gas constant, 8.314 J/mol.K

Re Reynolds number

rA reaction rate, mol/m3R.s

Sh Sherwood number

Gz Graetz number

T temperature, K

t real time, s

3
Vear catalyst volume, m”¢y
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Viiim copper film volume per unit reactor length, m3cat/mR
Vi reactor volume, m3R

Va molar volume of the solute, cm>/mol

<y> cross-sectional velocity of reaction mixture, mg/s
X differential reactor length, mg

X conversion of phenylacetylene

Greek symbols

1-¢ catalyst volume fraction

o catalyst film thickness, m

T residence time, s

u viscosity of solvent, cP

Yy association factor

Subscripts

RM reaction mixture

C coolant

IN inlet

ouT outlet

Appendix 6.A

Catalyst surface temperature as a function of conversion in a wall-coated

plug flow reactor
The reaction is at the copper surface in the batch reactor as well as in the wall-coated tubular
reactor. Therefore, the observed reaction rate constant (k) determined from the kinetic batch

experiments has to be converted to a surface reaction constant (k’).

r,=kC, (6A.1)
. 4 ‘/cat
with k =ka_, (6A.2)
R
andV _=(1-¢)V, (6A.3)
assuming a spherical catalyst particle; surface per unit volume of the catalyst is
. (6A4)
cat dP -
Thus, after combining Eq. 6A.2 to Eq. 6A.4 the surface reaction rate constant (k’) becomes
Vi d
k' =k——— (6A.5)
6(1—¢)
Eal/R

. ~EalRT i
with k = koe , the temperature dependence of the surface rate coefficient becomes
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—Ea/RT
,  kye d,

T (-g) 6

Now the plug flow reactor equation linearized for the available surface of copper for a first

(6A.6)

order reaction is>":
dF,
dx

=—k'a,C, (6A.7)

Rearrangement with F, = F,,C , leads to

dC, —ka
CA FV

Cu dx (6A.8)

Integration leads to

In ( %‘0 j _k ;C"l (6A.9)
A \%

The copper surface area (ac,) per unit reactor length is
de, = aﬁlmvﬁlm (6A.10)

where the volume of the copper film (with thickness J) per unit reactor length (dg) for 0 <<<
dR is
Vi =7d0 (6A.11)

and agy, 1s the surface area per unit volume of the copper film (mzc,/m3 cu) which was

experimentally determined by pulse chemisorption.

After combining Eq. 6A.6 with Eq. 6A.9 to Eq. 6A.11 and replacing concentrations with

conversion we get,

ln( 1 j: koe—Ea/RT ﬁaﬁlmﬂdRé‘l
1-X) (-& 6 F,

(6A.12)

Equation 6A.12 gives a relation between conversion and the temperature of the copper film.

Appendix 6.B

Verification of mass transfer limitations

For a 1% order reaction in a plug flow reactor with a smooth catalyst film deposited on the

wall, the overall rate constant (k,,) can be calculated by using the following equation

k, = ol ln[ ! j (6B.1)
wd ] \1-X
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The overall rate constant (k,, = 9.18-10 mg/s at 373 K) is a sum of the resistances defined in

terms of liquid-solid mass transfer coefficient (<k;>) and reaction rate coefficient (k).

RS S (6B.2)
k kr <le>

ov
The liquid-solid mass transfer coefficient for such a reactor systems can be calculated by

using the following Sherwood correlation for developed laminar flow (Re = 1.56) in tubes.*®

k. )d
Sh = (k) =1.62Gz, ™" (6B.3)
Dmol
where Graetz number is
D |
Gz, == (6B.4)
<V> dy
4F
with, (v)=—2X% (6B.5)
< > 7d;,
and the molecular diffusivity (D,,,;) by the Wilke-Chang correlation’ is
7.4x10°T(w, M
D,, = 0(;,# sM,) (6B.6)
v,

At an association factor (¥g) of 1 for toluene (assumed to be same as for benzene), the
molecular diffusivity (D,,,;) was found to be 2.7-10° m?/s and the liquid-solid mass transfer
coefficient (<k;>) of 5.6-10°° m/s.

Mass transfer limitations can said to be nonexistent if the resistance due to liquid-solid mass

transfer (-——) is much less than over all resistance (—).

< le > kov

1

(k)
I <1 (6B.7)
kOV

In our case the ratio of resistances (Eq. 6B.7) was found to be 1.6-1072. Therefore, it was

assumed that there are no mass transfer limitations in the wall-coated plug flow reactor

system. Note that in the actual situation, see Figure 6.3, the area for mass transfer is

considerably larger than 77d [ .
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Appendix 6.C

Batch experiments of the multi component reaction for determination of

kinetics

A temperature dependence of the kinetic constant for the synthesis of 1,3-diphenyl-2-
propynyl-piperidine (Scheme 6.1) was determined to calculate the mean reaction temperatures
on the catalyst surface in the different tubes of the MTMR assembly. The concentration of
phenylacetylene and benzaldehyde was measured over time in a three-neck round-bottomed
flask equipped with a reflux condenser using oil bath heating in the 353-393 K temperature
range. A 0.8 wt% (based on the total mass of the reaction mixture) Cu(0) catalyst with an
average particle size of 50 pm (> 99.5 wt. %, Aldrich) was added after the temperature had
reached the desired set-point. The reaction mixture of 2.5:10° m® was magnetically stirred at
1000 rpm. The temperature of the reaction mixture was monitored with a thermocouple with
an accuracy =1 K. These experiments were carried out at the same reactant concentration as

used in the MTMR experiments and same GC analysis procedure was followed.

