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ARTICLE INFO ABSTRACT

Keywords: Ultrasound (US) and Microwaves (MW) are effective methods for processes intensification. Their combined use in
Microwave the same reactor can lead to remarkable results. Recently there has been a resurgence of interest in this field for
Ultrasound

new synthetic applications using reactors based upon existing technologies. We describe here a new type of
apparatus in which the thermal energy is continuously removed from the system making possible the use of high
power and adjustable ultrasonic and microwave densities throughout the process. The installation consists of a
glass reactor located in a monomode applicator which is immersed at the same time in an ultrasonic device which
can be operated at different frequencies and powers. A liquid, transparent to microwaves, was used to couple
ultrasonic energy to the reactor and to remove the heat generated. Comsol software was used to get information
about the distribution of ultrasonic and microwave energy between the reactor liquid and the coupling fluid. The
performance was assessed using the conversion of p-nitrophenol into 4-nitrocatechol as a chemical dosimeter and
a transesterification.

Combined reactor

with lifetimes shorter than 0.1 s and cooling rates above 10'° Ks™?
[3]. Within heterogeneous media the collapse of such bubbles is
asymmetric which produces different effects depending on the me-
dium involved but with particular effects in reactions involving
liquid reactions involving metal surfaces, powders or other particu-
late matter and emulsification. In homogeneous systems sonochem-
ical reactions involve more than simply the mechanical effects of
cavitation [4]. They may also enhance electron transfer and cause
temporary effects on solvent structure [5,6].

The specific effects of microwaves for heating compared with con-
ventional heating include higher heating rates, selective heating of

1. Introduction

To a chemist, process intensification can be expressed as: faster re-
actions, better conversions, improved or new product and fewer by-
products. Such improvements should, of course, be accompanied by
simplification of the production line and lower production costs. Ul-
trasound and Microwaves are both considered to be effective methods
for process intensification due to the special ways in which each of these
energy sources can activate reactions but in rather different ways [1]:

e The effects of ultrasound are linked to the alternating movement of

the molecules in a liquid phase. When the amplitudes of this move-
ment are sufficiently high greater than a critical value, the rarefac-
tion cycle which drags molecules apart may exceed the attractive
forces between these molecules in the liquid and cavitation bubbles
will form. It is the fate of these cavities when they collapse in suc-
ceeding compression cycles which generates the energy for chemical
and mechanical effects [2]. This is a remarkable phenomenon
induced throughout the liquid and in the case of aqueous systems
each cavitation bubble acts as a localised “hotspot” generating
temperatures of about 4,000 K and pressures in excess of 100 MPa

the components in a heterogeneous reaction mixture and heating of a
whole volume rather than from the outside in (convection). An early
example of this in synthesis was microwave activation of phase
transfer catalysis in solvent-free conditions [7]. With such advan-
tages microwave irradiation (usually at a frequency of 2.45 GHz)
produces efficient internal heating for most chemical reactions,
delivering energy exactly where it is needed even under exothermic
conditions [8]. This results in a more economical use of electricity
with a higher efficiency than thermal methods. Microwave in-
stallations do not produce dust, noise, exhaust gas, vibrations or
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ambient temperature increase, they are smaller and occupy less floor
space, are modular in design allowing easy scaling up and scaling
down [9].

The rationale behind merging ultrasound and microwaves as an
energy source stems from the differences between them. Although mi-
crowaves provide rapid heating of a reaction mixture, mass transfer is a
limiting factor in the overall rate of the process. Ultrasound provides
good mass transfer but with limited heating. Thus a combination of US
and MW in one machine (or process) may overcome limitations of mass
transfer and heating [10]. The first published results on the use of this
combination was published in 1995 by Maeda and Amemiya from the
Institute of Physical and Chemical Research in Japan [11]. Fig. 1 shows a
schematic diagram of the experimental apparatus. The microwave
apparatus is composed of a microwave cavity (MC) (2.8 cm OD x 7 cm in
length), a matching element (M) and a microwave oscillator unit (MG).
Microwaves of 2.45 GHz are guided through a coaxial cable (C) to MC.
The reaction cup (RC) is covered with black paper in order to shield it
from light. The RC is also covered with aluminium foil. The ultrasound
apparatus consists of an ultrasonic horn (UH) attached to the RC (Cup-
horn type), a transducer (T) and an ultrasonic generator (USG) of 20 kHz
(Shimadzu USP-600 type). The RC is filled with liquid (50 mL),
including the shadow region. The cavitation field is produced by ultra-
sound within the RC.

