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B. OBJECTIVES OF THE EXPERIMENTAL STUDY

Three research directions were pursued:

e The efficiency of resonant, multimode, and monomode microwave applicators;

e The effect of the position and shape of the reactor on the transfer of ultrasonic energy
in a single transducer bath;

e Design and testing of an installation for the combined use of ultrasound and

microwaves to enhance physico-chemical processes.

Each research direction had its specific objectives:

e [Eficienta aplicatoarelor de microunde, rezonant, multimod si monomod

- Designing and constructing a resonant microwave applicator.

- Experimentally assessing the resonant applicator's performance, focusing on energy
transfer efficiency and heating uniformity. Conducting comparative tests between the resonant
applicator and conventional applicators (monomode or multimode) using various liquids with
different microwave absorption capacities.

- Utilizing Comsol for modeling the three types of applicators and comparing the simulation
results with the experimental findings.

e [Effect of the position and shape of the reactor on the transfer of ultrasonic energy in

a single transducer bath

- Developing an experimental methodology that allows any user of a single transducer
ultrasonic bath (a widely used laboratory ultrasound equipment) to identify optimal conditions
(reactor type and position) to effectively highlight the ultrasonic effect and ensure experiment
reproducibility.

- Investigating various types of reaction vessels and coupling liquids.

- Monitoring the transfer of ultrasonic energy from the transducer to the liquid in the reactor

using both calorimetric and chemical methods (with KI), particularly in the case of water.



e Design and testing of an installation for the combined use of ultrasound and
microwaves to enhance physico-chemical processes

- Designing an installation that enables concurrent ultrasound and microwave-assisted
experiments. The reactor is equipped with a cooling system allowing continuous treatment of the
reaction medium with both microwaves and ultrasound while maintaining the reaction temperature
at predetermined values.

- Testing the installation to establish working conditions that enable the maintenance of a
constant temperature even with continuous supply of ultrasound and microwave energy.

- Conducting experiments on the setup to highlight the separate or combined effects of
ultrasound and microwaves.

The purpose of the conducted research was to create an installation that enables the
enhancement of physico-chemical processes through the simultaneous application of microwaves
and ultrasound. These can be applied continuously, with significant power, while maintaining
precise temperature control. Ultrasound and microwaves can be generated with different powers
and frequencies (for ultrasound: 20-5000 kHz, for microwaves: 2.43-2.47 GHz), allowing the

intensification of a wide range of processes that require either mild or energetic conditions.

Thus, several critical parameters for the correct application of these two energy sources in
this type of reactor were experimentally determined. These parameters include the optimal position
of the reactor, as defined by calorimetric determination of the powers absorbed by ultrasound (US)
and microwaves (MW). Real examples of transformations, such as the transesterification of
vegetable oil with ethanol, were also examined to illustrate the potential of this system for

enhancing chemical processes.

The installation for the combined use of ultrasound and microwaves to enhance physico-
chemical processes is characterized by providing structural and functional flexibility through the

following possible adjustments:

o Adapting the installation for the intensification of different types of processes by
modifying the frequency of the supplied ultrasound.
. Adjusting the reaction temperature by setting the powers of ultrasound and

microwaves in the system and the cooling agent's temperature.



. Continuous supply of ultrasound and microwave powers throughout the process,
maintaining the reaction temperature through an efficient heat transfer system.
. Modifying the distribution of ultrasound powers in the reactor and coupling liquid

by adjusting the reactor's position in the ultrasound bath.

PART I - EFFICIENCY OF MICROWAVE APPLICATORS, RESONANT,
MULTIMODE, AND MONOMODE

The performances of a new microwave applicator based upon two concepts: resonance
and focus of the electromagnetic field on the target are described. At resonance frequency, the
cavity stores the MWs energy — therefore, no MWs are reflected back into the wave guide. The
focusing capacity of the applicator is measured via e energy transfer efficiency and heating
uniformity. This new applicator was tested for several liquids with very different dielectric
parameters behavior, namely: water, ethylene glycol, acetic acid and 2-propanol and its
performance has been compared to that of the single-mode and multimode applicators.

The use of single-mode applicators involves some penalties that must be weighed carefully.
They are product specific rather than general purpose and in operation can be very sensitive (i.e.,
tuned off-resonance) to changes in product properties, geometry, and position, the treated samples

are very small to preserve the advantages of the single mode applicator.

Multimode applicators are often used for processing bulk materials or arrays of discrete
material, whose overall dimensions are too large (larger than the wavelength of the operating
frequency) to permit consideration for use in a single-mode oven. These applicators, in their
simplest configuration, take the form of a metal box that is excited (driven) at a frequency well
above its fundamental cutoff frequency. For example, the common home microwave oven typically
has internal dimensions on the order of 30 to 40 cm., while the wavelength is 12.2 cm. The larger
dimension corresponds to a cutoff frequency of about 400 MHz as compared with the operating
frequency of 2.450 GHz [7]. When the electromagnetic energy, externally generated, is fed by
some means into a cavity with specific dimensions, it induces an internal resonant electromagnetic
field that extends throughout the entire cavity [47]. Some workloads have such a low value of loss
factor" that the heat dissipation density using monomode or multimode applicators is too low at
the electric-field intensities they create. In such cases, by using resonance, the field intensity can

be raised considerably, giving satisfactory heat dissipation [48]. Except for plasma generation,



resonant systems have not been widely used in industrial production because of control difficulties.
As the workload properties and other parameters of the system change with temperature and wear,
both the cavity resonant frequency and the generator frequency drift, and power transfer falls.
Retuning is necessary to restore the correct operating conditions. In most cases, this is necessary
so frequently that an automatic frequency control (AFC) is required, in order to get back the
applicator closer to the resonant state [49]. However, such a system involves very expensive
components for controlling and adapting the microwave frequency depending on the reflected
power. Our idea was to design and make an applicator that does not deviate too much from the
resonant state during operation even if the frequency is maintained the same. In order to compare
the efficiency of this new type of applicator power tests were performed using this new resonant

applicator and two monomode and multimode type applicators.