O Phenylacetylene O Benzaldehyde
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Figure 6C.1: Typical reactant concentration-time profiles in the batch reactor (O:
phenylacetylene, O: benzaldehyde). Initial concentrations of benzaldehyde, piperidine, and
phenylacetylene, were 1.5:107, 1.8:107, 2.25-10° mol/m’, respectively. Reaction volume:
2.5-10° m’; temperature: 393 K; agitation speed: 1000 rpm; Cu catalyst loading: 0.8 wt%:; d,
=50 pm.

Figure 6C.1 shows a typical concentration time profile of the reactants phenylacetylene and
benzaldehyde obtained during these batch experiments with a dispersion of Cu particles in the
reaction mixture. A fast equilibrium of benzaldehyde and piperidine resulted in an iminium
intermediate which reacted with phenylacetylene activated by the copper surface to the final

product.30
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Figure 6C.2: a) 1* order dependency of the multi component reaction on phenylacetylene
concentration (C,) at different reaction temperatures (O: 353 K, O: 373 K, A: 393 K). b) o
order dependency of the multi component reaction on benzaldehyde concentration (Cg) at
different reaction temperatures (0:353 K, O: 373 K, A: 393 K). Initial concentrations of
benzaldehyde, piperidine, and phenylacetylene, were 1.5-10'3, 1.8-10’3, 2.25.10°° mol/m3,
respectively. Reaction volume: 2.5-10° m’; agitation speed: 1000 rpm; Cu catalyst loading:
0.8 wt%; d, = 50 pm.

Accordingly, the global rate law showed a first-order dependence on the phenylacetylene
concentration (C,) and a zero™ order dependence on the benzaldehyde concentration (Cg)

(Figure 6C.2).

-8.8

9.2

-9.64

In(k)

100 ;

-10.4+

0.0025 0.0026 0.0027 0.0028
1/Temperature, 1/K

Figure 6C.3: Effect of temperature on the reaction rate coefficient based on the reaction rate
per unit volume reaction mixture of the multi-component reaction. Initial concentrations of
benzaldehyde, piperidine, and phenylacetylene, were 1.5-10'3, 1.8-10’3, 2.2510° mol/m3,
respectively. Reaction volume: 2.5-10° m’; agitation speed: 1000 rpm; Cu catalyst loading:
0.8 wt%; d, = 50 pm.

This allowed determination of the reaction rate constant (k = 5.0 x 10” s at 373 K) based on
phenylacetylene concentration-time profiles and its dependence on the temperature (Figure
6C.3). The activation energy (E,) and frequency factor (ky) were calculated to be (52 + 2)-103
J/mol and (1.14+ 0.05)-10° s, respectively, by using the Arrhenius equation.
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At several places in this manuscript, results are discussed in the form of production rate which
was calculated based on conversion by using equation 6C.1. Additionally the claimed
production scale of 1 kg/day is an extrapolation of the production rate which can be achieved
by using required catalyst amount, i.e. number of coated reactor tubes. With average catalyst
weight of 2-10° kg in each reactor, around 18 tubes are necessary for achieving the claimed
production scale of 1 kg/day. This can easily be achieved by having three parallel MTMR

systems running simultaneously on three microwave cavities for the whole day.

_ XC,F,Mw

P 3600 (6C.1)
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Abstract

In this chapter, a new scale-up concept for microwave assisted flow processing is presented
where modular scale-up is achieved by implementing microwave cavities in series. The scale-
up concept is demonstrated for case studies of a packed-bed reactor and a wall-coated tubular
reactor. With known kinetics and reaction temperature, a packed-bed reactor gave a
conversion of 99 % with highest production rate of 170 kgproa/kgearhr for esterification of
acetic acid and ethanol catalyzed by ion exchange resin in 18 cavities. A similar approach for
a multi component reaction of benzadehyde, piperidine and phenylacetylene catalyzed by a
thin Cu film in a wall-coated tubular reactor gave 99 % conversion with the highest
production rate of 7740 kgproa/kgearrhr in 28 cavities. In both cases, pseudo first order reaction
rate with respect to the limiting reactant, yielded a typical rise in conversion and production
rate. In a packed-bed reactor-heat exchanger operated at a temperature between 343 and 348
K, the conversion in the esterification reaction increased from 22 % to 88 % when the
number of cavities was increased from one to eight. The experimental conversions matched
the predictions of a packed bed reactor model within 5 %. The production capacity in flow
reactors, restricted to smaller sizes due to a limited microwave penetration depth and
dominated mainly by the reaction kinetics, was increased by modular scale-up with
implementation of the microwave multi-cavity assembly.
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7.1. Introduction

Since the last two decades microwave heating has been studied as a promising tool
for process intensification.'™ The possibility of heating at the locus of the reaction,
i.e. the catalyst surface, makes it a special intensification tool.”® Direct heating of
the catalyst surface, where the reaction occurs, allows higher reaction rates at lower
bulk liquid temperatures. This avoids not only large energy input but also excessive
heating of the reactants which are sometimes lost due to coke formation.”® The
inherently safe (immediate shut down of the energy supply) and efficient nature of
the operation makes microwave heating attractive for industrial application.”"”
However, efficient microwave heating is severely limited by the penetration depth
of the microwaves.'' The penetration depth, being typically in the millimeter range
(e.g. 13 mm for water), limits uniform heating of the entire reaction mixture. This
un-predictive nature of heating makes application for large scale batch processes
difficult.

