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When sonochemistry meets heterogeneous
photocatalysis: designing a sonophotoreactor
towards sustainable selective oxidation}

Dimitrios A. Giannakoudakis, 2 * Dariusz tomot and Juan Carlos Colmenares {2 *

Exploration of the synergistic effect in catalysis upon simultaneous utilization of two sources of power,
ultrasound and light, is barely explored and remains a challenging issue. A crucial reason behind this is the
difficulty in designing and constructing a well-defined sonophotoreactor capable of taking advantage of
the benefits of combining sonochemistry and photochemistry. Herein, we present our successful reactor
and a detailed study regarding how the utilization of ultrasonication can act as a process intensification
tool for selective and partial photooxidation of a biomass derived model compound, benzyl alcohol. The
main outcome was the enhanced selectivity in the case of sonophotocatalysis compared to photocataly-
sis. This selectivity was ascribed to the effects derived from the cavitation phenomena, leading to
phenomena such as hot spot formation and jetting. Our study can act as guidance towards understanding
the unique effects of ultrasound irradiation as a hybrid process intensification method (HPIM) towards
application in more complex chemical reactions and manipulation of the nanocatalysts” photoreactivity in

rsc.li/greenchem catalytic valorization applications.

Introduction

The utilization of natural and renewable source of power and
feedstocks for the mass production of valuable compounds
has become a hot technological and research challenge glob-
ally over the last few decades.'” Minimalization of the
environmental footprint and “Green chemistry” approaches
act as an oasis for synthetic and manufacturing processes in
order to achieve a more sustainable way of obtaining a wide
range of bio-products such as pharmaceuticals, polymers, anti-
fungal agents, and organic conductors. The valorization of
naturally available resources, like biomass, to obtain high-
value chemicals by an economically and energetically feasible
way is assumed to be a favorable strategy.>* In general,
biomass valorization consists of two steps: the first one
involves its conversion into crucial platform/building block
chemicals and the second one their chemically conversion/
upgrade to value-added chemicals. A characteristic paradigm
for the latter conversion is the selective oxidation of biomass-
derived alcohols, such as aromatics and furanics, to their
corresponding carbonyl counterparts (aldehydes and -car-
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boxylic acids).*® A promising and advantageous method
towards the above-mentioned direction is the exploitation of
the most available natural power source, sunlight. The utiliz-
ation of light for catalytic reactions led to a research field
known as photocatalysis. Since the report of the photoelectro-
catalytic water splitting using TiO, by Fujishima and Honda’
in 1972, this semiconductor metal oxide has attracted world-
wide research attention for use in light assisted processes.
Additionally, heterogeneous photocatalysis is a success story
for conventional organic synthetic chemistry.'*™*

However, a crucial drawback of photochemistry is that there
are many cases, especially in aqueous media, wherein “nonse-
lective” conversion cannot be avoided.>'*'” Highly photo-
active materials are widely studied for application in environ-
mental remediation in order to decompose/degrade hazardous
compounds, but in most of the cases the outcome is complete
and non-selective mineralization."®"”**The need for develop-
ing novel reactions for effective and selective valorization of
organic compounds is in high demand, and two aspects can
be assumed to be the most crucial: the development of a
proper photoreactor and the use of a suitable photocatalyst for
every specific photocatalytic reaction. Another strategy in order
to elevate the photocatalytic reactions/transformations is to
achieve process intensification by the application of alternative
source of power. From the moment in 1919 when the Nobel
Laureate in Chemistry, Friedrich Wilhelm Ostwald, introduced
mechanochemistry as a separate sub-discipline of chemistry
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alongside photochemistry, electrochemistry, and thermochem-
istry,>® research efforts towards the manipulation and use of
the effects derived from mechanochemical methods have
increased. As a representative mechanochemical method, soni-
cation (ultrasound irradiation) has been shown to be a promis-
ing tool for various applications, as well as a potential candi-
date in synthetic chemistry process intensification, and since
1980, when Nappiras introduced the term “sonochemistry”,
this field has gained incremental volume of attention. The
advantages of ultrasound irradiation are derived from the cavi-
tation phenomena. The growth and implosion of acoustic cavi-
tation can act as localized hotspots, since temperature and
pressure can reach up to 5000 °C and 1000 bars,
respectively.'®?” Mechanical effects, such as elevated mass
transfer, de-passivation effect, and de-aggregating of the cata-
lyst, and chemical effects, such as advance oxidation processes
(AOP) by the formation of reactive oxygen species and radicals,
are also vital.*®*'It is feasible to control the extent of the
chemical vs. physical effects by tuning the ultrasound wave fre-
quency and power.?**? Sonication can also replace the conven-
tional mechanical stirring and, even more importantly, can be
utilized in flow and micro-flow reactors.'**>> The latter
method is a widely used approach for large scale synthesis in
various modern industrial processes.