1.1.Materials

The experiments were performed using liquids that have very different dielectric
properties: distilled water, ethylene glycol (Chimopar), 2-propanol (Chemical) and glacial acetic
acid (Chimreactiv). From these, two liquids have high values of tangent loss (ethylene glycol and
2-propanol), while the other two have lower values (water and acetic acid). Fig. B-1 (a, b, ¢) shows
the dielectric properties of these selected substances in the temperature range 20-80°C, as

documented in literature [50].
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For the experiments with the selected liquids, three different applicators were used:

1. The monomode applicator, the one provided by SAIREM as part of the MINIFLOW 200
SS system [51], being an applicator that works in TE mode (Fig. B-2 si B-3 a).

2. The resonant applicator is a new applicator built by us (Fig. B-3 b), being an aluminum
cube with a side of 145.3 mm. In this applicator the microwaves are provided by a transition
coaxial adapter to waveguide WR340.

3. The multimode applicator is adapted from a classic microwave oven, with a volume of
18 L, in which a slot was cut to mount the transition coaxial adapter to waveguide WR340

(Fig.B-3 ¢).

In all these applicators the microwave energy is supplied by the same solid-state microwave
generator (Fig.B-2, 6) via a coaxial cable, which allows the recording of the absorbed and the
reflected power. In single-mode and resonant applicators, a sliding short-circuit device (Fig. B-2
si 3, 4), can also be mounted, which is a waveguide-based component used in tuning applicators

for the adjustment of the resonance frequency.



Fig. B-2 Fig. 2. Mini-Flow 200SS used with TE type cavity
1 — reactor; 2 — stirrer; 3 - transition coaxial adapter to waveguide; 4 — sliding short circuit; 5 — optical fiber; 6 — SS

MW generator

O
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Fig. B-3 Microwave applicators used: a) monomode, TE type, b) resonant cavity, ¢) multimode
1 —reactor; 2 — stirrer; 3 - transition coaxial adapter to waveguide; 4 — sliding short circuit Setare experimentala

The experiments were performed using the same load in all applicators (a cylindrical

vessel5 with a useful volume of 100 mL, provided with a mechanical stirrer). After positioning
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the reactor symmetrically to the waveguide, the stirring is started. The initial temperature was
measured with optical fiber then the SS MW generator was turned on and set to a certain power

for 60 seconds. When the microwave generator is turned off the final temperature was measured.

Determinations of power losses in the load were made starting from the same temperature
(25°C).

1.2.COMSOL® modeling

Using the basic building blocks from COMSOL® (Block, Cone, Cylinder and Sphere),
together with the Boolean operation (Union, Intersection, Difference, Compose), the three
applicators were built according to their geometrical characteristics (Fig. B-4). After this first
step, the geometry of each applicator was meshed, so that the solving algorithm to be able to
accurately compute the electromagnetic wave field. To this end, the mesh maximum dimension
should equal the tenth of the wavelength. The dielectric properties of each of the four liquids
were introduced, according to literature data and the “Electromagnetic Waves, Frequency
Domain” physics was used, to compute field distribution inside the applicator. The computation
was done according to the “Frequency Domain” study, which uses the “multifrontal massively

parallel sparse direct solver” implementation in COMSOL®, with the default options.
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560 200 Fig. B-4 The COMSOL® built models of the
100 laboratory applicators a) resonant; b) multimode; c)

0 monomode
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1.3.Results and discussion

The energy transfer efficiency (nL) in the liquid expected to be heated can be expressed as
the ratio of power losses in the load PL to the total power loss, P. The total power loss is expressed
as a sum of ohmic losses determined by eddy currents obtained by reflection loss of the
electromagnetic waves within the resonator walls (PR), power loss of the load (PL) and power loss

of the coupling port (PC) [5]:

P =Pr+ PL+ Pc Ec1l
_h_Q
nL—P—QL Ec 2

The Q factor is a measure of the efficiency of electromagnetic storage in the applicator. It

is correlated with the existing loss mechanisms and is given by the ratio between stored and lost

energy [5].

Q _ Stored energy Ec3

" Lost energy - Oscillation period
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For the experiments performed in this work, power losses in the load (PL) were calculated by the
equation (12). Because short irradiation times were used, the temperature increases in the reactor (AT)

were small and for this reason lost power was neglected (Piost= Pr+Pc)[5].

m -Cy,-AT
P, =—=, P Ec 4
L Timp + lost

where:

m - mass of liquid in the reactor, g;

At - temperature difference, (°C) recorded after the working time: 60 s
Cp - specific heat, (J/ g - °C);

Time - is the time of microwave heating (s).