One of the options is to switch from batch operation to flow processing at the early
stages in process development. However, replicating standardized batch procedures
in continuous reactors not only leads to questionable underperformance but also
jeopardizes the application of microwave heating in general.'*'® The idea of scaling
very small batch volumes (5 ml) by replication in flow reactors (liters per min)
almost never works.'”'® The reasons are simple. Firstly, microwave heating is
selective in nature and often this characteristic is not explicitly understood for most
of the case studies. Secondly, in almost all of the case studies, the process is
initially developed in monomode type microwave cavities and then transferred to
larger multimode microwave cavities for scaling up. However, our previous studies
suggest that process performance is strongly dependent on the microwave
equipment type. As a consequence, a specific microwave integrated reactor design
is necessary for optimal performance.”"’

One of the suitable approaches for scaling microwave assisted flow processing is
numbering-up.”*?' Scaling up by numbering-up can be achieved by parallelization
of tubular structured reactors with a channel diameter in the millimeter range.

Multiple (parallelized) smaller reactors ensure high throughput while taking the
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penetration depth limitation into account. The throughput in the case of flow
processing, however, is controlled by the kinetics of the conducted chemical
reaction. More specifically, the kinetics of the reaction defines the flow rates
through reactors needed for characterizing and optimizing the reactor performance
at measurable conversions. This ultimately controls the production rate of a specific
reactor type and hence the throughput of the process. In our previous work, we have
already shown that, once optimized, the flow reactor concept can be scaled out by
parallelization, leading to an increased throughput.*!

Another possibility for scale-up is numbering-up microwave cavities in series.*
This approach, particularly with applicator type monomode cavities, permits
optimization of the energy use in an individual cavity.’ Once optimized, the
microwave cavity and the flow reactor can be placed in series to increase the
productivity of the process. Additional improvement in the overall energy
efficiency is obvious by using a single main waveguide (single magnetron), thus
minimizing the multiple grid to applicator losses (conversion of electrical power
into microwave power).

In this chapter, the above mentioned concept of modular scale-up is presented
where energy utilization and reactor performance are optimized at a cavity level
and then scaled out by transient operation through cavities in series. The
productivity increase with each additional cavity in series is determined for two
different types of reactors, i.e. a packed-bed reactor and a wall-coated reactor. Two
different chemical processes, an esterification of acetic acid and ethanol catalyzed
by ion exchange resin (in a packed-bed reactor) and a multi component reaction of
benzadehyde, piperidine and phenylacetylene catalyzed by a thin Cu film (in a

S14 are used for

wall-coated tubular reactor) with previously quantified kinetics,
estimation of the productivity. The theoretically predicted productivities are then

validated for the former reaction in the case of a packed-bed reactor.
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7.2 Theoretical determination of productivity

The productivity increase with each additional cavity in series is determined for
two different types of catalytic reactors, i.e. a packed-bed reactor and a wall-coated
reactor. The following sub-sections give the details of the steps followed for these

calculations.

7.2.1 Esterification reaction in a packed-bed reactor

0] . 0]
purolite CT 275
343 K
acetic acid ethanol ethyl acetate water

Scheme 7.1: Esterification of acetic acid and ethanol over a solid ion-exchange catalyst to
produce ethyl acetate.

Esterification of ethanol and acetic acid to produce ethyl acetate over a packed-bed
of strong acid ion-exchange resin (Purolite CT 275) is used as a model reaction
(Scheme 7.1). The productivity increase with each consecutive cavity is predicted
with known reaction kinetics as well as the dependence of the productivity on the
reactor length, catalyst volume, and the reaction temperature. Since the catalyst in
this case is confined in a packed-bed of predefined length, the differential form of a

packed-bed reactor equation (Eq. 7.1) is solved.

F,dC,=r,=k!,,C,dW (7.1)

A (T)

Solving the differential equation (Eq. 7.1) lead to:

X = 1—[exp[kaW)J 100% (7.2)

v

Using equation 7.2, the increase in conversion with an increased amount of the
catalyst (W) can be predicted. The reaction rate constant (k") is volumetric in nature
and it is dependent on the catalyst volume as well as on the reactor volume (Eq.

7.3).

k,V.|1
kV: obs" R | — 7.3
fale| 1] (13)

cat
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The observed reaction rate constant (k,,;) depends on the temperature through the

Arrhenius equation (Eq. 7.4).

E,

k, (T)=kye & (7.4)
The reactor volume is
V,=7r’l (7.5)
and catalyst volume is

v =WV (7.6)

Sy
The length of the reactor (/) and weight of the catalyst (W) increased with each
subsequent cavity in the series. The influence of increased reactor length and the
catalyst weight, however, vanishes in the calculations of the volumetric reaction
rate constant (k', Eq. 7.3). Therefore, the conversion and consequently, the
productivity increase could be mapped with each additional cavity in series for a

packed-bed reactor by using the following equation:

-1
—E,/RT
X = 1—{exp(k°e—vRWNﬂ 100% (7.7)

cat”™ 'V

where, N is the number of cavities in series. Note that, for equally sized reactor,
VW/v_F, 1is the same for each -cavity-reactor combination. The kinetic

experiments to determine the activation energy (E,) and the frequency factor (k)

are reported in chapter 4, appendix 4.C.