The combination of ultrasound and light irradiation in
heterogeneous selective catalysis, known as sonophotocataly-
sis, is a very innovative approach that has attracted continuous
attention over the last few years due to its cost-effective and
environmentally friendly process intensification abilities.
However, the majority of the successful applications of sono-
photocatalysis have been focused on environmental remedia-
tion applications, especially for waste-water treatment against
toxic organic compounds, through uncontrollable advanced
oxidation processes (AOPs).>**° The reported cases of success-
ful combination of photo- and sonochemistry as a Hybrid
Advanced Oxidation Process (HAOP) toward specific selective
catalytic reactions and valorization of biomass are limited due
to the complexity of manipulating the formed active oxygen
species, developing an appropriate sonophotoreactor and of
course an appropriate sonophotocatalyst.'’ Regarding the
latter issue, the ultimate goal is to avoid the usage of precious
noble and/or rare-earth metal-based catalysts, addition of
hazardous and non-reusable chemicals, and the need for
harsh experimental conditions.

Our research efforts are focused on the utilization of sono-
photocatalysis, herein referred to as SoPhoCatalysis, for the
selective transformation of lignin-derived model molecules
and on understanding of the features and phenomena that are
important to achieve the goal. We found that coupling sonoca-
talysis with photocatalysis can lead to beneficial and specific
effects leading to an improvement in conversion and selecti-
vity. Our preliminary effort was to design and develop a
reactor, a SonoPhotoReactor (SPR), in which we will be able to
control a wide range of parameters, while allowing for the
possibility of combining this reactor with a continuous flow
system in the future.*® The commercially available TiO, P25
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(Evonik Degussa) is widely used as a reference/benchmark
photocatalyst since it shows high photoreactivity for various
reactions.*’ For this reason, TiO,-P25, herein referred to as
TiO,, was used as the main photocatalyst, while other commer-
cial nanoparticles of metal oxides were tested for the sake of
comparison (Fe,03, Co;0,, or ZnO). The reaction to start with
involved the selective partial oxidation of benzyl alcohol
(CeH5CH,0OH) to benzaldehyde (C¢HsCHO). The former is
referred to as BnOH and the latter as PhCHO.

Results and discussion
Our sonophotoreactor and its characterization

Various demo experimental setups and reactors were designed,
constructed, and tested in order to establish a reactor capable
of successfully utilizing simultaneously and controllable ultra-
sound (US) and light irradiation at a constant temperature.
The main concept was to avoid the use of a probe inside the
reaction vessel as the US source. By this, we eliminated the
possibility of the probe acting as a catalytic spot, where part of
the catalyst can stack on the surface, leading to side effects
and collateral interactions. Additionally, a possible leaching
from the tip/probe and/or possible corrosion were also avoided
by this approach. But more importantly, the reactor should be
capable with minimal modifications/additions of being
adapted for continuous flow reactions. A schematic illustration
of our first complete and functional sonophotoreactor, herein
referred to a SoPhoReactror, can be seen in Fig. 1a, while
photographs of the entire experimental setup are shown in
Fig. S1.7 The setup was built based on a cup horn sonicator
(Qsonica sonicators, 20 kHz), in order to have the option to
study the effect of ultrasound irradiation as an assist to photo-
catalytic reactions or to explore the sonochemical activity of
the materials. US irradiation took place from the bottom,
while light irradiation from the top. The ultrasound waves
played the additional role to simultaneous mix the suspension.
Simple commercial glass vials were used as the reaction
vessels, while a homemade plastic holder and silicone rings
held the reaction vessels stable at a specific distance from the
upper surface of the horn. Technical drawings with the dimen-
sions can be found in Fig. S2.1 The light source was placed at
the upper part of the reaction vessel using an optical fiber. A
stainless-steel spiral was developed for the temperature stabi-
lization of the water bath. By this setup, we were able to study
and optimize a plethora of factors/parameters with the most
critical to be: (i) acoustic frequency, power, and pulse protocol,
(if) wavelength and intensity of the irradiated light, (iii) sol-
vent’s nature and temperature, (iv) photocatalyst loading, and
(v) mixture of solvents and pH of the solution.