The effects were monitored through observations of sonolumi-
nescence (SL) and chemiluminescence (luminol). In the case of ultra-
sound irradiation only, the SL emission occurred predominantly at the
compressed phase of bubbles however, with simultaneous irradiation by
microwaves and ultrasound, SL occurred during not only the contraction
of the bubble but also the expansion of bubble. In the case of chem-
iluminescence of luminol solution, a distinct amplification of the effect
of ultrasound and microwaves seems to occur suggesting the possibility
of promoting chemical reactions. In the conclusion to the article the
authors suggested that “It is expected that the present method could open a
new research field of microwave-sonochemistry*.

During that same period Jacques Berlan at ENSIGC, Toulouse was
also engaged in pioneering work on the combination of the two
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techniques and had developed a different prototype hybrid reactor [12].
A Prolabo Maxidigest 350 was used as the MW oven (2.45 GHz) with a
hole in the top to allow the quartz reactor in the oven to connect to a
condenser. Ultrasound was provided through a cuphorn device (20 kHz)
inserted through a hole in the base and with the US probe placed some
distance below the oven itself. The ultrasound was conducted from the
horn through a coupling fluid (decalin, which is impervious to MW) into
which the quartz reactor was dipped (Fig. 2)

The equipment was used for two reactions the pyrolysis of urea and
the esterification of propanol with acetic acid. In both cases there was a
significant improvement in organic synthesis through the combination
of microwaves and ultrasound

There are two ways of combining ultrasounds and microwaves for
chemical processing [13]:

e Sequential use of two separate reactors, one for ultrasound and one
for microwaves, between which the reaction mixture is recirculated
using a pump, or

e Use of a single reactor in which microwaves and ultrasounds are
injected simultaneously.

Although the first version is simpler to build, because existing
equipment can be used, the second is much more attractive because it
allows for the simultaneous combination of kinetic effects with mass
transfer to ensure the increase of the overall rate of the chemical process.
Early attempts to develop the single reactor option involved a ceramic or
glass horn providing the sonication inserted in the microwave field but
this has a significant limitation because of the characteristics of ceramic
materials which cannot operate at high vibrational amplitudes [12].
Nevertheless, both methods of combination have been used and the
results reviewed [13-15].

Recently there has been a resurgence of interest in the use of com-
bined US and MW reactors for chemical syntheses. In two papers pub-
lished in 2020 [16,17] the equipment used was referred to as CW-2000
Ultrasound Microwave Cooperative Extractor/Reactor, which is not
described in detail, but it appears to consist of a probe system inserted
into a reactor inside of a microwave oven. In other papers published
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Fig. 1. Maeda et. al. schematic diagram of microwave-ultrasonic device [11].
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Fig. 2. Berlan et al schematic diagram of microwave-ultrasonic device [12].

[18,19] the US/MW device provides ultrasonic irradiation via a glass
horn and MW via a multimode applicator. The design was similar to that
described by Berlan [12]. In the most recent paper in 2021 the ultra-
sound is again introduced via a glass (Pyrex) horn into the microwave
cavity.

The single reactor approach as described by Leonelli and Mason [13]
was chosen by our group to build a new type of MW and multifrequency
US, combined reactor (see Fig. 3). However, our equipment design dif-
fers significantly from those described in recent publications because:

The equipment is fully controllable from the point of view of both
sources of energy US and MW.

It can be operated at different frequencies (24, 580, 864 and 1146
kHz)

The MW generator is solid-state (not magnetron) allowing a well-
controlled adjustment of power (from O to 200 W) not possible
with magnetron type MW. In addition, the frequency can be adjusted
within the range of 2.43 up to 2.47 GHz.

The MW cavity is monomode not a multimode, allowing a more
uniform treatment of reaction mixtures.

It can be used continuously at a constant reactor temperature
regardless the MW or US powers used because the reactor is partially
immersed in the liquid of the US bath which is continuously cooled
by means of a jacket through which a coolant can circulate.

The aim of this paper is to determine experimentally several pa-
rameters critical for the correct application of these two energy sources
in this recently designed reactor. These include the optimal position of
the reactor as defined by the calorimetric determination of US and MW
absorbed powers and real examples of transformations (such as the
transesterification of vegetal oil with ethanol) to illustrate the potential
for this system to be used for the intensification of chemical processes.