Table 7.1: Values of the parameters in Eq. 7.7 used for the calculation of the conversion and
the production rate

Parameter Value

ko 2.65-10° s

E, 50.5 10 J/mol
r 1.510%°m

l 75-10° m

w 3.10* kg

Peat 770 kg/m’

Fy 1.67-10° m?/s

T 348 K
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The values of parameters in Eq. 7.7, collected in Table 7.1, with an applied reaction
temperature of 348 K are used to calculate the conversion (X) as a function of the

number of cavities (N).

7.2.2 Multi component reaction in a wall-coated tubular reactor

)
©)L Q ©/ Cu thin film O N
toluene O

benzaldehyde piperidine phenylacetylene 1,3-diphenyl-2-propynyl piperidine

Scheme 7.2: Multi component reaction of benzaldehyde, piperidine and phenylacetylene over
a Cu thin film to produce 1,3-diphenyl-2-propynyl piperidine

The multi component reaction of benzaldehyde, piperidine and phenylacetylene to
produce 1,3-diphenyl-2-propynyl piperidine over a thin Cu film (Scheme 7.2) was
used as the model reaction in the tubular reactor. The productivity increase in the
wall-coated reactor with each consecutive cavity is predicted through known
reaction kinetics and its dependence on the reactor length as well as the reaction
temperature. Since the catalyst in this case is Cu deposited on the inner tube wall,
the differential form of the plug flow reactor equation modified for the surface
reaction (Eq. 7.8) is used.

-F,dC,=k'a.,C, dx (7.8)
Solution of Eq. 7.8 for the surface reaction on the wall of a tubular reactor (see
chapter 6, appendix 6.A for the derivation) gives:
ln( 1 j:koe_Ea/RTﬁaﬁlmﬂdRé‘l

I-X (1-¢) 6 F,

(7.9)

The only parameter that changes with each consecutive cavity in this case is the
reactor length (/). Therefore, the conversion and, consequently, the productivity are
mapped with each additional cavity in series for a wall-coated reactor by using

Equation 7.10:
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-1

—Ea/RT ﬂ-d 5[

X =]1-| exp| N dp Lk (7.10)
-¢) 6 F

where, N is the number of cavities in series. The kinetic experiments to determine
the activation energy (E,) and the frequency factor (k) are reported in chapter 6,

appendix 6.C.

Table 7.2: Values of the parameters in Eq. 7.10 used for the calculation of the conversion and
the production rate

Parameter Value

ko 1.4210° s

E, 51.7 -10% J/mol
(1-¢) 0.07 m’/m’g

dp 5:10°m

At 8.92:10° m’ce/m’cq
dg 2:10°m

P 3.5:10" m

i 75-10° m

Fy 1.7-10° m’/s

T 4773 K

The values of the parameters in Eq. 7.10, collected in Table 7.2, are used together
with an applied catalyst surface temperature of 477.3 K (see chapter 6) for

calculating the conversion (X) as a function of the number of cavities (N).

For both case studies, i.e. for the packed-bed reactor and the wall-coated tubular
reactor, the conversion is translated into the production rate, see Equation 7.11.

_ XC,F,Mw

P 3600 (7.11)

7.3 Experimental section

Predictions of conversion and production rate with each consecutive cavity were
validated for the ethyl acetate formation in a packed-bed reactor (Scheme 7.1).
Figure 7.1 schematically illustrates the packed-bed reactor-heat exchanger
assembly. The liquids, i.e. the reaction mixture and the coolant (toluene, anhydrous,

99.8 wt%, Sigma-Aldrich), enter the microwave cavity first while flowing through
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the integrated reactor-heat exchanger. Here, the reaction mixture is heated directly
by the microwaves and the excess of the microwave energy is transferred to the
coolant by convective heat transfer. Co-current flow of the microwave transparent
coolant is used to avoid overheating of the reaction mixture and to minimize the
heat loss to the exterior of the microwave cavity by providing a heated jacket. In
chapter 4, optimization of the reactor-heat exchanger size and the length of the

catalyst bed are discussed.

{ Microwave(cavity part Reactor part -+ Shell: 710°m

Coolant —>/

Reaction
mixture

Coolant

Reaction
mixture

M L 5 Tube: 310°m

Figure 7.1: Schematic view of the packed-bed reactor-heat exchanger assembly used in the
flow experiments of the esterification reaction. Red lines signify the microwave field pattern
over the assembly.

7.3.1 Equipment

7.3.1.1 Microwave setup

The microwave setup consists of a single mode microwave waveguide operating at
a frequency of 2.45 GHz with adjustable power settings up to 2 kW (Figure 7.2).
Four parallel cavities are co-axially coupled with the main waveguide at equal
distances to extract the same amount of microwave energy in each of the cavities.
The concept of using a main waveguide with a single magnetron (as discussed in
chapter 2) is to minimize the grid to applicator losses (conversion of electrical
power into microwave power), while providing the possibility of a modular scale-
up. Focusing of the resonating microwaves in the cavity as well as in the main
waveguide is possible over the inserted reactor (packed-bed in this case, see Figure
7.1) by tuning the cavity with the help of short circuit and 3 stub tuner (Figure 7.2).
Focusing of the microwaves allows getting the microwave field maxima on the
reactor assembly as shown schematically in Figures 1 and 2. Focusing assures
maximum microwave absorption by the reactor assembly and minimum losses to

the dead load at the isolator of the cavity. The reflected power is recorded by using
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a detector diode on an isolator. This allowed calculation of the microwave power
available in the cavity with an accuracy of 90%. Process control and data

acquisition were performed via the LABVIEW program.