A very important aspect when the discussion is around
sono- as well as photochemistry is to determine the amount of
energy entered into the system. This is a tricky part in order to
compare different reports, since the irradiated power at every
experimental setup is different, depending on plethora of para-
meters. Hence, the first task was to map the ultrasound waves

Green Chem., 2020, 22, 4896-4905 | 4897
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(a) Schematic illustration of the SonoPhotoReactor (SoPhoReactor, SPR); (b) real photographs during the luminol tests for different ampli-

tudes/powers (power density per volume above the surface of the horn 0.16 + 0.1, 0.33 + 0.2, and 0.52 + 0.2 W cm™ for 30, 50, and 70% amplitude,
respectively); (c) power mapping of sonochemiluminescence to highlight the most intense regions of ultrasound waves derived from luminescence
tests as a result of OH radical formation due to "acoustic cavitation”; and (d) photographs of the reaction vessel after ultrasound irradiation (30%

amplitude) loaded with 1 g L™* of catalyst (captured with an iPhone X).

in order to ensure their penetration inside the reaction vessel.
The dispersion of the ultrasound waves inside the cup horn
bath was analyzed by the luminol test.*>*® Luminol is photo-
luminating in aqueous solution upon reaction with free
hydroxyl radicals, formed by acoustic cavitation phenomena.
Real photographs of photoluminescence at three different
amplitudes/power can be seen in Fig. 1b and sonochemilumi-
nescence photographs of the US wave intensity can be seen in
Fig. 1c. The increase of the US power has a positive impact on
the radical formation density as well as on the volume in
which they can be formed. The important outcome is that
radical formation was observed at the entire volume above the
cup horn surface.

The as reported power (W) from the instrument's indicator
and the calculated power density per the surface area of the
horn and per volume of water in the bath above the level of the
cup horn surface are shown in Table S2.f The relationship
between power and amplitude was found to have an almost
perfect linear correlation. The power densities per volume
above the surface of the horn were found to be 0.16 + 0.1, 0.33
+ 0.2, and 0.52 + 0.2 W cm . Although the most important
factor is the real amount of the energy entering the reaction
vessel, many factors like the shape and material of the reaction
vessel can play a key role. For this reason, calorimetry tests

4898 | Green Chem., 2020, 22, 4896-4905

were performed in order to calculate the actual ultrasonic
power entering into the cup horn bath, as well as inside the
reaction vessel, filled with water or acetonitrile.*’*° The temp-
erature evolution upon ultrasound irradiation during the
calorimetry tests is shown in Fig. S61 and the calculated
powers are given in Table 1. The calculated powers based on
calorimetry tests for the entire volume of the water bath of the
setup are in good agreement with those reordered directly
from the instrument and revealed a linear increment upon
amplitude increase.

