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Abstract. The intensification of chemical processes, whigkans improving their efficiency
and cutting down energy consumption, requires naotemation and non-conventional energy
sources, as well as new, efficient and scalableopots to be implemented in continuous-flow
reactors. We showed that the specific advantagesiafowaves and power ultrasound may
become additive when they are used in combinat&sylting in the optimization of both heat
and mass transfer. We developed several reactarscdmnbined irradiation, whether
simultaneous or sequential, experimenting with meaterials that are compatible with both
techniques. We present here a series of applicatmrshow that flow chemistry using hybrid
reactors combining microwave and power-ultrasoundtsucan really achieve process
intensification as required by modern synthetic andronmental chemistry.
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The design and development of procedures for naatwrfing fine chemicals or pharmaceuticals
must conform to strict criteria concerning not oafficiency and selectivity, but also time framefedy,
costs and environmental impact. Similar criteriaoabpply to the treatment of polluted waters and
sludges; in this regard the efficiency of time-aamghg procedures should be strongly enhanced, as is
done in advanced oxidation processes (AOPSs). Igettmntexts the specific advantages of power
ultrasound (US)and microwaves (MW) i.e. their ability to enhance reaction ratesldgeand specificity,
may become synergistic when they are used in catibm In the last decade much effort was devated i
our laboratory to designing and developing innaxeatiS and US/MW reactof's

INTRODUCTION

The application of power US to chemical procesiesne of several intensification methods that
have been much developed over the past two dec@tiesdriving forces for this trend are manifold,
though, as emphasized above, an important facturly the increasing demand for an environmantall
safer technology that minimizes the production aéig. Energy input by ultrasound does promote elean
reactions by improving product selectivities anelgs, as well as product recovery and purity thipdigr
instance sono-crystallizatidmnd US-assisted extraction procegsb@echanical and chemical effects of
US are caused by cavitation bubbles being genemrdtedicleation sites (sites containing some gaseous
impurity) during the rarefaction phase of sound egavow-frequency US (usually in the range of 18-10
kHz) induces more violent cavitation, resulting lingher localized temperatures and pressures at
cavitation sites. It has been estimated that thesspots have temperatures of about 5000 K wittirog
rates above 1x® K s*, and pressures of the order of 100 FIPBhe cavitational collapse can be
considered as a quasi-adiabatic process. The &ieedrgy released under these extreme conditidwesdr
reactions to completion, also causing, along witlock waves at the bubble-liquid interface, the
homolytic cleavage of molecules trapped insidebihigble. Although at higher frequencies (e.g. 300610
kHz) cavitation is less violent (hence higher isiéas will be required to achieve effects complrab
those obtained at lower frequencies), the prodnatidree radicals is greater, as more cavitatievehts
occur, hence an increased chance for radical spézibe produced. Probably, one of the most telling
examples of true sonochemistry was the report lyofand coworkers of a sonochemical switching in the
reaction of benzyl bromide, potassium cyanide dochima. This system, when stirred mechanically in



toluene at 50°C, gave rise to a mixture ;ofand p-benzyltoluene in 75% vyield. In contrast, when
iradiated with US (45 kHz) at the same temperaitrafforded benzyl cyanide in 71% yiéldThe
reaction switch from a Friedel-Crafts to a nucldbphsubstitution course was attributed to the
acceleration by US of a specific poisoning by psitam cyanide of the catalytically active sites of
alumind®. We also observed sonochemical switching in the ctiete C-monoalkylation of 4-
hydroxycoumarin with allyl and benzyl halides inte&* and the bromination of alkylarenes with NBS in
water where US strongly favours ring substitutfon

The dramatic accelerations of many chemical preseby MW are chiefly attributed to a more
uniform heating compared to conventional procedtiiasgenerate large temperature gradients. Whereas
cavitation is a complex phenomenon that involvegdfldynamics, MW effects are rooted in the well-
known dielectric heating. Although one may supptbse the latter are better understood, thus expigin
the explosive development of their applicationshie last two decades, the reasons why MW are capabl
of enhancing chemical reactions is still not fullyderstood. It is generally accepted that in mases, if
not all, the observed effects are purely thermal, they result from the high reaction temperatures
attained when polar materials absorb KMvBpecific thermal MW effects, which cannot be oefurced by
conventional heating, are also invoked. These delgsuperheating of solvents above their boilingtso
at atmospheric pressure; selective heating of M\&6#ling reagents and catalysts, especially notieeab
in less polar or apolar reaction media; and thesiadxs of wall effects because of inverted tempegatur
gradients’. In a very recent study, Kappe and his associ@asd no evidence for non-thermal MW
effects in a re-investigation of four model reastipin which they employed a multiple fiber-optiope
system for accurate temperature measurements In M@{- and conventionally-heated reactors. They
also showed that an efficient agitation of MW-heateactions is essential The large majority of MW-
assisted reactions published till date have beefonpeed on a less than 1 g scale, though for & full
acceptance of this technology there is a needelde larger scale reactors that can ultimatelyinely
provide products on a multi-kilogram scB&leThe penetration depth of MW at the typical operat
frequency (2.45 GHz), is generally of a few centm@® depending on the dielectric properties of the
medium (in water, 1.4 cm at 25°C and 5.7 cm at 95f@ this reason the reactor dimensions are
limited'”. This physical limitation is one of the main reasdor the development of MW continuous- or
stop-flow reactors, where the reaction mixtureassed through a relatively small MW heated flow, cel
which avoids penetration depth problems. Although first prototype of MW flow reactor was already
patented at the beginning of t8®s® only more than ten years later was the first emeipt commercially
availablé®.