Table B-1 shows the values obtained for the power losses in the load, for the three types of
applicators, when the power provided by the solid-state microwave generator was 25W. The results in
the table are consistent with the literature information: the higher the loss tangent (tan [ ), the better
the conversion of microwave energy into heat [51]. Regarding the type of applicator, it can be seen that
our resonant applicator adapts well to all liquids used (reflected power is zero) and allows attaining the

best values for energy transfer efficiency.
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Tabel B-1. Power absorbed for the 4 liquids tested in the 3 microwave applicators

Multimode

Resonant 24.17 0.00 0.97
Monomode 21.03 2.10 0.92
Multimode 21.29 1.72 0.91

Resonant 22.86 0.00 0.91
Monomode 21.15 0.00 0.85
Multimode 18.14 1.02 0.76

Resonant 21.33 0.00 0.85
Monomode 19.72 2.80 0.89
Multimode 16.61 5.00 0.83

Resonant 21.78 0.00 0.87
Monomode 20.9 0.00 0.84

Another very important aspect of our resonant applicator is the uniformity of the heating in
the reactor. The ideal conditions are those in which the liquid in the reactor is heated evenly within
its whole volume. In order to determine the heating uniformity, the data obtained in COMSOL®
were processed for modeling these three types of applicators. Heating uniformity can be expressed
as an Irregularity index defined as the ratio between the standard deviation and the mean value.
The smaller the Irregularity index, the more uniform heating will be in the considered liquid. Fig.
5 shows the Irregularity index for the three applicators. It can be noticed that on our new resonant
applicator the lowest values of Irregularity index are obtained for all the studied liquids. In
monomode and resonant applicator it is possible to better adapt the load by changing the position
of the Sliding short circuit. The optimal position will depend on the dielectric properties of the
liquid in the reactor. Because these properties vary with temperature, we have different curves for

the two temperatures studied (25 si 50°C).

13



—— Resonant - 25 ° 1,0 Acetic Acid
1,0 - 2-propanol —— Resonant - 50 °

0,9 . 0
_ g0 / Multimode 25
0,9 monomoge 2(5)0 08 7\ , /&Multimode 50°
= = Monomoae - x
08 o7 "{‘ , 2\
Zo7 SN N £ 06 d \ s 70\
c !/ > 7
Sos LR ; \ 205 \ 7 \\,/
% 0,5 1 \ Amuttimode 50° 8 ¢ 4
S04 -/ N . o D Do A= Resonant-25°
A Multimode 25° £ —— Resonant - 50 °

— = Monomode - 25°

— = Monomode - 50 °

Irre

o o

oW

Z -
o o o o
ok N w

0,1
T I T I T I T I 1
0,0 T I T I T I T I 1
0,00 0,05 0,10 0,15
0,00 0,05 0,10 0,15 . N
Slide circuit (m)
Slide circuit (m)
1,0 1,0 —
00 Water . \ N 09 ] Ethylene glycol
’ N 1, | ¥ Multimode 50° = AMultimode 50°
x 08 LN , A Mutimode 25 08 A Multimode 25°
3 07 AN ! 00,7
e} ~ _ \~ A = _ - T e~ - e =T~
.EO,G \ 7 f COG- - - SN - ~
) ~ N Z70 7]
£ 05 Z‘O 5 ]
< = 05—
ES 7 S04
[=) 0 > 0.4 o
03 Resonant - 25 o) 4 o
= —R -2
= Resonant - 50 ° 034 AL~ A~ esonant - 25 0
0.2 — — Monomode - 25 ° =02 —— Resonant - 50
0,1 _ 0 o - — Monomode - 25 °
Monomode - 50 01 -1 0
0.0 ] = = Monomode - 50
’ T I T I T I T I 1 O o

0,00 0,05 0,0 0,15 1 - 171
0,00 0,05 0,10 0,15
Slide circuit (m)
Slide circuit (m)

Fig. B-5 Irregularity index for the studied liquids, at 25 si 50 °C - for single-mode and resonant applicators
depending on the Short circuit position and for the multimode applicator the point value

1.4.Conclusions

A new type of applicator (resonant applicator, fig. 3b) was designed, built and tested in our
laboratory and compared with two types of applicators, monomode and multimode (commercially
available). The evaluation was made based on the energy transfer efficiency (determined

calorimetrically) and the uniformity of the heating (determined by modeling in COMSOL®).

The experiments performed using these three different microwave applicators: resonant
build be us, monomode and multimode applied to the same reactor loaded with identical volume
for four different liquids: water, ethylene glycol, isopropyl alcohol and acetic acid, shown that the

our new resonant applicator offer features that are better than those of commercially applicators,

14



in terms of the heating uniformity as well as for energy transfer efficiency. These features are due
to the low losses in the cavity walls and to the possibility to reach critical coupling conditions in a

large variety of samples and operating conditions.
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PART II - THE EFFECT OF THE POSITION AND SHAPE OF THE
REACTOR ON THE ULTRASONIC ENERGY TRANSFER IN A SINGLE-
TRANSDUCER BATH

The use of ultrasound as one of the methods to intensify processes can be seen as a "green"
alternative for energetically efficient processes. [52]. The use of ultrasound at the laboratory level
always entails the reproducibility of experiments, and in the case of industrial applications, it
involves the design and development of specific systems. [29, 53]. In a paper published in 1996
Kimura and colleagues emphasized that: "It is often challenging to compare sonochimical results
reported from different laboratories. This difficulty is well-known as the reproducibility issue in
sonochemistry." This problem arises from the nature of ultrasound as a source of energy for
chemical reactions. It is incomparable; being mechanical energy in its nature, its effects on
chemical reactions largely rely on cavitation effects, where bubbles collapse, releasing a significant
amount of energy, a phenomenon known as the "hot spot"[55]. Recently, a new idea has been

proposed, namely that sonochemistry can occur in the absence of cavitation. [56].