In contrast, the inserted power inside the reaction vessel,
filled with 15 mL of water or acetonitrile, showed a decrease
with the increase of the amplitude from 30 to 70%. This

Table 1 Details regarding the US power calculated from calorimetry
experiments

Power from calorimetry tests (W)

Amplitude Cup horn Reaction vessel ~ Reaction vessel
(%) water bath water acetonitrile

30 104.3 7.1 3.6

50 165.5 5.3 2.9

70 221.7 3.6 2.6

This journal is © The Royal Society of Chemistry 2020
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suggests that the shape, position, and material of the reaction
vessel play a crucial role. The distribution of the ultrasound
energy is also ultimately important and as can be seen in
Fig. 1b, an increase in the amplitude leads to a higher dis-
persion of the power, and as a result less energy finally enters
the reaction vessel. At an amplitude of 30%, around 7% of the
ultrasound power is inserted in the reaction vessel (7.1 W)
when the vial was filled with water. When the reaction vessel
was filled with acetonitrile, the calorimetrically calculated
power was found to be almost the half in comparison with
water filling. This fact is due to the double heat capacity of
water compared to acetonitrile. Interestingly, by applying a
higher amplitude of US (70%), the inserted inside the reaction
vessel power was decreased. This decrement of power upon the
increase of the amplitude points out the key role played by the
ultrasound power and the necessity to optimize it.

It was intended to perform the reaction under different but
always stable temperature and/or US irradiation power in order
to determine the optimum reaction parameters. Having in
mind that irradiating with US will increase the temperature of
the cup horn bath and as a result of the reaction vessel, it was
crucial to be able to maintain stable the temperature. For this
reason, a homemade stainless-steel spiral consisting of three
windings was developed and a water circulator was used for
cooling. This spiral was easy to be adjusted and be kept under
the level of the cup horn upper surface. The temperature evol-
ution of the system upon ultrasound and/or light irradiation
was studied by temperature monitoring at different spots of
the experimental setup (see ESIT). The spiral cooling system
was found to be capable of overcoming the heat transfer effect
upon US irradiation and of retaining the temperature stable.
The cooling bath was tuned at two temperatures (21.5 and
26.5 °C) in order to evaluate the cooling capability of the
spiral. The temperature evolution inside the bath above the
horn (top) under four different ultrasound amplitudes and the
two established cooling temperatures are shown in Fig. S5.F
For cooling temperature of 21.5 °C, the stabilized temperature
after around 40 min was 24.9 and 29.2 °C for 15 and 70%
amplitudes, respectively. For cooling temperature of 26.5 °C,
the temperatures were stabilized at 28.9 and 31.8 °C, respect-
ively, for amplitudes of 15 and 70%. The temperature increase
upon ultrasound irradiation is an in-direct effect which should
always be considered, since the materials can act as thermoca-
talysts. Another crucial issue of the use of ultrasound waves is
whether the mixing extent (mass transfer between the catalyst
nanoparticles and the liquid phase of the reaction mixture)
can be assumed to be sufficient. Based on Fig. 1d, it can be
seen for 1 g L™' of catalyst that even after less than six
seconds, the catalyst is homogeneously dispersed to the entire
volume of solvent. Analogue photographs for different
amounts of catalyst can be seen in Fig. S3.1

Adsorption/reactivity in the dark

The first task prior to evaluating the catalytic behavior of the
materials was to determine their potential adsorptive capa-
bility and the possibility of reactivity in the dark. For this

This journal is © The Royal Society of Chemistry 2020
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reason, adsorption/removal tests in the absence of light were
performed. The obtained results are shown in Table S1.f The
removal of BnOH (the decrease in its concentration) can be
due to adsorption phenomena and/or conversion to other pro-
ducts. The highest adsorption was observed for TiO, (3.2%)
and it can be assumed to be negligible. The adsorption extent
was found to be the same in water or acetonitrile.

Optimization of the sonophotocatalysis parameters

In order to determine the optimum US power, four different
amplitudes (15, 30, 50, and 70%) and two different catalyst
amounts (0.5 and 1 g L") were evaluated at two different
temperatures of the cooling system (21.5 and 26.5 °C). In order
to eliminate the formation of radicals and to study the
mechanical effect of sonication rather than that of chemical
effects, acetonitrile was used as a solvent and the concen-
tration of BnOH was 1 mM.

The conversion and selectivity were calculated based on the
following formulas, where Cgpom,in and Cgpomn,s are the initial
and final concentrations of BnOH, respectively, and Cppcuo 1S
the final concentration of PhCHO.