At first glance, the idea of combining microwavedantrasonic irradiations looks odd, as they
have a distinctive physical nature, quantum andaquamtum, respectively. While for an electromagneti
radiation (microwaves) energy and frequency stanal direct relationship, the cavitational energnas
directly proportional to frequency. In fact, thdateonship is rather complex due to nonlinear effeaf
cavitational collapse. Despite these consideratidnse ignore non-thermal microwave effects, pwrel
thermal effects resulting from dielectric heatirlgsppyrolytic mechanisms and efficient stirringsang
from cavitation can account for the observed enbiarents. The effectiveness of combined irradiation i
brought out by the synthetic examples offered below

Another, practical aspect to be considered is dlgé that simultaneous irradiation with MW and
US involves technical difficulties and safety calesitions. The ultrasonic energy generated by a
transducer is usually delivered to the reactiors@ksgia a horn made of titanium alloy. A piece ofted
placed inside a MW chamber would cause arcing assbiply result in vessel rupture or perhaps an
explosion when flammable compounds are presenttritiearcs can also be formed in the cavity by an
excessive input of microwave energy (the efficienEWMW absorption decreasing as temperature rises);
therefore temperature, pressure, stirring ratepovder input should all be monitored and controlfied
safe operation. US can be conveyed inside a mddié/ oven by inserting through its wall and down
into the reaction vessel a horn made of quarta) dveugh this is far from the ideal material beeaofits
fragility. Pyrex® also shares the same drawbackewderamic horns may be more expensive.

Flow-chemistry is the last evolutionary step intsgtic chemistr$f. In recent years, chemistry in
flowing systems has become more prominent as aauett carrying out chemical transformations,
ranging in scale from analytical-scale (microchémsup to kilogram-scale syntheSislts advantages
are readily increased control of conditions ofteading to greater reproducibility and scalability,
increased safety and lower investment, althouglhdteptance as a viable synthesis technique has bee
limited by its drawbacks, such as liquid handlingd diffusion of the reaction within the reaéfoiThe
use of solid-supported reagents and catalystsviandalgeous as reaction products will alone remain i
solution, thus enabling the reaction to be contiguaonitored, and easily optimized.

The aim of our work was to set up new flow reactibit could exploit the synergic effects of
combined US/MW irradiation as a new, efficient tém chemical-process intensification.



RESULTSAND DISCUSSION

In the design of new, more versatile sonotrodebdoused in
combination with MW we experimented with severalnsmetallic
horns/cup-horns and found that certain types of KWEBad excellent
acoustic properties. Figure 1 shows a prototypécafitating tube®
working at 22.5 kHz and made of PEEKcontaining a small amount o
carbon fibers). This small device (holding up torl) is well suited for
reactions under modified atmosphere, is very light] does not need al
insulation cage, because it is made of a polymusiterial that minimizes
the emission of audible, troublesome harmonics.

Using PEEK containing a small amount of glass fibers v——
fashioned horns (Figure 2) to be inserted in thatgaf a MW oven, an
excellent solution that overcomes the above-meatlodrawbacks of
Pyrex’ and quartz.