Cavity 1 Cavity 2 Cavity 3 Cavity 4

Matched __
Water load T 4

Reflected Power

2 KW
microwave
generator Forward Power

l T Air cooling

Figure 7.2: Schematic view of the microwave setup with an electric field pattern (red lines) in
the setup. Arrows signify flow of energy (purple), signals (green), and liquids (blue), and

short circuit

movement of stub tuner, short circuit (grey). Actual load (reactor) opening diameter: 1.4-102
m. Manufacturer: Fricke und Mallah GMbH, Germany.

7.3.1.2 Pumps
Two Gilson HPLC pumps (flow range: 8.33-10° to 2.5-10° m?/s) were used to
supply the reaction mixture and the coolant to the inner (reactor) tube and to the

shell, of the reactor-heat exchanger assembly, respectively.

7.3.2 Experimental procedures

The heterogeneously catalyzed esterification (Scheme 7.1) of acetic acid (99.8%,
Sigma Aldrich) and ethanol (99.8%, Sigma Aldrich) is conducted in a packed-bed
reactor-heat exchanger assembly (Figure 7.1). 5-Fold excess of ethanol is used in
order to increase the conversion for this equilibrium-limited reaction and to
maintain a pseudo first-order reaction rate with respect to the acetic acid
concentration. The reaction mixture and coolant are pumped through the assembly
at the flow rates of 1.67-10° m’/s and 8.35-107 m?/s, respectively. The catalyst, a
strong acid ion-exchange resin (CT 275, Purolite®) with average particle diameter
of 7.5-10™* m, is dried for 2 days at room temperature before use. The catalyst bed is

packed over a predefined length of 7.5-10% m (Figure 7.1). The reaction mixture
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temperature is maintained between 343 and 348 K by tuning each cavity
independently. Tuning of the cavity allowed controlling the amount of microwave
power supplies to each cavity and, consequently, permitted control over the
reaction mixture temperature. The unique feature of independent tuning of each
cavity is possible due to our novel microwave setup design.

The reaction mixture, flowing through the microwave cavity, gets heated to the
desired reaction temperature and entered the catalyst bed for actual reaction before
leaving the system towards the collection vessel. Samples are taken over time
(every 5 min) and analyzed by gas chromatography (GC) to determine the
conversion. The samples for GC analysis are diluted with methyl isobutyl ketone
(99.8%, Sigma Aldrich) at a dilution weight ratio of 1:10. Lowering the original
concentration of the reaction components allowed precise determination of the
concentrations. From the GC-results, the conversion of acetic acid, the limiting
reactant, is calculated over time. In multi-cavity experiments, the consecutive
cavity is added only after achieving both steady state temperatures and conversion
in the previous cavity. Thus, the experiment is started at the first cavity where a
steady state is meanwhile achieved and then the outlets of the cavity are connected
to the inlets of the second cavity. In a similar manner after achieving a steady state

in second cavity, the outlets are connected to the third and then to the fourth cavity.
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7.4 Results and Discussion

Increase in production rate with each consecutive cavity was predicted for two
cases, i.e. using a packed-bed reactor and using a wall-coated tubular reactor. The
validation experiments were performed only for the esterification reaction case
using a packed-bed reactor. The following sub-sections deal with a discussion on

the obtained results in detail.

7.4.1 Packed-bed reactor

Conversion of acetic acid (limiting reactant) for the esterification reaction was
calculated with the kinetic parameters (Table 7.1) and the reaction temperature of
348 K by using Eq. 7.7 (section 7.2.1). Figure 7.3 (solid line) shows the
dependence of conversion on the number of individual cavities employed in series.
The production rate of ethyl acetate (Figure 7.3, dotted line) was calculated from
conversion using Eq. 7.11 (section 7.2) assuming an equal amount of catalyst in

each cavity (i.e. W=3-10" kg).
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Figure 7.3: Predicted conversion of acetic acid (solid line) and production rate of ethyl
acetate (dotted line) for the esterification reaction (Scheme 7.1) in a packed-bed reactor as a
function of the number of cavities.