BnOH conversion (%) = 100 X (Cgnom,in — Crnom,t)/ Cenom,in
PhCHO Selectivity (%) =100 x CPhCHO/(CBnOH‘in — CBnOH‘f)

The conversion extents for all the materials tested were negli-
gible, except in the case of TiO, P25, and so, our research effort
was focused on this material. The obtained BnOH conversions
and PhCHO selectivities are shown in Fig. 2. The most impor-
tant outcome is that in all cases, 30% of amplitude led to the
highest conversion extent, while the selectivity was also the
maximum at this US power. In general, the temperature showed
a negligible effect on the BnOH conversion, but the effect of
temperature will be discussed in detail below. A low amplitude
of 15% led to a very low conversion extent (23%). We link this
to the fact that this amount of acoustic power is not sufficient
in order to promote a sufficient level of mixing, mass transfer,
and de-aggregation of catalyst particles, and as a result light
penetration in the entire reaction volume. This can be con-
firmed by the comparison of the results with a lower amount of
catalyst (0.5 g L™"). Only at this amplitude the lower amount of
catalyst led to a higher conversion than that of 1 g L™". At this
point it is crucial to point out that negligible conversion or
degradation of BnOH was observed without catalyst only under
ultrasound irradiation (sonolysis) or under light irradiation
(photolysis) for all the combinations of the tested parameters.
No conversion was achieved under sonication in the presence
of TiO, alone. All these above facts confirm that the effect of US
does not directly promote the oxidation of BnOH to PhCHO or
to its decomposition/mineralization.

The maximum conversion of 62.6% was obtained for 1 g L™
of catalyst at an amplitude of 30% and a reaction temperature
of 29.3 °C (established temperature at the temperature control
26.5 °C), while the selectivity towards PhCHO was >99%. A
3.1 °C decrease of the reaction temperature (26.2 °C, estab-
lished temperature at the temperature control of 21.5 °C) led to

Green Chem., 2020, 22, 4896-4905 | 4899
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Fig. 2 The BnOH conversion (a) and PhCHO selectivity (b) after 3 h
under four different US amplitudes (15, 30, 50, and 70%), two different
catalyst concentrations (0.5 and 1 g L™), and two different temperature
of the cooling system (21.5 and 26.5 °C) under irradiation of a solar light
simulator (all the experiments were performed more than three times
and the standard deviation/error bars were adopted).

almost the same conversion of 60.1%, the fact that further sup-
ports the minimum effect of temperature. Increasing the ampli-
tude to 50% resulted in lower conversions: 57 and 55% at 28.1
and 30.6 °C, respectively. Finally, the use of a high amplitude of
70% led to BnOH conversions of 58 and 60% at 29.2 and
31.8 °C, respectively. We can observe that the reaction tempera-
ture is the same (29.2 °C) in two cases with different amplitudes
(30 and 70%), due to the different stabilization temperatures
set. However, in the case of a 30% amplitude, the conversion as
well as the selectivity are higher than that under a 70% ampli-
tude, the fact that confirms the vital role of mixing during the
reaction and that a high power of ultrasound power could not
lead to optimum catalytic results. Based on all the above pre-
sented and discussed results, it can be concluded that for this
experimental setup and reaction, the amplitude of 30% should
be assumed to be the optimum one, and for this reason we
focused on the optimization of the remaining parameters
under a 30% amplitude.

Catalyst loading optimization

Even though two different loadings of catalyst were already dis-
cussed above, a more extended analysis of the catalyst amount
was examined under ultrasound and light irradiation (sono-
photocatalysis), as well as only under light irradiation (photo-
catalysis) using traditional magnetic stirring (MgS). The
obtained results after the tests of the different amounts of

4900 | Green Chem., 2020, 22, 4896-4905
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Fig. 3 BNnOH conversion (up) and PhCHO selectivity (down) after 3 h
for different catalyst loadings (0.5, 1, 2, 4 and 8 g L™%) under a US ampli-
tude of 30% (US) or magnetic stirring (MgS) irradiating with solar light
(SL) or ultraviolet light of 365 nm wavelength (365); the reported values
are the average of three experiments with the error to be less than 1.5%.