Figure 1. US reactor made of PEEK

Although the intimate mechanisms of cavitation 8\ effects are incompletely understood, as
a rule processes requiring enhanced heat- and tmassfer will greatly benefit from these green
techniques. However, when US and MW irradiation a&ambined (whether simultaneously or
sequentially), operating conditions have to beotaill to each specific application for optimal ré&std be
reaped. We recently reviewed applications of US/MWY process intensificatiéh as well as the
interesting synergies arising from the use of iditjaids in this conte%t. Maeda and Amemiya can be
considered as the originators of the techrfijuas they first described the synergic effect ofudianeous
US/MW irradiation. Chemat et al. avoided subjectthg horn to the electromagnetic field by using
decaline (a low-viscosity apolar liquid) to conve$ waves inside the oven and to the reaction nextur
that was placed in a double-jacketed pyrex v&sdeéng and Song employed a modified domestic MW
oven and inserted in it a probe fitted with a detddde horn (whose material, obviously not a conah,ct
was however unspecified by the authBtsJhey used this set-up for a solventless hydraysimof esters,
to synthesize ethers (Williamséh)for Knoevenagel-like reactiotfsas well as Mannich reactiotis

Our apparatus for simultaneous US/MW irradiatiors vemployed for the one-pot synthesis of
second-generation ionic liquitfs particularly from poorly reactive alkyl chlorid&sfor the selective
reduction of nitroarends and oxidation of aniliné3 the regioselective opening of epoxides by
nucleophiles in watéf Heck reactions carried out with very low catalgsincentration€, and the
US/MW-assisted extraction of natural matrfces

Figure 2. Simultaneous US/MW irradiation (horn made of PEEK Figure 3. Loop reactor for sequential
US/MW irradiation.

Our first US/MW flow reactor (Figure %) consisted of: 1) A probe equipped with a titanium
horn (20.5 kHz) inserted in a thermostatted reactiessel (also made of titanium); 2) A MW oven
containing a loop of Teflon® tubing; 3) Two lengthiscoaxial tubing and a peristaltic pump by whikh
reacting mixture is circulated between the US andy Mnits. 4) Another pump by which a cooling fluid



(Galder?), refrigerated by a chiller, is circulated in ctencurrent through the outer compartment of the
coaxial tubing. 5) Two thermocouples (insertechatihlet and outlet of the MW oven).

In this flow reactor we successfully performed sale&kinds of reactions, in particular Pd-
catalyzed C-C couplings including Suzuki homo- ammks-couplings, Sonogashira and Heck reactipns
besides Ulimann, Barbier and Reformatzky reactiofise sonochemical activation of the metallic
catalysts and the accelerating effect of MW heatied in all cases to excellent results in termgiefd
and reaction time.

Owing to the low penetration depth of US and MWfd& centimetres in both cases) and the
high energy consumption, continuous stirred tarictars (cascade system) are not suitable for cadbin
US/MW irradiation.

Figure 4 shows a typical loop-reactor set-up wagkin our laboratory that allows either
simultaneous or sequential US/MW irradiation byeasy shift of the horn (US probe). Two different US
and MW units may clearly work at different tempearas. This stop-flow reactor can also be use as a
semi-continuous reactor.

Figure 4. Stop-flow reactor for simultaneous (or
sequential) US/MW irradiation (1. US non-metallic
horn; 2. MW oven; 3. Optical fibre thermometer; 4.
Pump; 5. Flow-meter; 6. Thermometer; 7. Inlet and
sampler; 8. Heat exchanger; 9. External flask )

Figure 5. Stop-flow reactor in the sequential irradiati@up: the Pyre(?(
horn is inserted in the external flask (numbefsrr figure 4).

Successively we developed a larger semi-continWS/W flow-reactof® (Figure 6), a 5-liter prototype
that included two sonotrodes working at differereqiencies (20 and 300 kHz) and a MW oven. A
centrifugal pump circulates the reacting mixtureotiyh the reaction compartments, the flow to the US
and MW units are regulated by a valve before itréturned to the tank (loop system). Three
thermocouples monitor temperatures at the outbeh fthe MW oven, at the outlet from the US cell and
inside the tank. Volumes of reaction compartments$ @elivery rates (200 ml/min) are so matched that
the incoming fluid spends about one minute in edahing which time about 5% of the tank content (ca
4,000 ml) is processed. On a statistical basisri@ans that, for 90% of the mixture to be proce$sed
about 4-5 minutes, the system should be run for Phis flow system has been patented and is mainly
used for the treatment of polluted water by Femxidatiorf".



1 — Tank

2 — Centrifugal Pump

3 — Recirculation for Mixing

4 — Cooling Coil

5 — Regulation of Inlet to US Cell
6
7

— US Reaction Cell

/8 — 300 kHz / 20 kHz Probes
9 — Peristaltic Pump
10/11 — MW Oven / Reaction Coil
12 — Refrigeration Oil from Coaxial Hose
13 — Cooling QOil
14/15 — Valves that regulate the flow of

cooling oil

Figure 6. A 5-liter prototype US/MW stop-flow reactor.