The ultrasound power transmitted to reaction systems (reactors) varies depending on
different equipment, and the energy absorbed by the reaction medium depends on several
parameters: ultrasound frequency, temperature, vapor pressure, dissolved gases, solid fraction in
suspension, the vessel's placement in relation to ultrasound sources, etc.[40, 57]. The results of
sonochemical reactions are not easier to interpret, even in the presence of cavitation, let alone in

the case of non-cavitating systems [56].

Sonochemistry covers a wide range of applications, as recently demonstrated [58]. When
used as a tool to intensify physico-chemical processes at the laboratory level, an important
indicator is the efficiency of energy transfer from the transducer, throughout the coupling liquid,

to the reaction vessels.

In this chapter, we aim to provide essential information for those utilizing an ultrasonic bath
with an immersed reaction vessel, offering guidance for the proper operation of these instruments.

Our objective is to determine the most suitable shape of the reaction vessel (glass) and its

16



appropriate position in the ultrasonic bath to achieve the optimal sonication effect. This has been
achieved by determining the best value of energy density in the reaction vessel and the ratio
between the specific power absorbed by the liquid in the reaction vessel and the specific power

absorbed by the coupling liquid in the ultrasonic bath.

1.5.Materials and method

Materials
For all experiments, a Bandelin Sonorex RK ultrasonic bath with a single transducer
(maximum power 80 W, operating frequency 37 kHz) filled with 1.2 L of water was utilized. A

customized vessel support (Fig. B-6) was employed, equipped with a mechanical system capable

of moving the vessel vertically, ensuring precise immersion in the ultrasonic bath.

Mechanical stirrer

€1 Temperature senso

Custom elevator in the glass vessel Temperature sensor

] in the ultrasound bath
with millimetric

scale for precise |

measurement ——

of the depth

of vessel

immersion

Ultrasound bath

Fig. B-6. The scheme of the experimental set-up (for calorimetric determination of energy transfer from the water in
an ultrasound bath to a liquid in a glass vessel immersed in the bath

17



Apparently, the ultrasonic bath reservoir has a regular cubic shape. The actual shape is
slightly different; the upper part is wider than the lower part, and the real dimensions are presented

in Fig. B-7.
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Fig. B-7. The geometry and the dimensions of the ultrasound bath and of the various glass vessels that were used in

the calorimetric/ iodometric experiments.

The liquids used in the above-mentioned glass reactors were: distilled water, 96% ethanol
(Merck), and commercially available refined sunflower oil (food-grade). Temperature sensors with
an accuracy of 0.01 degrees were used to monitor temperature changes during the experimental
work. Todine I3~ dosimetry was employed as a measure of ultrasonic efficiency concerning the
release of 1odine from a 0.1 M potassium iodide solution in distilled water (only when water was
used as the working liquid). UV-VIS spectrophotometer (Shimadzu UVmini-1240) was used for

measurements.

Using COMSOL Multiphysics®, the geometries of the ultrasonic bath and reactors were
implemented to study the dependence of heat dissipation in the reactor on its distance from the

bottom of the ultrasonic bath reservoir.

18

68



Method

The three reaction vessels were submerged at different distances from the bottom of the
ultrasonic bath. To determine the ultrasonic energy entering the reaction vessels, a calorimetric
method was used. For measuring temperature increases, a thermocouple submerged in the reactor
liquid was employed (measurements were taken only at the end of ultrasound exposure to avoid
disturbing the acoustic field during sonication). The duration of this experiment was limited to 30
seconds to raise the reactor temperature by only one or a maximum of two degrees Celsius. All
experiments were conducted after ensuring that the temperatures in the bath and the reaction vessel
were identical (temperature homogenization in the reactor was achieved through stirring but only
at the end of sonication). The use of mechanical stirring during sonication was avoided as liquid
movement in the bath can disrupt the acoustic field by scattering ultrasonic waves [64]. To prevent
any possible interference, no stirrers or temperature probes were introduced into the reactor and

the ultrasonic bath reservoir during sonication.

The calorimetric method used allows for the determination of the ultrasonic power density
in W/mL, which is a sensible measure of the total energy delivered to the ultrasonic system, rather
than the intensity of ultrasonic power, which represents the power supplied from the surface of the

vibration source in W/cm2 [59].

Various glass vessels filled with different liquids (distilled water, 96% ethanol, and sunflower
oil) were gradually submerged (in 5 mm increments) into the ultrasonic bath using a custom
elevator with a millimeter scale (Fig. B-6). The liquid volumes in the bath and the submerged
vessels were kept constant throughout all determinations: 1200 mL in the bath and 35 mL in the
submerged vessels. The geometries of different experimental conditions (varying immersion
levels, different types of glass vessels) were used as input data for simulating ultrasound energy

transfer in the Comsol Multiphysics® software.

All experiments were conducted in triplicate, and the experimental data were presented as
mean values with ranges. One experiment (water in the Berzelius-type glass vessel) was performed
twice, once for calorimetric power determination and once for chemical dosimetry (I3). The

correlation between calorimetric determinations and I3 dosimetry was evaluated.
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For the calorimetric determinations of ultrasound energy dissipation into the liquids from the
glass vessels immersed into the bath, the transfered energy and the specific powers were

determined with the following relations:

E=m- Cp AT Ec5

where:

E = energy in the ultrasound bath or glass vessel (KJ/Kg)
m = mass (Kg);

Cp = specific heat capacity of the used liquid ( KJ/Kg- K);

AT = temperature difference (K ).