catalyst, under solar light or UV light, are shown in Fig. 3. The
main outcome is that the optimum catalyst loading from the
point of view of performance versus cost is indeed 1 g L™,
both under UV irradiation or under solar light. A further
increase in the catalyst can result in a slightly higher conver-
sion, but with selectivity being sacrificed. This increment in
conversion can also be linked to extended adsorption phenom-
ena due to a higher amount of catalyst. The most important
conclusions are that even though the conversion is slightly
higher in the case of classic magnetic stirring, the selectivity is
dramatically higher in the case of sonication, especially under
UV irradiation. In the case of a solar light simulator, the appli-
cation of US led to a conversion of ~70% with an almost 98%
of selectivity towards aldehyde (100% if we consider the
around 2% of adsorption). In the case of magnetic stirring, the
PhCHO selectivity follows a decreasing trend, suggesting
further transformation to undesired products. The differences
are more pronounced upon UV light irradiation, when in the
case of magnetic stirring the PhCHO selectivity is found to be
almost zero as a result of its decomposition. The reason
behind this can also be assigned to the antenna effect.’® Due
to the remaining aggregations, the formed e /h" pairs can
travel through the network of particles and attack unselectively
the BnOH molecules with a higher rate, especially inside the
interstitial space. Additionally, the limited amount of adsorbed
humidity on the nanoparticles’ surface adsorbed prior to the
use can be concentrated inside this interstitial space, leading
to harsh attack of the BnOH and/or PhCHO by formed rad-
icals. This series of the results suggest a unique influence of
US irradiation, which can be linked to the direct or indirect
physical/mechanical effects and as a result to selectivity

This journal is © The Royal Society of Chemistry 2020
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enhancement. In order to interpret these outcomes, we will
discuss hereinafter the possible roles and effects upon ultra-
sound irradiation as a process intensification approach.

Different light sources

Another ultimately important aspect in order to gain a better
insight on the photoreactivity of P25 is to examine the behav-
ior of the catalyst under the irradiation of light of different
wavelengths. The optical band gap of the commercial P25, esti-
mated from the DR-UV-Vis spectrum and by applying the
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Fig. 4 Emission spectra of the utilized light sources.
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Kubelka-Munk theory, was found to be equal to ~3.2 eV
(387 nm), a value on the border between ultraviolet and visible
ranges of light. We also evaluated the catalytic performances
under three specific wavelengths of light produced from LEDs
(365, 455, and 510 nm) and under solar simulator light
exposure. We also tested the solar light by applying a filter in
order to cut the UV and IR regions. The spectra and the inten-
sities of each light source are shown in Fig. 4 and Table S3,
while some photographs of the reaction vessel under different
light source irradiation can be seen in Fig. S7.7

The analysis of the results led to key conclusions. The first
one is that P25 is photoactive even at 455 nm (Fig. 5a). This
can be explained by the fact that the adsorbed molecules on
the outer surface of the particles can act as antennas/photosca-
vengers and activate the TiO, electron/hole formation.>°
Secondly, the conversion in the case of ultrasonication (US) is
lower compared to magnetic stirring (MgS) and this can be
assigned to the higher extent of de-aggregation. However, the
selectivity for all light sources, especially under 365 nm, was
found to be higher for US than for MgS.

Pulse vs. continuous US irradiation mode

For all the reported experiments up to this point, the US
irradiation protocol was in pulse mode (PM). We performed
the sonophotocatalytic oxidation by continuous mode, US
(cont), sonication (Fig. 5b). For continuous mode US
irradiation, the conversion was found to be higher and the
maximum conversion was achieved faster compared to PM
irradiation and magnetic stirring. It is of uppermost impor-
tance that the selectivity reached a plateau in the case of the
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Fig. 5 BnOH conversion (up) and PhCHO selectivity (down) for different light sources after 3 h (a), ultrasound irradiation in pulse mode, continuous
mode and magnetic stirring (1 g L™* catalyst, 1 mM BnOH, in acetonitrile at 21.6 °C) under UV light exposure (b).
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US irradiation, while it showed a declining trend for MgS. This
can be associated with the possibility that US irradiation dis-
turbs the specific equilibrium of the catalytic conversion. This
can be explained based on the interactions/adsorption of
benzyl aldehyde on the surface being weaker than that of
BnOH®' and with the US irradiation getting desorbed prior to
its further photocatalytic transformation.