2. Materials and methods
2.1. Materials and equipment

The experiments were performed using dodecane as the coupling and
cooling fluid (>95%), 4-nitrophenol (analytical standard), ethanol
(absolute) all from Sigma-Aldrich and edible sunflower oil.

The equipment is shown in Fig. 3 and is the subject of a patent
application [20]. It consists of a single glass reactor with a volume of
100 mL (1) equipped with a mechanical stirrer and three K type ther-
mocouples T1 in the reactor with T2 and T3 monitoring the inlet and
outlet temperatures of the coupling fluid. The coupling fluid is cooled by
a jacket of circulating liquid and the reactor is partially immersed in the
coupling fluid in order to control the reaction temperature. The reactor
can receive at the same time microwaves and ultrasounds via the
coupling liquid (4). Ultrasonic power is provided through a
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1 - Reactor with mechanical agitation
2 - MW single mode applicator

3 - MW Chokes

4 - US Bath containing coupling liquid
5 - Multifrequency US converter

6 - Signal amplifier

7 - Frequency generator
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Fig. 3. Ultrasound and Microwave hybrid installation.

multifrequency transducer (5), from a frequency generator (7) and a
power amplifier (6). Microwave energy is supplied from a solid-state
MW generator (12) via a single mode applicator (2) with a volume of
282 mL (components of Sairem - Miniflow 200 SS system).

2.2. Procedure and experimental setup

The reactor is loaded with the reaction mixture without catalyst or
any other key component. All ultrasonic and microwave generation
systems are started at the desired power levels with coupling fluid and
coolant recirculation systems in place. By adjusting the system thermal
equilibrium can be established at the desired reaction temperature
(50 °C in our case for both reactions studied), the catalyst or key
component is added, and the process is monitored through sampling and
analysis at predetermined time intervals. The control (conventional)
reaction was performed under conventional heating at 50 °C. In case of
p-nitrophenol (PNP) degradation, a solution with a concentration of 100
Apmol/L was used, with corrected pH to 5 with 1 N HCL. The degrada-
tion of PNP was followed by monitoring its concentration via spectro-
photometric method [21].

3. Results and discussions
3.1. The optimal position of the reactor within the installation

In order to determine the optimal position of the glass reactor within
this installation with respect to the input of ultrasound and microwave
energy together with effective heat withdrawal by the coupling fluid
Comsol software was employed (see supporting material). This model-
ling suggested that the reactor should be immersed in the coupling fluid
(dodecane) at 20 mm and this was used throughout the experiments. The
MW loss in the chokes was also found to be low and less than the limits of
EU Directive 2013/35, which states a much higher limit of 50 W/m?
[22].

3.2. Calorimetric determination of US and MW absorbed powers

The calorimetric determination of the US power absorbed by liquid
in the glass reactor and separately by the coupling fluid were carried out
using procedures described in the literature [23,24]. Distilled water
(100 mL) was added to the reactor, and dodecane (150 mL) to the US
bath. The US and MW were switched on for a short time (10-30 s). By
measuring the temperature rise in the coupling fluid (T2) and in the
reactor liquid (T3) respectively, the calorimetric values of the dissipated
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powers in the reactor liquid and in the coupling fluid were determined.

The measurements were performed for the US multifrequency
transducer from Meinhardt Ultrasonics (580; 864 and 1146 kHz) and the
24 kHz device from REUS. The position of the reactor in the coupling
fluid was at a depth of 20 mm. The values obtained for the power
absorbed in the reactor itself (1) and in the coupling fluid in the US bath
(4) at different frequencies are presented in Tables 1 and 2.

An important advantage of this installation is that the microwave
and/or ultrasound energy can be continuously supplied and controlled
to the same reaction mixture in such a way as to not exceed a prescribed
temperature. This is possible because the heat absorbed in the reactor is
transferred to the coupling liquid and this, in turn, to the coolant flowing
through the jacket (as can be seen in Fig. 3).

Dodecane is an excellent coupling liquid because it combines two
remarkable properties: it is a non-polar solvent that has a very small
dielectric constant (fv = 2.01) [25] and is almost transparent in the
microwave range. It is also unaffected by sonication over a wide tem-
perature range [23]. This makes it entirely suitable for use as a coolant
for the removal of excess heat from a microwave cavity, besides coupling
ultrasound with the reactor [26].

Microwave energy was applied using the same configuration as for
ultrasonic energy. The power absorbed by the liquid in the reactor was
nearly the same as the power provided by the MW generator (confirming
microwave energy absorption efficiencies of over 96%). In addition, the
temperature in the US bath did not rise. This shows that the MW
applicator is well tuned, there is no reflected MW power and that the
coupling fluid was well chosen in that it did not absorb MW energy.