A steep increase of the conversion as well as the production rate was observed for 0
< N < 8 which lateron flattened out for N > 8. This is typical for a pseudo first
order dependency of the reaction rate on the concentration of limiting reactant
(acetic acid). Theoretically, at around 18 cavities, the conversion reached almost 99
9% and the production rate at this conversion extrapolated to around 170

kgprod/ kgcat'hr-
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7.4.2 Wall-coated tubular reactor

Similarly, conversion of phenylacetylene for the multi component reaction (Scheme
7.2) was calculated the known kinetic parameters (Table 7.2) and the catalyst
surface temperature of 477.3 K, by using Eq. 7.10 (section 7.2.2). Figure 7.4 shows
the dependence of the conversion on the number of cavities employed in series. The
production rate was calculated by Eq. 7.11 (section 7.2) based on the known
catalyst amount needed per reactor (i.e. W = 2-10° kg/reactor tube with six reactor
tubes in parallel) in each cavity (Figure 7.4, dotted line). Similar to the packed-bed
reactor case, the multi component reaction is first order with respect to
phenylacetylene in the wall-coated tubular reactor. Therefore, both the conversion
as well as the production rate were seen to be increasing steeply at the beginning (0

< N < 10) and then both flattened out in the latter part for N > 10.
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Figure 7.4: Predicted conversion of phenylacetylene (solid line) and the production rate of
1,3-diphenyl-2-propynyl piperidine (dotted) for the multi component reaction (Scheme 7.2) in
a wall-coated tubular reactor as a function of the number of cavities.

At around 28 theoretical cavities, the conversion reached almost 99 % and the
production rate at this conversion extrapolated to around 7740 Kgproa/Kgcarhr. The
production rate obtained for the wall-coated tubular reactor at a lower reaction
mixture flow rate was a factor of 50 higher than the production rate obtained in the
case of a packed-bed reactor for the esterification reaction. It should be noted that,
the flow rate of the multi component reaction mixture in the wall-coated reactor
(1.67-107 m’/s) was a factor of 10 lower than for the esterification reaction in the
packed-bed reactor (1.67-10°° m?/s). This is majorly due to selective heating of the

catalyst film which permits conversion calculation at high temperatures (100 K
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higher than the bulk) otherwise impossible to achieve with bulk liquid heating (see
chapter 6). Thus, catalyst activity increased by selective heating is a key issue for
process intensification by using microwaves and milli-reactors.

It is important to note here that in both cases i.e. a packed bed reactor and a wall-
coated reactor, the theoretical conversion of 90 % is achieved in 8 and 13 cavities in
series, respectively. These are less than half the number of cavities needed to reach
99 % conversion in both cases. Thus, it is more practical to exploit another ways
such as increasing reactant concentration or reaction temperature to reach complete
conversion. The approach of modular scale-up, i.e. utilization of cavities in series
and independent operation through each consecutive cavity provides such a
possibility. While the approach of recycling” having conceptual similarity of
conversion enhancement cannot provide such as a possibility. This particular

feature makes the concept of modular scale-up more attractive.

7.4.3 Experimental validation for the packed-bed reactor

Next, the conversion and, consequently, the production rate were validated in the
multi-cavity experiments for the case of the esterification reaction in a packed-bed
reactor, i.e. reaction of acetic acid with excess of ethanol over a packed-bed of
strong acid ion-exchange resin (Scheme 7.1). Figure 7.5 shows the steady state
temperature and the steady state conversion obtained in each consecutive cavity.
The reaction mixture temperature was maintained between 343 and 348 K at an
average applied microwave power of 32 W in each cavity (Figure 7.5). The steady
state conversion increased logarithmically from 22 % in the first cavity to 65 % in
the fourth cavity. The steady state conversions of 38 % and 55 % were obtained in

the second and the third cavity, respectively.
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Figure 7.5: a) Temperature-time history of a packed-bed reactor-heat exchanger assembly (O:
reactant inlet temperature, X : reactant outlet temperature, A: coolant inlet temperature, V:
coolant outlet temperature, ©: applied microwave power). b) Conversion of acetic acid over
time. Horizontal lines in both graphs demonstrate steady state. Flow rates of the reaction

mixture and the coolant were 1.67-10° and 0.835-10° m?/s, respectively. RM: reaction
mixture; C: coolant.

Each time when the product stream of a stabilized cavity was connected as feed to
the next cavity in series, approach to a new steady state was longer. Similar to the
conversion, time required to reach a steady state increased linearly from 300 s in
the first cavity to 1200 s in the fourth cavity. The time required to reach a steady
state was 600 s and 900 s for cavity 2 and cavity 3, respectively. This was mainly
due to shut down of the setup (i.e. pumps and microwave power) before the product
stream of the stabilized cavity was connected as feed stream to the next cavity in

series. Thus, the time required to reach a steady state, although constant, added up
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linearly with each consecutive cavity. The thermal heat flux to the surrounding
coolant flow amounted up to 20% of the total energy input to the packed-bed

reactor-heat exchanger assembly.
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Figure 7.6: a) Temperature-time history of a packed-bed reactor-heat exchanger assembly (O:
reactant inlet temperature, % : reactant outlet temperature, A: coolant inlet temperature, V:
coolant outlet temperature, ©: applied microwave power), b) Conversion of acetic acid over
time. Horizontal lines in both the graphs demonstrate steady state. Flow rates of the reaction
mixture and the coolant were 1.67-10° and 0.835-10° m’/s, respectively. RM: reaction
mixture; C: coolant.

