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Combined Microwaves and Microreactors Plant
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Abstract—A pilot plant for continuous flow microwave-assisted
chemical reaction combined with microreactors was developed and
water heating tests were conducted for evaluation of the developed
plant. We developed a microwave apparatus having a single
microwave generator that can heat reaction solutions in four reaction
fields simultaneously in order to increase throughput. We aso
designed a four-branch waveguide using electromagnetic simulation,
and found that the transmission efficiency at 99%. Findly, we
developed the pilot plant using the developed microwave apparatus
and conducted water heating tests. The temperatures in the respective
reaction fields were controlled within £1.1 K at 353.2 K. Moreover,
the energy absorption rates by the water were about 90% in the
respective reaction fields, whereas the energy absorption rate was
about 40% when 100 cm® of water was heated by a commercialy
available multimode microwave chemica reactor.
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|. INTRODUCTION

HEMICAL reaction processes using microwaves have

attracted agreat deal of attention. Numerous effects caused
by microwavesin organic synthesis have been reported [1]-{3],
e. g., reductions in chemica reaction times from hours to
minutes, reductions in side reactions, and improvements in
selectivity. Chemical-synthetic procedures using microwaves
are expected to conserve energy, decrease the burden imposed
on the environment, and simplify reaction processes.

Most chemical reactors that use microwaves are batch type
reactors. However, one of the problemswith thesereactorsisthe
difficulty in scaling them up from the laboratory to the
production scale, because the depth that microwaves penetrate
into absorbing materials is limited; e.g., the penetration depth
generally used at 2.45 GHz isin the order of afew centimeters,
depending on the dielectric properties of the absorbing
materials. Consequently, when we try to scale these batch types
up, microwaves are only absorbed at the surface of the batch
reactors, and it is difficult to transmit microwaves inside them.
In addition, the mixing efficiency of reaction solutions
decreases when the batch type reactors are scaled up.

A continuous flow process is expected to be used to solvethe
penetration depth problem [4]. Namely, irradiating microwaves
to a reaction solution flowing through a reaction tube without
increasing the size of the tube is expected to solve the problem
of the limited penetration depth of microwaves.
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One example of the research on continuous flow processing
using microwaves is the study conducted by He et al. on
Suzuki-Miyaura coupling reactions using amicro-capillary tube
through which reaction solution flowed and was irradiated by
microwaves [5],[6]. They reported that they obtained a 70%
yield of the product in less than 60 s. Organ et al. conducted
microscale organic synthesis using microwaves and reported
that excellent conversion was observed in a variety of
cross-coupling and ring-closing metathesis reactions [7],[8].
However, the microwave-assisted chemical reactors used in
these studies were commercialy available ones that were not
designed especialy for continuous flow processing, so the
energy absorption rate was not high, and the throughput was
limited to laboratory scale, e.g., the throughputs were about
several dozen mm®/min.

Accordingly, the objective wasto increase the throughput. To
accomplish this objective, we developed a pilot plant of a
continuous flow microwave-assisted chemical reactor using the
concept of numbering-up, in which microwaves generated from
a single microwave generator were divided into multiple
reaction fields, and a reaction solution can be irradiated
simultaneously in each reaction field by microwaves. Therefore,
it was necessary to develop a branch waveguide by which
microwaves could be divided uniformly and without losing
energy in order to irradiate in multiple reaction fields uniformly
and simultaneously. Therefore, we optimized the configuration
of awaveguide using an el ectromagnetic simulation.

I1.COMBINED MICROWAVES AND MICROREACTORS PLANT

A. Design of waveguide

Next, we developed a pilot plant for continuous flow
microwave-assisted chemical reaction combined with
microreactors using the concept of numbering-up, in which
microwaves generated from a single microwave generator were
divided into multiple reaction fields, and a reaction solution was
simultaneously irradiated in the respective reaction fields by
microwaves. We assumed Suzuki-Miyaura coupling reaction,
Sonogashira coupling reaction, synthesis of silver nanoparticle,
synthesis of biodiesel fuel and so on as typical reactions using
the developed plant. For example, it was assumed that
N,N-dimethylformamide was used as a solvent, phenylboronic
acid and p-bromotoluene were used as solutes, Pd(PPhs), was
used as a catalyst and 4-methylbiphenyl was produced by
Suzuki-Miyaura coupling reaction.

The configuration of the waveguide needed to be designed so
that it would be able to heat the reaction solutions efficiently in
the multiple reaction fields using a single microwave generator.
Accordingly, a branch waveguide was designed using
electromagnetic simulation in this study.
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Fig. 1 T-branch waveguide (Model 1)

We investigated a configuration of the branch wangsg in
which incident waves were divided into two direaso
uniformly and without losing energy. First, we adlted the
electric field intensity of a simple T-branch wauéate (Model
1) as shown in Fig. 1 (a). Fig. 1 (b) shows thatied electric
field intensity distribution. We found that most thie incident
waves were reflected and did not transmit up tootitéet of the
waveguide. Here, transmission efficiency is definedhe ratio
of all of the output microwave energy from the wgwiele P
to the input microwave energy into the wavegugeas shown
in Figs. 1 and 2. The simulation results indicathdt the
transmission efficiency was 32% in this case, ans difficult
to transmit microwaves efficiently. Thus, a diffetelesign was

Fig. 2 Overview of branch waveguide (Model 2)
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Fig. 3 Reflection coefficient when length G@fwas changed
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Fig. 4 Relative electric field intensity distriboii

needed for the branch waveguide. As a result of our

investigation, we found that a waveguide with adégree
inclined plane (Model 2), as shown in Fig. 2, cotrighsmit
microwaves efficiently.