SP= E/(t-m)-1000 Ec6
where:
SP = Specific Power in the bath or glass vessel (W/Kg)
E = energy (KJ/Kg);
m = mass (Kg),

T = the time with ultrasound bath on at full power (s);

In the conducted experiments, the ultrasonic treatment time was chosen so that the
temperature increase in the glass vessel would be a maximum of 2 degrees Celsius (to limit heat
transfer to the liquid in the ultrasonic bath). At these ultrasonic treatment times, the temperature
increase in the ultrasonic bath is small (on the order of tenths of a degree), and for this reason,
using equation (12) to determine the energy absorbed by the liquid in the bath leads to significant

errors (£50%).

For this reason, the energy absorbed by the coupling liquid in the bath was determined to be
the difference between the energy supplied by the transducer and the thermal energy captured by

the liquid in the glass vessel:

Ebath = Etransducer - lE':reactor Ec7

20



To determine the energy supplied by the transducer, several preliminary experiments were
conducted with the ultrasonic bath, without the glass vessel, monitoring the temperature increase
in the ultrasonic bath (at least one degree Celsius) and the electrical energy absorbed from the
power grid. In this way, an efficiency of converting electrical energy from the power grid into
thermal energy of approximately 53.2% was obtained. In each experiment, the electrical energy
received from the power grid was monitored using a wattmeter, thus determining the energy

supplied by the transducer:

Etransducer = 0.532 * Eelectrical_network Ec8

The ratio of the specific power in the glass vessels (SP vessel) to the specific power in the
ultrasound bath (SP bath) is an useful indicator of the distribution of ultrasound energy dissipation

pattern in different immersion scenarios.

PR = SP vessel / SP bath Ec9

Where:

PR = Ratio of specific power in the glass vessels to the specific power in the ultrsound

bath (non-dimentional)
SP vessel = specific power in the glass vessel (W/mL)

SP bath = specific power in the ultrasound bath (W/mL)

The concentration of I3 was determined spectrophotometrically:

Conc I3 = Abs/e -1000 [mmol/L] Ec 10
Where:

Abs = the UV-VIS absorbance at 352 nm;

e=26.2
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1.6. Effect of geometry of glass vessel immersed into the ultrasound bath

Using water as the coupling liquid in the ultrasonic bath and the glass vessel, the specific
powers absorbed by the liquid in the glass vessel were determined (results presented in Fig. B-8).
Regarding the type of vessel used, the results are consistent with literature data. [35, 64]: the best

type of glass vessel is the one with a flat bottom (Berzelius beaker).

700 -| = Standard flat bottom Berzelius beaker
—/\— standard round bottom spherical flask 700 ~
600 4 —— Manual Crafted glass cylinder with round bottom B
—ll— Standard flat bottom Berzelius beaker
500 - —-@ - Standard round bottom spherical flask
A —A— Manual Crafted glass cylinder with round bottom
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Distance to the ultrasound transducer, (mm) Distance to the ultrasound transducer, (mm)

Fig. B-8 Specific power in different (geometry) shapes of glass vessels in function of the distance of immersion of
the vessel in the ultrasound bath filled with distilled water A — experimental values; B — COMSOL Multiphysics®
model

The specific power absorbed by the liquid in the tested vessels strongly depends on the
vessel's position. When the vessel is right at the surface of the liquid in the bath, the specific power
transferred to the liquid in the vessel is very low. As the glass vessel is submerged in the liquid in
the ultrasonic bath, the specific power increases, but non-uniformly, with certain distances where

it is maximized.

Although the literature data [64, 73, 74] suggest the existence of a maximum at half the
ultrasonic wavelength, A/2, this is only partially true. This is because, in an ultrasonic bath, the
pressure wave field results from numerous interferences, generating a complex structure of nodes
and antinodes, not precisely distributed at a distance of A/2. The flat-bottomed cylinder and the
rounded-bottom cylinder exhibited three maxima, slightly shifted from the values of A/2. In the
case of the rounded-bottom flask, two maxima are identified, which, however, do not precisely
follow multiples of A/2 concerning the distance from the transducer. This effect is due to the fact

that the reflection/interference of acoustic waves with the rounded-bottom glass is more complex
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than with the flat bottom. It should also be noted that the ultrasonic wavelength of the investigated
liquids depends on the frequency and sound velocities (Eq. 18 and Table B-2):

wavelength = velocity/frequency Ec 11

Tabel B-2 The speed of sound and the wavelengths in the analyzed

4.01
3.09
4.02

1.7. Effect of the type of liquid from the glass vessel immersed into the ultrasound bath

When using only the Berzelius beaker containing the same volume of water, ethanol, or
vegetable oil, the results obtained are presented in Fig. B-9. According to these results, the best
values of specific power in the glass vessel are obtained when it contains water; for ethanol, the
values are lower by 30-40%, and for sunflower oil, the values are much lower. In the case of

ethanol and water, the distances at which the specific power is maximum are easily identified.

700 |—{— distillled water in the flat bottom Berzelius beaker
—O— ethanol in the flat bottom Berzelius beaker
600 4 —/— sunflower oil in the flat bottom Berzelius beaker

SP, mW/mL
N w N al
8 8 8 8

1007 WW

0

T T T T T T
0 5 10 15 20 25 30 35 40 45 50 55 60 65 7
Distance to the ultrasound transducer, mm

Fig. B-9 Specific power in the standard flat bottom Berzelius beaker in function of the distance of immersion for

different types of liquids
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1.8.Distribution of the ultrasounds power (specific power ratios) dissipated in the the
glass vessels immersed in the ultrasound bath and in ultrasound bath

The glass vessels used function as concentrators of ultrasonic power provided by the
transducer. In Fig. B-10, specific power ratios (specific power in the glass vessel to the specific
power in the ultrasonic bath) are presented for different shapes (geometries) of glass vessels and

different liquids depending on the immersion distance of the vessel in the ultrasonic bath.