When used in the hybrid configuration (simultaneously applied US
and MW) a simple additive effect of the absorbed powers was observed.

3.3. Determination of the effectiveness of the hybrid reactor

3.3.1. Measurement of p-nitrophenol degradation

The degradation of p-nitrophenol (PNP) is one of the methods used to
measure the efficiency of generating active radical species (especially
OH radicals) by cavitation during sonochemistry [21,27]. Fig. 4 shows
the degradation efficiency of PNP under various conditions in the
Hybrid Reactor: conventional, microwave only (10 W), US only (12-13
W) and combined MW and US at different frequencies. One would not
anticipate any effect of normal stirring or MW alone plus stirring on the
decomposition of PNP in the absence of ultrasound. However, MW and
stirring does produce a small degradation (less than 0.9 %). Whether this
is due to hydroxy radical formation under microwave heating is unclear
one might even say unlikely since at the same temperature with stirring
alone PNP shows essentially zero degradation within experimental
error. In 2015 there was a report of a microwave assisted Fenton-like
process but this was a catalysed reaction unlike the one studied here
[28]. The results obtained with ultrasound alone are as expected in
terms of US frequency and power with increasing frequency leading to
more efficient degradation i.e. consistent with literature data [29].

It is the experiments in which US and MW are combined that produce
the most interesting results in that MW can be seen to significantly
increased the degradation of PNP compared with US alone. We believe
that this might be the first clear chemical evidence for a synergism of US

Table 1
Calorimetric measurement of ultrasonic power for multifrequency US convertor.
Amplitude  Power, W
580 kHz 864 kHz 1146 kHz
In the In the In the In the In the In the
us reactor us reactor us reactor
bath bath bath
5 3.7 5.3 4.2 4.9 3.9 5.3
6 7.5 8.8 7.0 8.4 10.2 10.0

7 11.7 13.2 12.3 12.6 16.1 13.0
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Table 2
Calorimetric measurement of ultrasonic power for 24 kHz transducer.

% of full power (supply voltage) Power, W

In the US bath In the reactor

15 (100 V) 5.0 1.9
20 (120V) 10.0 5.0
30 (140 V) 19.3 11.6
50
[ only Us
B vw+Us

40

304

204

Degradation efficiency (%)

580 864
11.6 13.2 12.6
Treatment type

1146 US frequency

©
C
K]
b= 13.0 US power, W
2
[
o)

Fig. 4. Degradation efficiency of PNP depending on the treatment conditions
(reaction time 50 min).

+ MW.

3.3.2. The combined effects of US and MW on transesterification

The transesterification of vegetal oil with ethanol, under heteroge-
nous acidic catalysis, is of great interest in the production of biofuels and
has been well documented and provides a challenge in terms of process
optimization [30,31]. Ultrasonic energy can emulsify the reactants to
reduce the catalyst requirement, alcohol-oil ratio, reaction time and
reaction temperature [32].

Sunflower oil (52.5 mL) and ethanol (17.5 mL) were placed in the
Hybrid Reactor and subjected to a series of experiments involving
separately US and MW irradiation and in each case 3 g of Amberlite IR
120 (H form, corresponding to 0.1 mol H" /L) was added but only when
the temperature stabilized. The oil/ethanol mixture was analysed by GC-
FID according to the EN 14,103 standard method for biodiesel [33]. The
results, for 24 kHz ultrasound frequency, are shown in the Fig. 5 below:

Once again there are the results obtained when US and MW are
combined which provide the most interesting data. It can be seen that
there is a high synergetic effect for this transesterification reaction
which itself is known to be slow under normal acidic catalysis [34].

4. Conclusions

A new combined (hybrid) ultrasonic and microwave installation was
designed, built and characterized. This new system maintains a low
temperature in the reaction medium even when using high-power den-
sities (of the order of 1-2 W/mL) which is extremely important for the:

e extraction of valuable active principles from plants;
e reduction in degradation of thermolabile compounds;
o intensification of the ultrasonic and microwave processes in solution

In addition, synergetic effects on the degradation of p-nitrophenol
and the transesterification of sunflower oil under heterogenous acidic
catalysis shows the synergism in this ultrasound and microwave hybrid
device.
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Fig. 5. Transesterification of sunflower oil with ethanol over Amberlite IR 120.
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