In recent years advanced oxidation processes (A®RE emerged as powerful methods for converting
organic pollutants to non-toxic degradation produ€hey are based on the reactivity in aqueougisolu

of free radicals, especially hydroxyl radicals. A& e strongly promoted by US and MW and their
combined irradiation showed a synergic efféciWe compared energy consumption for the combined
US/MW treatment and for a simple thermal treatmeath one being carried out long enough to achieve
80% degradation of model compounds (i.e. 2,4-dilmgimenol). With our prototype this took 70 min,
while it required 6 h heating at 80°C. The US/MWsteyn absorbs a total of 1900W (1100W as power
consumption for the MW oven, 90 W for the 20 kHz,130 W for the 300 kHz US, 90 W for the pumps
and 500 W for the cooling system). A 70 min treattmwill then require 7980 kJ. A heating mantle
absorbs 800W during the time required to heat daetion mixture to 80°C; as this takes 35 min, the
energy consumption amounts to 1680 kJ. To mainttensame temperature the electric mantle absorbs
150 W; therefore for a 5.5 h treatment another 287/6hust be added to the previous value,

adding up to a total of 4650 kJ. Although the US/MY¢tem appears to be more energy consuming, from
our estimate the scale-up of the prototype (nopragress) will achieve an optimization (particufesf

the MW generator and the cooling system), thatevithil an energy saving of about 20-25%.

The latest improvement in our flow reactors was ititeoduction of tubing loops containing
supported catalysts or reagents. For this purpesemployed tubes made of Teffoand Kevlaf (@ 2-7
mm, 20-70 cm length) or Pyr&X@ 10 mm, 20-40 cm length). In particular thedatwhen filled with a
mixture of inert material (Fuller earth or sandarfles @ 0.05-0.2 mm), Pd/C (0.9% w/w) and
CsCO/K,COs 1/1 (1.0% wiw) was used for Heck reactions. Alio best results were achieved when
the loop was inserted in the MW oven, good yieldseralso obtained using conventional heating. The
following table resumes the results of Pd/C-catdyfl.5 mol %) Heck reactions obtained under diffier
techniques using 4-iodoanisole (1 mmol) and theesty (1.5 mmol) at 120°C, under Ar in the preseice
CsCO/K,CO5 (1 mmol each) in DMA.

Power time conversion | yield

(Watt) (h) (%) (%)
Oil bath, stirring 820 10 90 74
US 20.5 kHz, combined heating in 100 2 67 52
oil bath for 15 min
MW (open vessel) 100 1 100 88
Simultaneous US/MW 50/60 1 100 99
Sequential US/MW, stop-flow 50/60 1 79 67
system with peristaltic pump
Stop-flow reactdtwith column 960 2 100 52
in conventional oven 3z
Stop-flow reactdtwith column 100 1 100 89
in MW-oven 6°

2 Nominal power
Pd/C as stationary phase dispersed with 4-iodoknisml the styrene inert material in the column.
¢C-C homocoupling of 4-iodoanisole

Table 1. Pd/C-catalyzed Heck coupling under different téghes.



Simultaneous MW/US irradiation and the stop-flow Mactor with a Pyrék column filled
with Pd/C, CsCOy/K,CO; and inert material, gave the best results with teiageaction times and higher
yields. While in the former the temperature in teaction vessel was strictly controlled, in thedatve
could only measure the temperature after the colamtiet, outside the oven. Although the bulk
temperature was kept constant we suppose locaizgerheating in the column due to the MW-adsorbent
properties of charcoal.

An additional advantage of these multi-units floactors is that they make it possible for
individual reactions to be linked into multi-stepgsiences, so that one reaction seamlessly menges in
another. In this way a fast route is created towhedfinal target, as a series of synthetic stegsirned
into a continuous process. By varying flow ratesction media, temperatures, US and MW power, we
can optimize reaction outputs. The time savingseael by this flow-through method compared to
conventional ones are really impressive.

CONCLUSION

Compared to standard batch techniques, our modiitgr-flow and semi-continuous flow
reactors stand out for their greater efficiency #edibility, as they fit to each synthetic procetse
promoting effect of US, MW or combination theredthe dramatic dispersing effect of US allows
reactions to be carried out in media that are abvesits; this is advantageous because such heterogs
reactions are usually much cleaner and a simptatfidn suffices for the recovery of products. tme
cases the use of supported catalysts or reagebi@ppead in tubing loops offers the possibility of
recycling the immobilized materials without resogtito any filtration/purification. The avoidance of
stirring or shaking greatly reduces the mechardeglradation of the catalyst, so that it retaingdtsvity
for longer times. Our studies confirmed that higletighput applications definitively require flow
systems.
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