It can be observed that the most suitable type of vessel is the one with a flat bottom, and this
conclusion aligns with literature data [65]. Regarding the liquid in the glass vessel, the best results
are obtained when using water. The differences between the obtained maximum and minimum
values are significant, emphasizing once again the importance of the reactor's position in the

ultrasonic bath.
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Distance to the transducer in the ultrasound bath, mm

Fig. B-10 Specific power ratios (specific power in the glass vessel (Berzelius beaker) to the specific power in the
ultrasonic bath) for different liquids

1.9.Correlation between calorimetric and iodometric assessment of energy dissipated into
glass vessel/ultrasound bath

For the case of the flat-bottomed Berzelius beaker containing water, two sets of experiments
were conducted: one calorimetric and one chemical dosimetry. As shown by the graph in Fig. B-

11, a very good agreement can be observed between the two sets of experiments. At the distance
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where the best value of dissipated thermal energy is obtained, the best value of the formed Is-

concentration is also achieved. This conclusion aligns with literature data [64].
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Fig. B-11 Correlation between calorimetry (Specific Power) and iodometry (I3” concentration) in in the standard flat
bottom Berzelius beaker in function of the distance of immersion of the vessel in the ultrasound bath filled with

distilled water

These results confirm I3~ dosimetry as an alternative method to calorimetry when
establishment of the optimum placement of the glass vessels into the ultrasound bath is

performed/desired.

1.10. Results obtained from modeling in Comsol

Using Comsol primitives, the fundamental elements of the experiment were implemented to

illustrate the dependence of the dissipated heat energy in the reactor on its immersion height.

Simulations were conducted for the ultrasonic bath without the reactor and with the reactor
centrally placed above the transducer at various heights, starting from 13 mm and ending at 68 mm
(the height of the transmission liquid in the bath), with a step of 5 mm. For each simulation, the

transducer amplitude was adjusted so that the introduced power into the bath was 60 W.
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Fig. B-12 Cylindrical reactor (outer diameter 35 mm) with a flat base - liquid volume 35 mL (a) and the mesh
approximation (b)

Results of the modeling are presented in Fig. B-12b. Analyzing the results obtained for the
power density in different reaction vessels containing water (Fig. B-8), similarities and differences
between experimental and modeling results can be observed. In both cases, there are maxima and
minima, but their positions and amplitudes differ. Possible explanations include irregularities in
the geometry of the glass vessels (varying thickness of the glass wall and imperfect shapes) as well

as the fact that the COMSOL model does not account for the cavitation effect.

Analyzing the power density ratios (Reactor/Ultrasonic bath), as shown in Fig. B-10, it can
be observed that both for experimental data and COMSOL results, this ratio is above unity. This is
due to the different distribution of the ultrasonic field (sound pressure intensity, dB) in the reactor

and in the ultrasonic bath. In the reactor, the proportion of areas with increased intensity is

significantly higher than in the ultrasonic bath (see Fig. B-13).
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Fig. B-13 Sound pressure intensity in glass vessels positioned at a distance from the ultrasonic transducer where
power density is maximum

1.11.Partial Conclusions

In this chapter, the successful recording of ultrasonic power entering a reaction vessel from
a single transducer was achieved. Three types of glass vessels (a flat-bottomed cylindrical vessel,
a spherical vessel, and a cylindrical vessel with a round bottom) were placed at different distances
from the transducer, directly above it. Three different liquids were used in the glass vessel: water,
96% ethanol, and vegetable oil. The ultrasonic energy transmitted to the reaction liquid in the glass

vessels was determined both calorimetrically and chemically.

COMSOL modeling of interactions between the transducer, the liquid in the ultrasonic bath,
the glass vessel, and the liquid in the glass vessel was also conducted. The current research aimed

to establish a working method to determine the best shape and position of glass vessels used as
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reactors in various sonochemical applications. The recommended evaluation method is
calorimetric, confirmed by chemical dosimetry in the case of water. Calorimetric measurements
can be applied regardless of the type of liquid in the reactor. This method is easy to apply in any
laboratory and allows for the establishment of both conditions and reproducibility of experiments
where the sonication effect is most effective. The COMSOL modeling method has its limitations

due to its inability to model the cavitation phenomenon.

In the absence of calorimetric determinations for a studied application, there is a risk that the
results may not be reproducible (if the same type of reaction vessel and the same positions in the
ultrasonic bath are not used). Additionally, the ultrasonic effect will not be carefully quantified, as
at different positions of the reactor, the specific ultrasonic power absorbed by the liquid in it can
vary within very wide limits. The obtained results are in line with other literature data but
complement them by conducting studies over a wider range of distances between the ultrasonic

transducer and the glass vessel.

28



PART III - THE INSTALLATION FOR THE COMBINED USE OF
ULTRASOUND AND MICROWAVES TO ENHANCE PHYSICO-
CHEMICAL PROCESSES

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

The aim of this paper is to determine experimentally several parameters 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.

The single reactor approach as described by Leonelli and Mason [44] was chosen by our
group to build a new type of MW and multifrequency US, combined reactor. However, our

equipment design differs significantly from those described in recent publications because:

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

e It can be operated at different frequencies (24, 580, 864 and 1146 kHz).
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e The MW generator is solid-state (not magnetron) allowing a well-controlled adjustment
of power (from 0 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.