Effects of ultrasound irradiation

In order to elucidate the way by which the US positively affects
the selective partial oxidation, it is vital to consider all possible
effects upon ultrasound irradiation. The photoreactivity of tita-
nium dioxide arises from the photon absorption which leads
to the photoexcitation of electron/hole pairs which can further
lead to the formation of different reactive oxygen species,
depending on the conditions and the solvent used.>*® The
oxidation requires prior adsorption of the benzyl alcohol mole-
cules on the surface and the formation of surface
complexes.”*”*® The presence of molecular oxygen is also an
important aspect, since it can be involved in the oxidation
process. The dissolved O, is additionally removed due to cavi-
tation formation, and this is an additional reason for the
slightly slower partial oxidation kinetic/oxidation rate. On the
other hand, the removal of the dissolved oxygen upon ultra-
sound irradiation is a positive aspect, avoiding further oxi-
dation of the formed aldehyde. In order to verify the role of
the dissolved air, tests were performed by simultaneous air
purging, and the rate of benzyl aldehyde formation (expressed
as yield, Fig. S8t1) was found to be slightly faster compared
with air purging. However, the conversion extent was lower.
The continuous presence of dissolved air can also have an
effect on the thermal effects and the dispersion of the nano-
particles upon US irradiation. Additionally, the oxygen purging
can have an effect on the adsorbed amount of water molecules
on the surface. The role of gas (oxygen, air, inert gas, etc.) is a
complicated issue to study and is outside the scope of this
work, since the effect of the dissolved gas, the rate of the
purging, and the chemical nature of the gas can alter a variety
of the ultrasound effects. Moreover, it is possible that the con-
centration of the diluted gas is not homogeneous, for instance
closer to the ultrasound source the degassing is more
pronounced.

It is also possible for the water moieties, formed by side
reactions or being initially adsorbed on the surface of the
catalyst, to be transformed into hydroxyl radicals by the reac-
tion with the photogenerated e /h™ pairs.>*>® These species
can lead to either overoxidation reactions or mineralization of
the BnOH. However, the almost 100% aromatic balance and
the selective partial oxidation to benzyl aldehyde suggests
that if formed, the *OH acts as consuming agents of the
released protons.>® The above results and others that follow
can be linked to the harsh mechanical/physical effects of the
cavitation formed upon ultrasound irradiation. In general,
the nanoparticles are surrounded by a zone/phase of the
solvent, in which the molecules of BnOH and moieties of
water also exist (Fig. 6). Adsorbed BnOH on the particle
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Fig. 6 The main mechanical/physical effects derived from ultrasound
irradiation due to the cavitation phenomena (a) and the difference in the
extend of de-aggregation (b).

surface can enhance the light adsorption due to the antenna
light scavenger effect, especially under visible/blue light
irradiation.”®>"%°

In general, when a cavitation/bubble collapses near the
surface of the solid, hot spots, microjets, microstreaming, tur-
bulence, and agitation can be observed.>® This can result in a
violent acceleration of the nanoparticles (jetting phenomena),
as seen in Fig. 6a. It is also feasible for the latter to be dis-
torted due to the mechanical effects of the bubbles collapse
near the surface of the catalyst. It was reported that the liquid
jet in the case of water can reach an instant velocity of up to
600 km h™ (170 m s7').>® This jetting acceleration is also
sufficient to overcome the gravity and the solvent-nanoparticle
interfacial interactions in order to achieve the desired mixing
(Fig. 1d). Analogue photographs for various amounts of cata-
lyst can be seen in Fig. S1,T in which it can be observed that
US can lead to sufficient mixing within 20 s even for a high
loading of 4 ¢ L™". Even in the case of pulse mode (ON : OFF)
US irradiation, the particles were moving from the bottom to
the top inside the reaction vessel, while during the silent
period, they were directed to settle toward the bottom of the
reaction vessel. However, after some seconds of US irradiation,
no particles were observable by the naked eye and the catalyst
was homogeneously dispersed to the entire volume of solvent.
Hence, the mixing extent by ultrasound can be assumed as
sufficient and optimal.