To see the influence of additional cavities in a series (from five to eight), the next
set of experiments began with a reaction mixture composition corresponding to 65
% conversion. Similar to previous observations, the reaction mixture temperature
was maintained between 343 and 348 K at an average applied microwave power of

32 W in each cavity (Figure 7.6). However, the increase of the steady state
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conversion with stepwise addition of cavities in series was lower in this case
(Figure 7.6). It increased from 75 % in the fifth cavity to 88 % in the eighth cavity.
The steady state conversions of 80 % and 84 % were obtained in the sixth and the
seventh cavity, respectively. The production rate was then calculated for the
obtained steady state conversion in each cavity by using Eq. 7.11 (section 7.2).
Finally, the experimental results for the conversion as well as for the production

rate were compared with the predictions (Figure 7.7).
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Figure 7.7: Experimental validation of the predicted conversion of acetic acid and the
production rate of the ethyl acetate for the esterification reaction in the packed-bed reactor as
a function of the number of cavities in series. Symbols: experimental results, lines: theoretical
predictions. Model reaction: esterification of acetic acid and ethanol over a strong acid ion-
exchange resin to produce ethyl acetate (Scheme 7.1).

The experimentally obtained conversions matched well with the model predictions
(error < 5%) for all number of cavities. Further validation by following the same
strategy, i.e. beginning next set of experiments at reaction mixture composition
corresponding with 90 % conversion, was not possible due to high experimental
error which is comparable with the theoretically predicted change in the conversion
(see prediction in Figure 7.7 for cavity number 9 onwards). The linearity in
predictions based on global reaction kinetics and identical behavior of each
additional cavity-reactor combination, however, does not require further validation.
Therefore, it can be concluded that increasing the production capacity of the flow
reactors is possible by increasing the number of microwave cavities in series. Each
cavity must be independently tuned to the process requirements without disturbing

the microwave field pattern either in neighboring cavities or in the main waveguide.
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7.5 Conclusions

A concept of modular scale-up for microwave assisted flow processing has been
demonstrated where utilization of cavities in series and transient operation through
each consecutive cavity increased the production rate. Two cases, ie. an
esterification of acetic acid and ethanol catalyzed by ion exchange resin in a
packed-bed reactor and a multi component reaction of benzadehyde, piperidine and
phenylacetylene catalyzed by Cu-thin in a wall-coated tubular reactor were used to
predict an increase in the conversion and, consequently, the production rate with the
use of microwave cavities in series. For the case of esterification reaction in a
packed-bed reactor, around 18 cavities in series gave a theoretical conversion of 99
% with extrapolation to the production rate of 170 kgyra/kgcorhr. In contrast, the
case of multi component reaction in a wall-coated tubular reactor, a theoretical
conversion of 99 % with extrapolation to the production rate of 7740 kgproa/Kgcar-hr
was obtained in around 28 cavities. Validation experiments were performed for the
case of esterefication reaction in a packed-bed reactor-heat exchanger assembly at
stable reaction temperatures between 343 and 348 K. The steady state conversion
rose from 22 % in the first cavity to 88 % in the eighth cavity used in series. The
experimentally obtained results matched the predictions well within a 5 % of error
margin. Thus, an increase of production capacity in flow reactors proved to be
possible by implementing microwave cavities in series. This was possible due to
our microwave setup design which permitted the independent tuning of each cavity
to process requirements without disturbing the microwave field pattern either in
neighboring cavities or in the main waveguide. In conclusion, we have provided
proof of concept for modular scale-up at minimized grid to applicator losses by
utilization of cavities in series over a main waveguide connected to single

microwave generator.

Nomenclature

Symbol Description

Afitm surface area per unit volume of the copper film, Mg/ My

acy surface area per unit reactor length of the copper film, mzcat/mR

. . . 3
Ca instantaneous concentration of limiting component A, mol/m’r
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d, particle diameter of the powdered copper catalyst, mc,
dr reactor tube diameter, mg

E, activation energy, J/mol

Fy volumetric flow rate, m>/s

kobs observed reaction rate constant, m3cat/m3 R.S

K’ volumetric reaction rate constant, 1/s

k’ surface reaction rate constant, (m3 R/mzcat-s)

ko pre-exponential factor in Arrhenius equation, (s™)
l reactor length, mg

Mw molecular weight, g/mol

N number of cavities

P production rate, kgproa/kgcar.hr

R gas constant, 8.314 J/mol.K

r radius of the reactor, mg

rA reaction rate, mol/m> R.S

T temperature, K

Vear catalyst volume, m3cat

Vi reactor volume, m3R

w catalyst weight, kg,

X differential reactor length, mg

X conversion of phenylacetylene

Greek symbols

I-¢ catalyst volume fraction

0 catalyst film thickness, m

Peat catalyst density, kg/m3
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Conclusions and outlook

8.1 Conclusions

This thesis describes the generic chemical engineering aspects of microwave
assisted continuous-flow production of fine chemicals in milli-tubular reactors.
Process intensification by using microwave heating was investigated for the
enhancement of productivity as compared to conventionally heated reactor systems
applied nowadays. The role of microwaves as either a volumetric or a selective
heating source was, therefore, exploited. A microwave setup and a continuously-
operated milli reactor-heat exchanger combination were designed and built to
demonstrate that efficient, controlled, uniform, and sustainable production of fine
chemicals at kilogram/day scales is feasible.

In a stepwise approach, state-of-the-art multi- and mono-mode microwave cavities
were tested for efficient and uniform heating of process streams. Applying
monomode microwave cavities proved to be essentially superior to multimode
cavities by providing better heating efficiencies. Additionally, the heating rate and
the heating efficiency showed dependence either on the position and/or the
geometry of the sample, i.e. reaction mixture. State-of-the-art microwave cavities
also lacked in providing important functionalities, such as a predictable electric
field pattern, tuning capacity, detailed energy distribution and possibilities for a
modular scale-up. These shortcomings and the requirements of a continuous
operation resulted in the specific design of a monomode microwave setup (Figure

9, chapter 2). The realized microwave setup allowed proper formulation of
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complete energy balances with efficient and uniform heating as well as a modular
scale-up, thus resolving the aforementioned handicaps.