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

e 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.

1.12.Materiale si metode

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 Figure 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 thermocouples 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 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).
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3 - MW Chokes

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

6 - Signal amplifier

7 - Frequency generator 'l‘l/
8 - Peristaltic pump
- Heat exchanger (1)
; 8 () ”
10 - Cryostat
11 - Temperature recording system

12 - MW generator (Solid-state)

T1-T3 - Thermocouples _ = 7 |_
| 3
12 p
2 /I — 6
m I —
|
1
I : = = I
8
)

N
1
N

0. :

Fig. B-14 . Ultrasound and Microwave hybrid installation

1.13. 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
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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 micromoles/L was used, with corrected pH to 5 with IN HCI.
The degradation of PNP was followed by monitoring its concentration via spectrophotometric

method.
1.14. Results and discussions
1.14.1. 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. This modelling 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 SOW/m? [88].

Tabel B-3 Absorption efficiency of MW energy and the level of MW losses as a function of the penetration depth of
the reactor into the coupling liquid
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The analysis of these data shows that there is an optimal position of the reactor with perfect
mixing in the US bath (between 10 and 40 mm), so that both the absorption efficiency of MW

energy is within very good limits (over 90%).

Furthermore, the same system consisting of a US bath (containing alkanes C13-C18) and a
reactor containing water was simulated in Comsol to highlight the effect of the reactor position on
the distribution of absorbed powers by the coupling liquid and the liquid in the reactor when treated
with 24 kHz US. From the analysis of the data presented in Table B-4, it is observed that the
absorbed US power by the liquid in the reactor changes depending on the immersion depth of the
reactor. This is a significant advantage, demonstrating the flexibility of the installation. The data
in Table B-4 also show that the reactor can act as a power concentrator, depending on its position.
In the best position, the intensity of the US field in the reactor is 11 dB higher than the calculated
value in the US bath.

Tabel B-4 The intensity of the US field and the fraction of heat dissipated in the US bath and in the reactor during
treatment with 24 kHz US

Coupling liquid - Liquid in Coupling liquid - US bath Liquid in Reactor

US bath Reactor maximum medium maximum medium
_ 0.802 0.198 276.28 269.67 278.8 272.54
_ 0.399 0.601 274.15 266.06 283.34 277.3
_ 0.767 0.233 279.21 268.95 280.09 272.79
_ 0.856 0.144 275.75 267.88 274.99 266.95
_ 0.602 0.398 275.83 266.51 279.73 270.9

1.14.2. 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[89,
90]. 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 (10-30s). By measuring the temperature rise

in the coupling fluid (T2) and in the reactor liquid (T3) respectively, the calorimetric values of the
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dissipated 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. in the reactor itself (1) and in the coupling fluid in the US
bath (4) at different frequencies are presented in Tables B-5 and B-6.

Tabel B-5 Calorimetric measurement of ultrasonic power for multifrequency US convertor

580 kHz 864 kHz 1146 kHz

In the US In the In the US In the In the US In the
bath reactor bath reactor bath reactor
3.7 5.3 4.2 4.9 3.9 53
7.5 8.8 7.0 8.4 10.2 10.0
11.7 13.2 12.3 12.6 16.1 13.0

Tabel B-6 Calorimetric measurement of ultrasonic power for 24 kHz transducer

In the US bath In the reactor

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 B-17).

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 (e=2,01) [91] and is almost

transparent in the microwave range. It is also unaffected by sonication over a wide temperature
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range [89]. 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 [92].

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.
1.14.3. Determination of the effectiveness of the Hybrid Reactor

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

[92-94].

The working procedure in this series of experiments was as follows: the configuration from
Figure B-16 B was used, the mixture of alkanes C13-C18 was used as the coupling liquid in the
ultrasonic bath; 96 mL of distilled water was added to the reactor, and the system (microwaves
and/or ultrasonics) was started with the appropriate adjustment of the cooling agent temperature,
so that the temperature in the reactor stabilized at 50 °C; after the temperature stabilized, 4 mL of
PNP solution was added to the reactor, and the experiment began; at 10-minute intervals, 2 mL
samples were collected, which were analyzed spectrofotometrically to determine the concentration

of PNP (Ct). Thus, the degradation efficiency of PNP was determined at various reaction times.

CO-Ct
co

Ef(%) = * 100, % Ec12

A set of experiments was conducted at the same temperature of 50 °C, using different heating
methods: conventional heating, microwave (MW) only, ultrasonic (US) only, or combined MW

and US. The results are presented in Table B-9.
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A process intensification factor was also determined by comparing the degradation
efficiency obtained under specific conditions (MW and/or US) to the degradation efficiency
obtained under conventional heating. Analysis of these data shows that PNP is very stable under
conventional heating (very low degradation), moderately stable under MW heating alone
(degradation below 8.3%), and can be efficiently degraded by ultrasound. As the ultrasound
frequency increases, the degradation efficiency also increases. In experiments where both US and
MW were used, the degradation efficiency is significantly higher than when using only US, and
the intensification factors reach significantly higher values. The optimal conditions are those where

MW and US with a frequency of 580 kHz were used.