This journal is © The Royal Society of Chemistry 2020
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It is also possible that many nanoparticles remain aggre-
gated during the magnetic stirring via polar interactions
(Fig. 6b),°"™® and these aggregations move as one chunk
during magnetic stirring. This leads to the creation of intersti-
tial phases/spaces,®*°® where unselective reactions, like over-
oxidation, can take place, due to the presence of strongly
adsorbed water moieties from the environmental humidity or/
and retention of the diluted oxygen. So, ultrasound irradiation
can also elevate de-aggregation (Fig. 6b),°"®” resulting in a
positive impact on the reaction selectivity. De-aggregation also
leads to an increase in the accessibility of the catalytic sites.
Another important effect of the cavitation collapse close to the
catalyst surface is the local increase in the temperature and
pressure, forming hot spots and activating the surface reactiv-
ity. Additionally, ultrasonication results in the degassing of the
solvent and of the entrapped gaseous molecules at the inter-
face between the solid and the solvent. This aspect merits
further investigation, considering the inserted in the reaction
vessel ultrasonic power as well as the light scattering can be
heterogeneous.

Water as solvent

To determine the role of the presence of water and to evaluate
the potential synergistic effect of ultrasound irradiation in an
aqueous environment, we also performed the experiments in
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Fig. 7 BnOH conversion (up) and PhCHO selectivity (down) in water as
solvent for different light sources (solar: solar light simulator, UV:
365 nm), ultrasound irradiation in pulse mode of 30% amplitude and
magnetic stirring (1 g L™* catalyst, 1 mM BnOH, in acetonitrile at 21.6 °C).
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water as the solvent (Fig. 7). The conversion was better and
faster in the case of mechanochemical assisted processes,
both under a solar light simulator (SL, without the UV cut-off)
and UV irradiation. This can be linked to the removal of the
water molecules from the surface of the catalyst that block/
hinder the active reaction sites,® due to the jetting phenomena
or hot spot formation. The selectivity was also found to be
improved almost by 45% for US under solar light irradiation,
since the harsh movement of the nanoparticles affect the equi-
librium of further oxidation/degradation of the formed
PhCHO, by removing the adsorbed benzaldehyde molecules
from the surface of the nanoparticles. In all cases, the decrease
of the PhCHO was linked to decomposition/mineralization,
since no benzoic acid or other organic compounds were
detected by HPLC analysis.

Conclusion

In conclusion, we presented for the first time the design and
establishment of an easy-to-construct in the lab sono-photo-
reactor based on a cup horn sonicator and LED light sources.
After the optimization of the most crucial parameters, we deter-
mined that the ultrasound irradiation can lead to equivalent to
traditional magnetic stirring catalytic partial oxidative conver-
sion of a biomass model compounds, benzyl alcohol. The
important effect of the synergistic effect upon the simultaneous
irradiation by two separate sources of power, light and ultra-
sound, was the higher selectivity of the partial oxidation to
benzaldehyde. This can be due to the unique physical/mechani-
cal effects arising from the acoustic cavitation phenomena, like
hot spot and microjet formation, that play a key role in the con-
trollable mass transfer and the elevated de-aggregation of the
nanoparticles inside the liquid phase. This Hybrid Advance
Oxidation Method (HAOM) have a great potential to be applied
in the valorization/selective transformation of more complex
biomass derived compounds, such as coniferyl, cinnamyl,
veratyl, eugenol, etc., and our research effort is focused in this
direction, since the photocatalytic capabilities of the catalyst
can be manipulated by the control of the ultrasound power.
Additionally, sonophotocatalysis can also be considered as a
promising “green” approach for application in scaled-up reac-
tors and more importantly in continuous flow reactors/micro-
reactors, utilizing solar light, either for selective oxidation pro-
cesses or for environmental remediation applications.

Experimental

All the used chemicals, details regarding the sonophotoreactor
and the ultrasound and light sources, and additional results
are provided in the ESL.}
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