The effect of the load diameter and the loss tangent (tan §) on the heating
efficiency of the liquid medium (i.e. solvent) was determined in a monomode
microwave cavity under stop-flow (i.e. stagnant liquid) and continuous-flow
conditions. Under stop-flow conditions, the highest heating efficiency (70 %) was
observed at the load diameter equal to and above the half wavelength of the
electromagnetic field in the liquid medium. It decreased at higher temperatures due
to a decreasing heating rate and a monotonous drop in loss tangent with increasing
temperature. The heating efficiency at continuous-flow conditions increased
linearly with the load diameter. However, microwave leakage above the
propagation diameter (also known as half wavelength) restricted the highest load
diameters usable in continuous operation.

Based on these findings, a milli reactor-heat exchanger was developed for energy
efficient and controlled continuous operation under microwave heating. The reactor
was particularly designed with a focus on using microwave heating as a volumetric
heating source, ie. bulk liquid heating. Gratifyingly, co-current flow of a
microwave transparent solvent (coolant) permitted heat integration, resulting in
extended reactor lengths and high heating efficiencies (96 %). The temperature of
the reaction mixture went through a maximum (hot spot) in the microwave cavity
part of the reactor. The temperature of the hot spot was limited by convective heat-
transfer to the coolant.

Detailed modeling study with coupled -electromagnetic and hydrodynamic
phenomena in the reactor-heat exchanger showed that the stagnancy in the flow of
the microwave absorbing fluid (reactant) resulted in a temperature distribution. The
stagnant layer formation caused either by any insertion of system components (such
as fiber optic sensors) or at the reactor walls, yielded higher temperatures and lower
microwave energy dissipation regions. The coolant flow, unless used as a heated
jacket to minimize heat losses, was found to be ineffective in controlling final

(outlet) temperatures of the reactant. Additionally, a buoyancy effect (as a result of
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gravitational forces) was visible for a horizontal arrangement of the reactor-heat
exchanger assembly at millimeter sizes.

Subsequently, process intensification by selective heating of a structured catalyst
was demonstrated in a Cu-thin film coated multi-tubular milli-reactor/heat
exchanger (MTMR, Figure 1, chapter 6). The Cu film played a dual role by
providing uniform microwave absorption and improving the production rate.
Extraction of excessive heat by counter-current flow of a microwave transparent
coolant (toluene) reduced copper leaching and improved the steady performance of
the coated reactor tubes. The temperature of the copper surface in the reactor tubes
was found to be at least 100 K higher than the bulk temperature of the reaction
mixture. The temperature deviation in the multiple reactor tubes of the MTMR in
terms of the kinetically determined reaction temperature was not more than 8.0 +
0.5 K. The obtained throughput in the MTMR (6 parallel tubes) was slightly lower
(93 %) than expected as a result of minor flow and temperature distributions. It was
demonstrated that the numbering up approach by parallelization of multiple milli-
reactor tubes can successfully be implemented in scaling up microwave assisted
fine chemicals synthesis and commercially interesting production rates can be
obtained.

Finally, a new concept of a modular scale-up for microwave assisted flow synthesis
has been demonstrated. Transient operation through each cavity and utilization of
cavities in series increased the production rate. Additionally, known Kkinetics
allowed estimation of the production rate for each additional cavity in the series.
Principally, independent tuning of each cavity to the process requirements without
disturbing the microwave field pattern either in neighboring cavities or in the main
waveguide permitted the modular scale-up. This approach of scale-up is possible at
minimized grid to applicator losses by utilization of cavities in series over a main
waveguide connected to single microwave generator.

Scale-up with each of the investigated numbering up approaches was successful.
However, as an overall conclusion it is worthwhile to note that application of
microwaves as a process intensification tool, especially in the case of organic

synthesis, is more attractive for liquid-solid reactions, where the solid is the
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selectively (microwave) heated catalyst. Targeting direct and selective heating of
the catalytically active surface, i.e. the locus of the reaction, results in elevated
reaction temperatures and, therefore, in high reaction rates with limited bulk liquid

heating.

8.2 Outlook

For organic synthesis, intensifying application of microwaves is unquestionably at
the locus of the reaction i.e. catalyst surface. Therefore, based on the results of the
investigations reported in this thesis, the following activities are suggested to be
considered in future research.

The influence of the catalyst film thickness on its sustainable use, also as a
microwave absorbing component, is a key issue, particularly to ensure a long
lifetime of wall coated reactor tubes in a multi-tubular reactor. Controlled
utilization of arching in metal films/particles under microwave irradiation is
interesting even in cases where use of metals is not necessary as catalyst (Kappe et
al. Chem. Open. 2012, 1, 39.). Another important issue is the physical insight into
microwave-metal interactions especially for liquid-solid reaction. Understanding
and tuning of these interactions should help in improving the process performance
and sustainability. Lastly, the extension of current work, i.e. selective heating of the
catalyst, to more traditional supported catalytic systems, in particular of the
transition metals which are abundantly used as catalysts in organic synthesis, can be

explored for various organic reactions.
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