Tabel B-7. Degradation efficiency of PNP depending on the treatment conditions (reaction time 50
220 min, (C0) 2.8*10-5 mmoli/mL; temperatura 50 °C)

D
- Frequency Power, W
- 30 0.25 -
- - 30 6.5 26.0
580 13.2 30 18.5 74.0
- 50 28.2 94.0
864 12.6 30 20.2 80.8
- 50 31.5 105.0
1146 13.0 30 24.3 97.2
- 50 38.8 129.3
580 13.2 30 30.9 123.6
- 50 41.3 137.7
864 12.6 30 30.0 120.0
- 50 41.3 137.7
1146 13.0 30 23 92.0
- 50 35.2 117.3
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Figure B-18 shows the degradation efficiency of PNP under different conditions in the
Hybrid Reactor: conventional, microwave-only (10W), ultrasound-only (12-13W), and combined
MW and US at different frequencies. No effect of normal stirring or MW alone plus stirring on
PNP breakdown would be anticipated. However, MW and stirring produce a slight degradation
(less than 0.9%). If this is due to the formation of hydroxyl radicals under microwave heating, it
is unclear and even somewhat unlikely, as at the same temperature, with stirring alone, PNP
essentially shows zero degradation within the experimental error. In 2015, there was a report on
"Fenton-like Process" assisted by microwaves, but this was a catalyzed reaction, unlike the one
studied here [95]. The results obtained only with ultrasound are as expected regarding the
frequency and ultrasound power, with increasing frequency leading to more efficient degradation,

consistent with literature data [96].

50 -
B us
1 | I Mw+US

40-

30 ~

20 +

Eficienta de degradare (%)

24 580 864 1146 Frecventa de US
11.6 13.2 12.6 13.0 Puterea de US, W
Tipul de tratament

MW

Conventional

Fig. B-15 Degradation efficiency of PNP depending on the treatment conditions (reaction time 50

220 min)
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It is the experiments in which US and MW are combined that produce the most interestin
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+MW.

The combined effects of US and MW on transesterification

The transesterification of vegetal oil with ethanol, under heterogenous 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 [97, 98]. Ultrasonic energy can emulsify the reactants to reduce

the 230 catalyst requirement, alcohol-oil ratio, reaction time and reaction temperature [99].

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
3g 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
14103 standard method for biodiesel The results, for 24 kHz ultrasound frequency, are shown in

the Figure B-19 below:

N
o
N J

—s— Conventional

—e— US 180V - 13.73 W
—A— MW 15W

—v— US 180V+MW 15W

(O8]
6]
1

O8]
o
(-

= N N
o1 o 1
[P R B

Oil conversion (%)
'—\
o
1 N

0+ T T T T T T T T T T T T '
0 20 40 60 80 100 120

Time (min)

Fig. B-16 Transesterification of sunflower oil with ethanol over Amberlite IR 120
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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 [101].

1.15.Partial 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 densities (of the order of 1-2 W/mL) which is extremely important for the:

e extraction of valuable active principles from plants;
¢ reduction in degradation of thermolabile compounds;

¢ 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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B. GENERAL CONCLUSIONS

This doctoral thesis focused on three research directions:

¢ The efficiency of microwave applicators, including resonant, multimode, and monomode
types;

¢ The effect of the position and shape of the reactor on the transfer of ultrasonic energy in a
bath with a single transducer;

¢ Design and testing of an installation for the combined use of ultrasound and microwaves

to enhance physico-chemical processes.

General conclusions for these three research directions are as follows:

¢ A new type of applicator, the resonant applicator, was designed, constructed, and tested.
Comparative experiments with two commercially available applicators (monomode and
multimode) showed that the resonant applicator outperforms commercial applicators in terms of
heating uniformity and energy transfer efficiency.

e The effect of the position and shape of the reactor on the transfer of ultrasonic energy in a
bath with a single transducer was investigated through calorimetric measurements, confirmed by
chemical dosimetry experiments with water. Excellent agreement was obtained between the two
types of experiments, highlighting that the most suitable reactor is the Berzelius beaker with a flat
bottom. Regarding the liquid in the glass vessel, the best results are obtained when using water.
The significant differences between the obtained maximum and minimum values emphasize the
importance of the reactor's position in the ultrasonic bath.

e A new hybrid installation combining ultrasound and microwaves was designed,
constructed, and characterized. The synergistic effects on the degradation of p-nitrophenol and the
transesterification of sunflower oil under heterogeneous acid catalysis demonstrate the quality of

this ultrasound and microwave hybrid device.
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C. PERSPECTIVES OF RESEARCH DEVELOPMENT

The development prospects for each research direction are outlined as follows:

- Further development of the monomode applicator will involve the integration of an
automatic resonance maintenance system. This system could utilize either frequency
modulation of the microwave generator or an automatic impedance adapter;

- The research on the efficiency of energy transfer in an ultrasonic bath will be
disseminated through the publication of an open-access article to promote this method;

- Future efforts will focus on expanding the applications of the hybrid ultrasound and
microwave reactor. New applications utilizing such a reactor will be explored, and the
system will be enhanced by incorporating a cup-horn type ultrasound generator. This
upgrade aims to provide better control over the delivered ultrasonic energy in the

system.
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D. ORIGINAL CONTRIBUTIONS

e Designing and testing a resonant microwave applicator to optimize energy transfer and
ensure heating uniformity.

e Developing an experimental methodology that allows any user of a single transducer
ultrasonic bath (the most common ultrasonic equipment in laboratories) to find suitable conditions
(reactor type and position) to maximize the ultrasonic effect and ensure experiment reproducibility.

e C(Creating an experimental setup for conducting experiments simultaneously assisted by
ultrasound and microwaves. The reactor includes a cooling system to maintain constant ultrasound
and microwave irradiation.

e Patenting the installation for the combined use of ultrasound and microwaves for the
intensification of physico-chemical processes at OSIM (State Office for Inventions and

Trademarks), 2020, RO134747A0.
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