In this waveguide, the incident waves are halvedgktheX
axis, and the divided waves transmit to each ouNee
optimized the length ofC as shown in Fig. 2 using
electromagnetic simulation. Fig. 3 plots the cadtioh results
of the reflection coefficient when the length@fvas changed.
The reflection coefficient describes the intensitya reflected
wave relative to an incident wave, and the transimis
efficiency increases when the reflection coeffitidecreases.

The results show that the reflection coefficienswaallest
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Fig. 5 Calculated results of transmission efficienc

Model Z

when the length o€ was 64 mm. Fig. 4 shows the relative e aiso investigated a four-branch waveguide condigon
electric field intensity distribution, and Fig. Shavs the thatwas based on the above two-branch waveguilgrdd his
transmission efficiency of model 1 and model 2. Thggnfiguration was designed to increase throughguhdating

transmission efficiency of Model 2 was 99% due he t
simulation.
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the reaction solution in four reaction fields sitankeously. Fig.
6 shows the schematic of the four-branch waveglidensists
of three two-branch waveguides. Two of the two-bhan
waveguides are connected to an outlet of each brafthe
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third waveguide. Fig.7 (a) shows the relative elecfield
intensity distribution in the four-branch waveguidsing the
two-branch waveguides designed above, and Fig.) Aaléo
shows the relative electric field intensity distrdion in the
four-branch waveguide using simple T-branch waveesi(Fig.
1, model 1). These figures show that microwavesstratted to
the outlets of the waveguides efficiently when tlesigned
two-branch waveguides were used. The results @lutzing
the transmission efficiency (Fig. 8) indicated thdie
transmission efficiency was 99% when the designeditranch
waveguides were used, and about 7% when the sim|
T-waveguides were used. Based on the four-braneleguide,
we developed a microwave apparatus by which theticea
solutions could be heated simultaneously by micx@san the
four reaction fields using a single microwave gahet

é Outlet Outlet é

Two-branch
waveguide

Two-branch waveguide
Inlet

Fig. 6 Schematic of four-branch waveguide

B. Configuration of the Pilot Plant

Based on the microwave apparatus with four-branc
waveguide as shown in Fig. 6, we developed a pilant for
continuous flow microwave-assisted chemical reactio
combined with microreactors. Fig. 9 shows an owsnof the
plant. It consists of a flow control unit, the nuerave
apparatus, four microreactors, a control systemgd an
monitoring system. Two reagents flow into the mieaxtors
and are mixed there; then they flow into the rearctube in the
applicator of the microwave apparatus, and the ti@ac
solutions are microwave-irradiated and heated fiblaecontrol
unit consists of two nonpulsatile pumps (Nihon StEim
Kagaku, Ltd.). Pressure sensors were set in thieegps of the
microreactors, and fiber optic probes for measurin
temperatures were set at the inlets and outletheofeaction
tubes in the applicator. Flow sensors were po®tioat the
downstream of the reaction tubes. These componegite it is
possible to monitor the temperatures, pressuresflaw rates
during reactions.
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Relative electric field intensity [-]

(a) Relative electric field intensity distributievhen the designed
two-branch waveguides were used

C.Experimental Evaluation

Water heating tests were conducted to evaluate tiic Relative electric field intensity [
temperature control ability of the pilot plant. \&aflowed at 10 () Relative electric field intensity distributiovhen the simple

cm/min in the respective reaction fields, and micreesat 168 T-waveguides were used
W were irradiated (i.e., microwaves at 42 W weradrated in  Fig. 7 Relative electric field intensity distribati in the four-branch
each of the respective reaction fields), and thetien solution waveguide
temperatures of the inlets and the outlets of #mpective
reaction tubes were measured by the fiber optichgso 100
Additionally, Fig. 10 plots the results of the egyerbsorption T
rates, which were about 90% in the respective i@adields, > 80
whereas the energy absorption rate was about 40®nwk 5
100cni of water was heated by a commercially availabl S 60 -
multimode microwave chemical reactor. The evalumtiest 2
demonstrated that the reaction solution was ablab®orb S a0l
microwaves efficiently, and the plant was able ¢tmtmol the g
reaction solution temperatures uniformly as desighg the 2 50t
simulation. §
0
Model 1 Model 2
Fig. 8 Calculated results of transmission efficienc
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Finally, we developed the pilot plant using the eleped
microwave apparatus and conducted water heatirtg. t€ke
temperatures in the respective reaction fields veergrolled
within £1.1 K at 353.2 K when microwaves at 168 \ére/
irradiated. Moreover, the energy absorption ratethb water
were about 90% in the respective reaction fieldseraas the
energy absorption rate was about 40% when 100ofwater
was heated by a commercially available multimoderonvave
chemical reactor.
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Fig. 10 Energy absorption rate by water in fourctiem fields

I1l. CONCLUSION

A pilot plant for continuous flow microwave-assigte
chemical reaction combined with microreactors waxgetbped
and water heating tests were conducted for evalutist of the
developed plant. We developed a microwave appahatving a
single microwave generator that can heat reactidutions in
four reaction fields simultaneously in order to rigse
throughput. We also designed a four-branch waveguging
electromagnetic simulation, and found that the smaission
efficiency at 99%.
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